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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 20–22, 2021 as a virtual event 

conducted entirely over the internet.  The use of virtual meetings rather than the traditional in-

person gatherings is due to the COVID-19 pandemic, which also is responsible for the 

postponement of the meeting from the originally scheduled dates in 2020. 

 

This is one of a series of Principal Investigators’ Meetings organized regularly 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 Materials Chemistry program supports basic research in the discovery, design and synthesis 

of materials with an emphasis on elucidating the complex relationships between a material’s 

functional properties and its composition, atomic and molecular structure and higher-order 

morphology. Major focus areas of the program include the discovery, synthesis and 

characterization of new materials and the manipulation of materials’ structure across a range of 

length scales using chemistry. 

 

We would like to thank all of 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 

Linda Severs and her colleagues at the Oak Ridge Institute for Science and Education (ORISE) for 

their excellent work providing all the logistical support for the meeting. 

 

 

Michael Sennett  

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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Physical Chemistry of Inorganic Nanostructures 

 

A. Paul Alivisatos, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Peidong Yang, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Stephen R. Leone, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

Eran Rabani, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

  

David T. Limmer, Department of Chemistry, UC Berkeley; Materials Sciences Division, 

Lawrence Berkeley National Laboratory 

 

Program Scope 

 

The properties of inorganic nanostructures depend critically on the structures of individual 

nanoscale building blocks as well as their assembled superstructures. The controlled synthesis, 

advanced structural characterization, and theoretical modeling of optical and electronic 

properties of inorganic semiconductor nanostructures will enable the design and control of 

nanoscale energy conversion systems with great precision. Herein, our program focuses on three 

interconnecting themes: 1) rationalized synthesis and assembly of colloidal nanoscale building 

blocks, 2) in situ observation of structural dynamics and transformations, and 3) excited state 

dynamics of inorganic nanostructures and the development of new spectroscopic methods. With 

the three efforts combined, we aim to develop a holistic understanding that both imparts 

fundamental knowledge of inorganic nanostructures and guides the design of their advanced 

applications.  

Recent Progress 

1. Rationalized Synthesis and Assembly of Nanoscale Building Blocks: Rationalized synthesis and 

assembly of nanoscale building blocks are key to tailoring nanomaterials for applications. High-

throughput synthesis offers a unique opportunity for understanding the reaction networks using a 

data-driven approach with the aim of achieving rationalized synthesis of nanocrystals. We 

explored the synthesis space of cesium lead bromide perovskite species using a robotic high-

throughput synthesis and characterization platform. Machine learning algorithm was deployed to 

de-convolute the absorption spectra of multiple lead-containing species and obtain their relative 

concentrations. This combined approach has allowed us to create a map of the cesium lead bromide 

perovskite synthesis space (Figure 1), which elucidates the interconversion between various 

distinct species.1 By parameterizing a chemical model to reproduce this map using machine-

learning algorithms, we can reveal the best routes for reaching synthesis targets.  

 

3



In addition to the synthesis of building blocks, we aim to understand and engineer the 

interactions between nanoparticles and rationalize the design of nanocrystal assemblies. Using in 

situ TEM, we illuminated the annealing and defects removal pathways of assembled CdSe QDs.2 

Knowledge of such pathways has allowed us to design and synthesize atomically attached QD 

superlattices with precise control of crystallographic alignment and long-range translational order, 

opening the door to a new dimension of control in engineering the properties of nanoscale 

materials.3 The synthetic diversity and flexible assembly of perovskite building blocks have 

brought new opportunities and challenges on the nanoscale control and manipulation of colloidal 

nanocrystals. We have harnessed the synthetic control of CsPbBr3 to produce uniform size 

distribution of 0D QDs, 1D nanowires,4 and 2D nanoplates.5 Their self-assembly processes were 

probed in situ with optical spectroscopy and synchrotron small-angle x-ray scattering technique.  

 

 

 

 

 

 

 

2. In situ Observation of Nanoscale Structural Transformation: Observing the structural 

transformation and dynamics of semiconductors under different environmental conditions can 

greatly enhance our prediction and control of their physical behaviors. In this program, in situ 

techniques were utilized to tackle the structural transformation with not only high spatial resolution, 

but also high time resolution.  

    The halide perovskite materials with soft ionic lattices have a library of structural polymorphs. 

However, the transformation kinetics and mechanism among different species are difficult to probe 

directly by electron microscopy due to the fragility of perovskite under electron bombardment. 

Recently, direct, non-invasive imaging techniques such as photoluminescence (PL) microscopy,6 

cathodoluminescence (CL) microscopy, and high-pressure Raman spectroscopy were utilized to 

probe the structural transformation of halide perovskite nanostructures. In particular, through in 

situ dynamic CL imaging and multiscale modeling of the LT-CsPbIBr2 to HT-CsPbIBr2 structural 

phase transition, we have uncovered the mechanism in which liquid-like interface mediates 

structural transformation in cesium lead halides (Figure 2).7 The liquid-like dynamics arise from 

the low cohesive energy of their ionic bonds, in sharp contrast to traditional covalent 

semiconductors such as CdSe. The phase transition of charge-ordered halide perovskite 

Cs2In(I)In(III)Cl6 was another demonstration of the importance of the reconfigurable halide 

Figure 1. Example maps for the synthesis space of cesium lead bromide perovskite species. 
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perovskite nanostructures.8 This charge 

disproportioned material is a semiconductor at 

ambient condition, but behaves like metal under 

high pressure.  The In-based charge-ordered 

structure may provide a platform for future 

discovery of exotic electronic phenomena such as 

high-TC superconductivity in halide perovskite 

compounds. 

With the advancement of liquid-cell 

transmission electron microscopy (TEM) 

technique, we are probing the structural and 

chemical dynamics of colloidal nanocrystals with 

high spatial resolution. We have developed new 

methods to introduce user-defined chemical 

potentials in graphene liquid cells with redox 

additives. This approach has allowed us to regulate 

the etching dynamics of noble metals. Furthermore, 

we have recently crossed the threshold of investigating the etching dynamics of semiconductor 

colloidal nanocrystals such as PbSe and CdSe QDs. Preliminary results revealed that the etching 

trajectories depend on the faceting conditions of these nanocrystals. Extensive studies of structure-

property relationships in II-VI semiconducting nanostructures conducted within this program can 

inform the identification of the most suitable candidates for single particle in situ etching studies, 

which often yield valuable insights into the inverse process of growth. In addition to the graphene 

encapsulation, carbon nanotubes as a reaction tube were also utilized in TEM experiments to 

visualize the structural dynamics of halide perovskite with atomic spatial resolution and high 

temporal resolution. 

3. Excited State Dynamics of Inorganic 

Nanostructures: Thin film and 

nanoscale junctions have driven recent 

progress across the photovoltaic and 

photoelectrochemical fields. However, 

the transport in nanoscale junctions is 

still measured as a bulk-averaged 

quantity by measuring the transport or 

kinetics across an entire junction. In 

this program, we developed a transient 

extreme ultraviolet (XUV) technique 

for measuring the layer-specific carrier 

transport simultaneously in each layer 

of a junction. We first developed a 

theoretical model which extracts 

detailed carrier and lattice dynamics from the Si L2,3 edge.9 The carrier population and temperature, 

as well as the excited state lattice deformations (optical and acoustic phonons), are obtained in a 

single measurement, and their scattering processes are compared over time following excitation 

into different valleys in the Si band structure.10 The insight gained from these studies allowed us 

Figure 2.  Phase transition modulated by the liquid-

like interface between halide perovskite lattices. 

Figure 3.  The XUV ground state spectrum (black line) and the 

transient XUV spectrum (colormap) of the Si-TiO2-Ni junction, with 

the energy region of each elemental edge labeled. The transient 

spectrum is shown in a logarithmic time axis for visual clarity. 
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to address the debated case of how hole transport occurs in the amorphous oxide layer of a metal-

oxide-semiconductor junction (Figure 3).11 The photoexcited holes on Si are measured to tunnel 

rapidly through the TiO2 to the Ni while the photoexcited electrons on Si do not transport. Our 

findings represent the first element-specific, all-optical, ultrafast quantification of the hole 

dynamics in a multi-layer nanoscale junction, advancing the element-specific technique of XUV 

spectroscopy. 

    The excitonic and charge transfer dynamics of semiconductor nanostructures were also 

investigated using a combination of visible wavelength transient absorption (TA) spectroscopy, 

classical simulation and quantum dynamical theory. We have achieved the transfer of multiple 

holes (~3) from multi-excitonic II-VI QDs to customized molecular acceptors.12 A broad photo-

induced absorption feature, assigned based on atomistic modeling to surface trapped holes,13 

revealed stark differences between the surface trap states on native QDs and those on QDs 

modified with molecular acceptors. Modeling of the TA data shows that a reservoir of long-lived 

trapped holes on surface-modified QDs may continue to transfer to molecular acceptors over a 

timescale significantly beyond the Auger recombination lifetime, increasing the transfer efficiency. 

In a related study, TA was used to characterize the phonon dephasing process in Ruddlesden-

Popper layered lead halide perovskites, which couples strongly to excitonic dynamics and hence 

influences charge carrier lifetimes. It was found that the choice of organic cation to separate the 

lead halide sheets has a strong effect on dephasing rates: flexible alkyl-amines give faster 

dephasing than aryl amines, with a smaller temperature dependence. Atomistic classical 

simulations of the two materials suggest that dephasing is driven largely by anharmonic coupling 

of optical modes in the ligand and lead halide layers, particularly significant for flexible alkyl 

groups with high dynamic disorder. This work lays the foundations for a more detailed study of 

exciton-phonon coupling in Ruddlesden-Popper phases, leading ultimately to design principles for 

optoelectronic devices. The two studies above highlight the important impacts of molecular 

components on the excited state dynamics of inorganic semiconductor nanostructures. 

Future Plans 

In the future, we will continue to advance the rationalized synthesis of new colloidal nanoscale 

building blocks and their assemblies. Such efforts will leverage on the large datasets of automated 

synthesis and advanced machine learning methods. Furthermore, machine learning algorithms are 

being developed to enable new structural analysis methods using data such as electron microscopy 

images; this will accelerate the feedback loop to inform precise synthesis. Single particle optical 

microscopies as well as in situ electron microscopies will continue to be developed and applied to 

yield powerful insights on the structural transformation and reactivity of inorganic nanostructures. 

In addition, measurements of lead halide perovskite nanostructures using advanced time-resolved 

spectroscopic methods such as the XUV spectroscopy are underway, along with the development 

of theoretical tools for modeling the observed excited state dynamics. 
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Program Scope 

 Our long-term vision is a cutting-edge research program developing an exciting class of 

two-dimensional (2D) nanomaterials including metal chalcogenides (O, S, Se, Te), which can 

generate high impact on a wide range of DoE BES priorities in materials design and control. Our 

central focus is understanding and utilizing the modification of the physical and chemical 

properties of these materials by their heterogeneous ionic environment. Here this ionic 

environment is realized through synthesis of heterostructured interfaces, electric double layer 

gating, electrochemical intercalation, deintercalation, and chemical doping. These studies underlie 

the development of advanced quantum materials, as well as address the fundamental need to 

understand and improve catalysts, energy storage and conversion materials. Cui and Hwang 

integrate an expert team to explore an exciting territory of 2D nanomaterials discovery, design, 

synthesis, and exploration of novel properties. 

 Recent Progress  

 In the past 3 years, we have built an integrated effort utilizing the synthesis and fabrication 

techniques, and materials, benefitting from the expertise and perspectives of chemistry from Cui 

and physics from Hwang. Major progress was made in three aspects: 1) alkali ion intercalation of 

2D materials; 2) the nucleation behavior of polysulfide ions on the surfaces 2D materials to form 

supercooled sulfur microdroplets; 3) deintercalation of oxygen to form infinite-layer nickelate 

superconductors.  

 We demonstrated, for the first time, an electrochemical intercalation technique where the 

alkali ions intercalate through the top surface of the 2D materials instead of the edge.1 This 

technique not only proves to be more reversible and stable compared to the conventional 

intercalation method but also expands the understanding of the intercalation process. 

Electrochemical intercalation of ions into the van der Waals gap of 2D layered materials 

like molybdenum disulfide (MoS2) is a promising low-temperature synthesis strategy to 

tune their physical and chemical properties. It is widely believed that ions prefer 

intercalation into the van der Waals gap through the edges of the 2D flake, which generally 
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causes wrinkling and distortion of the flake.1 In a 

sealed-edge configuration, we show that intercalation 

may also take place through the top surface. Density 

function theory calculations show that this 

intercalation is enabled by the existence of natural 

defects in exfoliated MoS2 flakes. We show fully 

reversible changes in the optical properties of MoS2, 

as well as a drastic reduction in the resistivity upon 

intercalation of Na+ ions. These findings pave the way 

for designing more stable and reliable energy storage 

devices, as well as highly tunable 2D-material-based optoelectronic and nanoelectronic 

devices. Furthermore, we demonstrate that few-layer MoS2 with sealed edges allows 

intercalation of small alkali metal ions (e.g., Li+ and Na+) and rejects large ions (e.g., K+). 

The capability of tuning the ion selectivity through subtle electrochemical control implies 

potential applications in developing advanced devices for ionic sieving, water desalination 

and ion exchange channels.  

 

 We discovered the distinct growth behavior of sulfur on 2D materials surfaces and studied 

its effect on the areal capacity in lithium sulfur (Li-S) batteries by in situ observation of 

electrochemical sulfur generation. Li-S batteries are attractive candidates for energy 

storage in electric vehicles and grid-scale storage due to the 

high energy density and low-cost.2 We recently found that 

sulfur, a solid material in its elementary form S8, can stay in 

the supercooled state as liquid sulfur in an electrochemical 

cell.3 In this work, we further established that this newly 

discovered state could have implications for lithium–sulfur 

batteries. We found that on the basal plane of 2D materials, 

only liquid sulfur accumulates; by contrast, at the edge sites, 

liquid sulfur accumulates if the thickness of the two-

dimensional material is small, whereas solid sulfur nucleates 

if the thickness is large (tens of nanometers). Moreover, we 

found that liquid sulfur provides a much higher areal capacity than the solid in the same 

charging period. Based on our understanding of the edge-induced sulfur crystallization, we 

can control the sulfur state (liquid or solid) and achieve much higher areal capacities with 

the liquid sulfur for use in Li-S batteries. This work correlates the sulfur states with their 

respective areal capacities, as well as controlling the growth of sulfur on two-dimensional 

materials, which could provide insights for the design of future Li-S batteries. Additionally, 

we also achieved the control of electrowetting and merging of sulfur droplets with 

potentiostatic conditions and the selective design of sulfiphilic/sulfiphobic substrates. The 

manipulation of liquids with tunable shape and optical functionalities in real time is 

Fig. 1. Schematic representation of 

Li+, Na+, and K+ intercalation into 

MoS2 through top and edge channels. 

Fig. 2. Electrochemical 

generation of liquid sulfur 

on the surface of MoS2. 
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important for electroactive flow devices and optoelectronic devices, but remains a great 

challenge.4 We employed the electrowetting phenomena to create a microlens based on the 

liquid sulfur microdroplets with real-time tunable characteristics by changing the shape of 

the liquid microdroplets in a fast, repeatable, and controlled manner. 

 

 We observed superconductivity in the infinite-layer nickelate. The infinite-layer nickelate 

(e.g., LaNiO2) is isostructural to infinite-layer copper oxides.5 The infinite layer nickelates 

are interesting 2D materials in part due to the fact that they are electronically analogous to 

the parent compound of cuprate superconductors, with a d9 electronic configuration for 

Ni1+.6 We synthesize these materials by starting from thin films of perovskite LaNiO3, and 

then using soft chemistry reduction to deintercalate one 

oxygen from each unit cell. The perovskite substrate gives a 

template that preserves the single crystalline structure of the 

reduced nickelate. X-ray scattering and spectroscopy 

experiments demonstrate that indeed the d9 electronic 

configuration is found, but with unusual tendencies to 

hybridize with the La states rather than the oxygen ligands. 

By moving to NdNiO2 (increasing the electronic 

bandwidth), and chemically hole doping the system by Sr 

substitution, we have discovered superconductivity for the 

first time in a nickel oxide system. We then have 

systematically investigated the effects of the growth and 

reduction parameters on the crystallinity of the resultant 

superconducting Nd0.8Sr0.2NiO2 films, and identified narrow 

stability windows in both parameter spaces. To this end, 

superconducting single-phase and single-crystalline 

Nd0.8Sr0.2NiO2 epitaxial thin films up to ~ 10 nm have been stabilized and the wide sample-

to-sample variation in Tc (superconducting transition temperature) initially reported has 

been reproducibly narrowed. Recently, we can systematically probe the strain dependence 

of superconductivity and normal state properties in Nd1–xSrxNiO2 by stabilizing this 

material in substrates with varying lattice constants. We have successfully stabilized 

Nd0.8Sr0.2NiO2 on three different substrates: SrTiO3, (LaAlO3)0.3(Sr2TaAlO6)0.7, and 

NdGaO3. In contrast with hole-doped cuprates which show enhanced superconductivity as 

a function of compressive strain, our data suggest that superconductivity is instead 

suppressed as a function of compressive strain in hole-doped nickelates. Our results suggest 

that, despite the structural and electronic similarities between the hole-doped cuprates and 

nickelates, the multi-band nature of the hole-doped nickelates introduces significant 

differences to this system in comparison with the cuprates. 

 

Fig. 3. Schematic crystal 

structures of Nd0.8Sr0.2NiO2 

thin films on the TiO2-

terminated single-crystal 

SrTiO3 (001) substrate. 
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Future Plans 

 We will continue our strong synergy between Cui and Hwang to further investigate the 

interaction of guest species and layered materials. Our future research plan will follow our current 

achievements to further study the ionic tuning of 2D chalcogenide nanomaterials. 

 We will continue to study the intercalation and deintercalation techniques, besides atoms 

and ions, we will also focus on the intercalation of organic molecules. The relatively large 

size of organic molecules can expand the interlayer spacing of 2D materials over 2 times. 

The change of interlayer distance will strongly modulate the interlayer coupling of 2D 

materials, which will result in novel behaviors in 2D magnetotransport and 2D thermal 

transport.  

 The superconducting infinite-layer nickelates have shown distinctive strain responses. 

More growth optimization and stuctural measurements will be conducted to eliminate the 

extrinsic crystallinity effects and further probe the intrinsic response of this system under 

epitaxial strain. The opportunities of deintercalation chemistry will be expanded to other 

transition metal oxides systems. 

 Advanced microscopic characterizations (e.g., cryogenic electron microscopy) will be used 

to characterize the modifications of chalcogenide nanomaterials by the heterogeneous ionic 

environment to understand the physics and chemistry behind the tuning process.  

 References 

1. F. Xiong, H. Wang, X. Liu, H. Sun, M. Brongersma. E. Pop, Y. Cui, “Li intercalation in 

MoS2: in situ observation of its dynamics and tuning optical and electrical properties”, 

Nano. Lett., 15, 6777–6784 (2015). 

2. A. Manthiram, Y. Fu, S. H. Chung, C. Zu, Y. S. Su, “Rechargeable lithium–sulfur 

batteries”, Chem. Rev., 114, 23 11751-11787 (2014). 

3. N. Liu, G. Zhou, A. Yang, X. Yu, F. Shi, J. Sun, J. Zhang, B. Liu, C.-L. Wu, X. Tao, Y. 

Sun, Y. Cui, S. Chu, “Direct electrochemical generation of supercooled sulfur 

microdroplets well below their melting temperature”, Proc. Natl. Acad. Sci. U. S. A., 116, 

3 765-770 (2019). 

4. S.-Y. Teh, R. Lin, L.-H.  Hung, A. P. Lee, “Droplet microfluidics”, Lab Chip, 8, 198–220 

(2008). 

5. T. Siegrist, S. M. Zahurak, D. W. Murphy, R. S. Roth, “The parent structure of the layered 

high-temperature superconductors”, Nature 334, 231-232 (1988). 

6. V. I. Anisimov, D.  Bukhvalov, T. M. Rice, “Electronic structure of possible nickelate 

analogs to the cuprates”, Phys. Rev. B 59, 7901–7906 (1999). 

Publications 

1. J. Zhang, A. Yang, X. Wu, J. van de Groep, P. Tang, B. Liu, F. Shi, J. Wan, Q. Li, Y. 

Sun, Z. Lu, G. Zhou, J. Li, S.-C. Zhang, M. L. Brongersma, Y. Cui, “Reversible and 

16



Selective Ion Intercalation through Top Surface of Few-Layer MoS2”, Nat. Comm., 9, 

5289 (2018). 

2. Z. Y. Chen, A. G. Swartz, H. Yoon, H. Inoue, T. A. Merz, D. Lu, Y. W. Xie, H. T. Yuan, 

Y. Hikita, S. Raghu, and H. Y. Hwang, “Carrier Density and Disorder Tuned 

Superconductor-Metal Transition in a Two-Dimensional Electron System,” Nat. Comm. 9, 

4008 (2018). 

3. P. Singh, A. G. Swartz, D. Lu, S. S. Hong, K. Lee, K. Nishio, Y. Hikita, and H. Y. Hwang, 

“Large-Area Crystalline BaSnO3 Membranes with High Electron Mobilities”, ACS Appl. 

Electron. Mater., 1, 1269-1274 (2019). 

4. D. Li, K. Lee, B. Y. Wang, M. Osada, S. Crossley, H. R. Lee, Y. Cui, Y. Hikita, and H. Y. 

Hwang, “Superconductivity in an Infinite-Layer Nickelate”, Nature, 572, 624-627 (2019).  

5. N. Liu, G. Zhou, A. Yang, X. Yu, F. Shi, J. Sun, J. Zhang, B. Liu, C.-L. Wu, X. Tao, Y. 

Sun, Y. Cui, S. Chu, “Direct electrochemical generation of supercooled sulfur 

microdroplets well below their melting temperature,” Proc. Natl. Acad. Sci. U. S. A., 116, 

765 (2019) 

6. A. Sood, F. Xiong, S. Chen, R. Cheaito, F. Lian, M. Asheghi, Y. Cui, D. Donadio, K. E. 

Goodson, E. Pop, “Quasi-Ballistic Thermal Transport Across MoS2 Thin Films,” Nano 

Lett., 19, 2434 (2019) 

7. D. Lu, S. Crossley, R. Xu, Y. Hikita, and H. Y. Hwang, “Freestanding Oxide Ferroelectric 

Tunnel Junction Memories Transferred onto Silicon,” Nano Lett., 19, 3999 (2019). 

8. Z. Y. Chen, B. Y. Wang, B. H. Goodge, D. Lu, S. S. Hong, D. F. Li, L. F. Kourkoutis, Y. 

Hikita, and H. Y. Hwang, “Freestanding Crystalline YBa2Cu3O7-x Heterostructure 

Membranes,” Phys. Rev. Mater., 3, 060801 (2019). (Rapid Communications) 

9. Y. Li, K. Wang, W. Zhou, Y. Li, R. Vila, W. Huang, H. Wang, G. Chen, G.-H. Wu, Y. 

Tsao, H. Wang, R. Sinclair, W. Chiu, Y. Cui, “Cryo-EM Structures of Atomic Surfaces 

and Host-Guest Chemistry in Metal-Organic Frameworks,” Matter, 1, 1 (2019). 

10. H. Wang, Z. Liang, M. Tang, G. Chen, Y. Li, W. Chen, D. Lin, Z. Zhang, G. Zhou, J. Li, 

Z. Lu, K. Chan, T. Tan, Y. Cui, “Self-Selective Catalyst Synthesis for CO2 Reduction,” 

Joule, 3, 1927 (2019). 

11. A. Yang, G. Zhou, C. Su, Y. Wu, A. Pei, C.-L. Wu, R. A. Vila, X. Yu, B. Liu, H. Chen, Y. 

Chen, D. Chen, Y. Li, H. Y. Hwang, J. Li, S. Chu, Y. Cui, “Electrochemical generation of 

liquid and solid sulfur on two-dimensional layered materials with distinct areal capacity”, 

Nat. Nanotechnol., 15, 231-237 (2020). 

12. G. Zhou, A. Yang, Y. Wang, G. Gao, A. Pei, X. Yu, Y. Zhu, L. Zong, B. Liu, J. Xu, N. 

Liu, J. Zhang, Y. Li, L.-W. Wang, H. Y. Hwang, M. L. Brongersma, S. Chu, Y. Cui, 

“Electrotunable liquid sulfur microdroplets”, Nat., Comm., 11, 606 (2020). 

13. K. Lee, B. H. Goodge, D. Li, M. Osada, B. Y. Wang, Y. Cui, L. F. Kourkoutis, H. Y. 

Hwang, “Aspects of the Synthesis of Thin Film Superconducting Infinite-Layer 

Nickelates”, APL Mater., 8, 041107 (2020). (Editor’s Pick) 

17



14. M. Osada, B. Y. Wang, B. H. Goodge, K. Lee, H. Yoon, K. Sakuma, D. F. Li, M. Miura, 

L. F. Kourkoutis, and H. Y. Hwang, “A Superconducting Praseodymium Nickelate with 

Infinite-Layer Structure,” Nano Lett., 20, 5735-5740 (2020). 

15. M. Hepting, D. Li, C. J. Jia, H. Lu, E. Paris, Y. Tseng, X. Feng, M. Osada, E. Been, Y. 

Hikita, Y.-D. Chuang, Z. Hussain, K. J. Zhou, A. Nag, M. Garcia-Fernandez, M. Rossi, H. 

Y. Huang, D. J. Huang, Z. X. Shen, T. Schmitt, H. Y. Hwang, B. Moritz, J. Zaanen, T. P. 

Devereaux, and W. S. Lee, “Electronic Structure of the Parent Compound of 

Superconducting Infinite-Layer Nickelates,” Nat. Mater., 19, 381-385 (2020). 

16. D. Li, B. Y. Wang, K. Lee, S. P. Harvey, M. Osada, B. H. Goodge, L. F. Kourkoutis, and 

H. Y. Hwang, “Superconducting Dome in Nd1-xSrxNiO2 Infinite Layer Films,” Phys. Rev. 

Lett., 125, 027001:1-6 (2020). 

17. Phase Diagram of Infinite-Layer Praseodymium Nickelate Pr1-xSrxNiO2 Thin Films. M. 

Osada, B. Y. Wang, K. Lee, D. F. Li, and H. Y. Hwang, Phys. Rev. Mater., 4, 121801 

(2020). (Rapid Communications)  

18. M. Osada, K. Nishio, K. Lee, M. Colletta, B. H. Goodge, W. J. Kim, L. F. Kourkoutis, H. 

Y. Hwang, Y. Hikita, “Highly Efficient Surface Charge Transfer in Fe2TiO5 Epitaxial Thin 

Film Photoanodes”, ACS Appl. Energy Mater., 4, 3 2098 (2021).  

19. Stabilization of Sr3Al2O6 Growth Templates for Ex Situ Synthesis of Freestanding 

Crystalline Oxide Membranes. Li, D. F., Adamo, C., Wang, B. Y., Yoon, H., Chen, Z. Y., 

Hong, S. S., Lu, D., Cui, Y., Hikita, Y., & Hwang, H. Y. Nano Lett., 21, 10 4454 (2021). 

20. K. Lee, R. A. Flores, Y. Liu, B. Y. Wang, M. Bajdich, Y. Hikita, R. Sinclair, M. Bajdich, 

and H. Y. Hwang, “Epitaxial Stabilization and Oxygen Evolution Reaction Activity of 

Metastable Columbite Iridium Oxide”, ACS Appl. Energy Mater., 4 3074 (2021). 

21. B. H. Goodge, D. Li, K. Lee, M. Osada, B. Y. Wang, G. A. Sawatzky, H. Y. Hwang, and 

L. F. Kourkoutis, “Doping Evolution of the Mott–Hubbard Landscape in Infinite-Layer 

Nickelates”, Proc. Natl. Acad. Sci. U. S. A., 118, e2007683118 (2021). 

22. E. Been, W. -S. Lee, H. Y. Hwang, Y. Cui, J. Zaanen, T. Devereaux, B. Moritz, and C. Jia, 

“Electronic Structure Trends Across the Rare-Earth Series in Superconducting Infinite-

Layer Nickelates”, Phys. Rev. X, 11, 011050 (2021). 

23. F. Xiong, E. Yalon, C. J. McClellan, J. Zhang, O. B. Aslan, A. Sood, J. Sun, C. M. 

Andolina, W. A. Saidi, K. E. Goodson, T. F. Heinz, Y. Cui, E. Pop, “Tuning electrical and 

interfacial thermal properties of bilayer MoS2 via electrochemical intercalation”, 

Nanotechnology, 32, 265202 (2021). 

 

18



 
 

Rational Synthesis of Superconductors 
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Program Scope 

We create and investigate materials that can exhibit competing ground states and tune them in a 

controlled way using chemical modification. The goals of this FWP are: a) to design, synthesize 

and tune the electronic and magnetic properties of new low-dimensional materials that display 

density-wave instabilities and b) to induce superconductivity in these materials through external 

doping. Our strategies focus on designing a diverse set of two-dimensional materials with well-

defined characteristics such as square sheets and complex heterostructures with intergrown layers. 

For example, the critical superconducting transition temperature (Tc) of [LaO1-xFx][FeAs] (x = 

0.05-0.12) is 26 K, but neither FeAs nor [LaO][FeAs] are superconductors. Similarly, FeSe a 

homo-layered material with superconducting Tc below 8 K, but upon forming heterolayered 

structures such as [Li1-xFexOH][FeSe] the Tc increases to 43 K. Moreover, the long-range magnetic 

ordering in the [Li1-xFexOH] layer makes the [Li1-xFexOH][FeSe] a rare example of a magnetic 

superconductor. It is also predicted that pnictide(chalcogenide)-cuprate heterostructures such as 

Ba2CuO2Fe2As2 and K2CuO2Fe2Se2 are predicted to be high Tc superconductors. However, one of 

the greatest challenges in stabilizing heterolayered compounds is posed by thermodynamics, where 

they cannot easily form by heating direct mixtures of precursors because of phase separation to 

simpler and more stable phases. Hence, in order to achieve the goal of rational synthesis of 

heterolayered superconductors, we have developed a new synthetic process to achieve them.  

 Recent Progress  

 Rational Synthesis of Heterolayered Structures by New 

Synthetic Approach  

 We established formulation  of a new tunable flux using 

the mixed hydroxide/halide which can form oxide metal 

complexes with the more oxophilic metal ions (harder 

Lewis acids) while at the same time in-situ form 

chalcogenide (pnictide) anions that can complex the 

chalcophilic metal ions (softer Lewis acids). This new 

approach allows us to find and select the correct 

synthesis path to the heterolayered class of compounds 

in a very general way to create new class of compounds. 

 Using the mixed flux of LiOH/LiCl or NaOH/NaI in the 

method shown in Figure 1, we demonstrate a compelling 

general approach which achieves for the first time the 

crystal growth of a large series of heterolayered 

 
Figure 1. Synthesis of heterolayers using 

mixed hydroxide/halides 
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[AExMyOz][M’2Q2] (AE = Sr or Ba, M = Mn, Fe, Co, Ni, Cu and Zn; M’=Cu, Ag, Li) and 

[LaO][M’2Q2].
1-4 Among these, [Sr2M1−xO2][(Cu1−yLiy)2Q2] (M = Mn and Ni), 

[Sr2Mn1−xO2][(Cu1−yLiy)2nSn+1] (n = 2-4), [Sr2Cu0.7O2][Cu2Se2], [Ba2Co0.54O2][Cu2Se2], 

[LaO][AgQ] (Q = Se and Te), [AE2M1−xO2][(Ag1−yLiy)2Se2] and [Ba3Fe2O5][Ag2Se2] are new 

compounds. This work was submitted for publication in Nature. 

  We found correlation of basicity of mixed flux AOH/A’X (A. A’ = alkali metal; X = Cl, I) and 

temperature in controlling solubility of reactants, oxidation states, local geometry, and 

stability of kinetic phases. For the ternary K-Ni-Q (Q = S and Se) systems, using mixed 

LiOH/KOH, in addition to all known ternaries of the K-Ni-S systems, α-K2Ni3S4
5 and KNi2S2

6 

(Figure 2a,b) new ternaries of β-

K2Ni3S4, KNi4S2 (Figure 3c) 

and K4Ni9S11 were obtained. 

Moreover, we discovered a 

correlation between the 

oxidation state of Ni (+2, +1.5 

and +1-0.75) and the basicity 

([KOH]). Increasing [KOH] 

leads to lower Ni oxidation state 

in K-Ni-S ternaries. We have also stabilized a new heterolayer compound, 

[Sr2Fe2O6][Sr0.8Se2], which features the Ruddlesden-Popper type Sr3Fe2O7 and CsCl-type 

SrSe2 layers. With the kinetic stabilization of these completely new structure types, it shows 

great potential for our strategy with rational synthesis of heterolayers. Submitted to JACS. 

 Exploratory Synthesis of Superconductors and Novel 

Electronic/Magnetic Materials 

 We discovered uncommon ferroelectric-like transition 

from nonpolar semiconducting to polar metallic state 

induced by pressure in defect antiperovskite Hg3Te2X2 

(X = Cl, Br) was discovered by X-ray diffraction and 

theoretical calculations. This study presents evidence of 

rare but unambiguous ferroelectric-like transition in 

perovskites promoted by hydrostatic pressure. It points to 

a new avenue for exploring the interplay between 

pressure-induced electronic transitions and 

ferroelectric/multiferroic properties. The work was 

published in Nature Communications.  

 We discovered a wide bandgap semiconductor (Eg ~ 1.89 eV) Cu2Br2Se6 with unique Cu/Br 

helical chain and Se6 cyclohexane-like ring that emerges superconductivity under pressure (Tc 

~ 4.0 – 6.7 K at 21 - 40 GPa) and studied the structure-property relationship. 

 We studied the RbEuFe4As4 superconductor and Ni doping on Fe site with transport, heat 

capacity and magnetism indicating a decoupling of the Eu magnetism from superconductivity 

and essentially no influence of Ni doping on the Eu magnetism. 

 
Figure 2. Crystal structures of a) K2Ni3S4, b) KNi2S2 and c) KNi4S2. 

 
Figure 3. P–T phase diagram derived 

from resistance measurements. solid 

line: semiconductor–metal phase 

boundary. 
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 We discovered a new polymorph LuRuGe, which exhibits Pauli paramagnetism as the ground 

state with no local magnetic moments from either the Ru or Lu sites. This polymorph can 

convert into another centrosymmetric one (TiNiSi-type structure) at high temperatures. We 

studied electrical transport, magnetization and specific heat measurements on this new phase. 

 Studied magnetic flux behavior on the magnetic superconductor RbEuFe4As4 using magneto-

optical imaging and magnetization measurements. The study indicates that the interplay of 

magnetic susceptibility amplifying the magnetic induction and vortex pinning attenuating the 

magnetic-flux entry results in a field- and temperature-dependent critical state that emulates 

a paramagnetic Meissner effect. 

 Discovered a new mixed-anion 2D semiconductor BaFMn0.5Te (Eg 1.76 eV) and investigated  

the formation pathway using in-situ synchrotron X-ray diffraction, characterized crystal, 

magnetic and electronic structures with transport properties, heat capacity, and revealed 

antiferromagnetism (AFM) and strong red photoluminescence (PL) associated with its unique 

[Mn0.5Te]− sublattice. 

 Exploration of New Topological Materials 

 We discovered a new Dirac semimetal candidate Ir2In8S and investigated Shubnikov-de Haas 

oscillations for Fermi surface and its topological behavior. 

 We synthesized the subchalcogenides Ir2In8Q (Q = Se, Te) and studied commensurately 

modulated low-temperature phase transitions with re-entrant behavior of supercell structure, 

suggesting competing structural and electronic interactions dictate the overall structure. 

 New Compounds with Novel Properties 

 Superionic conductors (SICs) possess liquid-like ionic diffusivity in the solid state, finding 

wide applicability from electrolytes in energy storage to materials for thermoelectric energy 

conversion. During our investigations of looking for superconductivity in two-dimensional 

KAg3Se2 we discovered the materials is Type-I SIC which is defined by a first-order transition 

to the superionic state and has so far been found exclusively in three-dimensional crystal 

structures. We demonstrate that the phase transition temperature can be controlled by 

chemical substitution of the alkali metal ions that comprise the immobile charge-balancing 

layers. The work was published in Nature Materials. 

 We studied CsPbBr3 crystal with inelastic neutron scattering, X-ray diffraction and first-

principles simulations to track the evolution of the spatial and temporal atomic correlations 

across the structural transitions of the perovskite crystal. We revealed the two-dimensional 

sheets of correlated dynamic rotations of PbBr6 octahedra directly modulate the optoelectronic 

properties. This discovery provides a new route to design materials with partially liquid-like 

atomic motions in a crystalline lattice for possible applications in energy harvesting. The work 

was published in Nature Materials. 

Future Plans 

1. Using our new approach for heterolayers utilizing hydroxide/halide flux, we will explore the 

combination of cuprate layers with insulating layers such as CsCl-type [SrSe2], [Cu2Q2], 
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[Ag2Q2], etc. We will use our knowledge with oxidation state control in the hydroxide flux 

to control the Cu oxidation state in the cuprate layer and study how it can affect the 

superconductivity. 

2. We will also explore the combinations of CuO2 or NiO2 with other superconducting FeSe or 

FeAs layers. Both CuO2 and FeSe or FeAs exhibit 

square-net structures. Therefore, it is possible to form 

commensurate crystalline structures due to high lattice 

stability, but such compounds have proven difficult to 

synthesize using conventional methods. Using our 

new approach by a slow diffusion process in a flux, we 

will separate CuO at one end and FeAs, FeSe, or K1-

xFe2-ySe2 at the opposite end of a flux containing boat 

as shown in Figure 1, which can avoid the oxidation of 

Fe2+, As3- or Se2- by Cu2+ by direct mixing. Similar to 

co-precipitation of CuO2 layer and Cu2Se2 layer in the 

synthesis of Sr2CuO2Cu2Se2, when these precursors 

diffuse to the center of the reaction boat, they can precipitate into the target heterolayered 

compounds interleaved by either K+ or Ba2+ ions. 

3. We will also perform isoelectronic P doping for RbEuFe4(As1-xPx)4 to tune Tc vs TN  and 

study interplay of superconductivity and magnetism and of topological surface state by a 

collaborative work with other programs in Materials Science Division. 

4. We will explore new multinary heavy pnictides by new approaches using alkali (A) and 

alkaline earth (AE) metals and their pnictide fluxes including heavy pnictide (Sb/Bi) and 

investigate doping effect on normal or superconducting states in new compounds. 
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Figure 4. Structural models for the 

intergrown layers of CuO/FeSe (left) and 

CuO/FeAs (right). 
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Molecular self-assembly is arguably the most promising strategy for imparting structure and 

function to materials at the molecular, meso-, and macro-scale and for developing high-

performance soft and biomolecular materials for energy related applications.  The challenge is to 

encode information into the building blocks of materials systems through precision synthesis, 

thereby introducing specific and controllable intra- and intermolecular interactions to drive 

assembly with hierarchical structure.  A key aspect of our functional self-assembling materials 

design is avoiding or overcoming undesirable states through pathway engineering.  Defects and 

disorder can be mitigated or controlled, for example, by relying on external fields or templates to 

direct assembly (in conjunction with self-assembly), leading to a better understanding of 

fundamental behavior.  We note that the basic tenets of molecular self- assembly and directed self-

assembly are derived from biology, but that synthetic organic material scientists have not yet 

systematically deployed the full range of molecular interactions used in biology to create 

functional soft materials, nor are they limited to the toolsets of biology resulting from evolution.  

Our activities are organized into three interrelated thrusts of increasing complexity, from the self-

assembly of sequence-specific homopolymers in solution in Thrust 1: “Physics and materials 

science of hetero-charged polymers from A to Z (Polyampholytes to Polyzwitterions),” to the 

directed self-assembly and intrinsic ion-conducting properties of (A-block-(B-random-C) 

architectures in Thrust 2: “Fundamental investigation of physical and electrochemical properties 

of block copolymer electrolytes,” to the most complex materials incorporating liquid crystallinity 

and charge in fully three-dimensional assemblies in Thrust 3: “Directed self-assembly of blue 

phase liquid crystals- fundamentals and functionality.” The themes that connect our activities 

include manipulating sequence, charges, and liquid crystallinity to control structure and achieve 

function, and cross-cutting synthetic strategies, characterization techniques, and theoretical and 

computational methods.  

Recent Progress  

Physics and materials science of hetero-charged 

polymers. Work on hetero-charged polymers has 

concentrated on expanding the range of 

zwitterionic polymers that can be studied, with the 

ultimate goal of determining quantitatively how 

this class of polymers interacts with water, which is likely the key to their unique properties of 

biocompatibility and anti-biofouling. We are specifically exploring polyether backbones, 

incorporating poly(allyl glycidyl ether) (PAGE), which give us a pendant side chain that can be 
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Figure 1: High throughput synthesis of a library
of zwitterionic polymers.

Figure 1. High throughput synthesis of a library of 

zwitterionic polymers. 
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functionalized in a variety of ways (see Figure 1). These polymers, and 

other zwitterionic polymers, can be made in soluble or grafted brush 

form, the latter providing a unique experimental platform to examine the 

conformational aspects of these polymers under different solution 

conditions.1 

Ion Transport Behavior in Ethylene Oxide (EO)-Based Block Copolymer 

Electrolytes (BCEs). Many fundamental aspects of the ionic transport 

behavior in salt-blended BCEs are still not fully understood. Recent ex-

periments have shown differences on the dependence of ionic con-

ductivity on salt concentration between polystyrene-b-poly(ethylene 

oxide) (SEO)-LiTFSI BCEs and PEO-LiTFSI homopolymers, but no 

clear description of the actual changes in terms of ionic solvation prop-

erties had been given. Through experimental and simulation methods, we 

showed that these differences can be explained by changes in ionic solva-

tion, association, and distribution at the molecular level. Comparison of 

conductivities as function of r = [Li]/[EO] showed similar behavior for 

both systems up to the maximum in conductivity at a concentration of r 

= 1/12, where about half of the available solvation sites in the system are filled (see Figure 2a). 

Above this regime, the conductivity of the homopolymer drops while conductivity of the BCEs 

remains constant up to r = 1/4. Vibrational spectroscopy measurements and atomistic MD sim-

ulations showed that in the second regime, no additional EO units in BCEs participate in cation 

coordination but instead clusters or partial clusters of ions segregate to the interfacial mixing layer, 

keeping the solvated ion concentration close to the optimal value for maximum conductivity in the 

conducting BCE domains as shown in Figure 2b.2 

Ion Transport Behavior in Ethylene Oxide-Based Side-chain Polymer Electrolytes. Incorporation 

of EO side-chain units to polymers is a common strategy to impart and improve – through lowering 

of the glass transition temperature (Tg) – their ionic conductivity, but low Tg alone is not necessarily 

a good predictor of this property. We synthesized a series of EO side-chain polymers and used 

impedance and vibrational spectroscopies, as well as atomistic MD simulations to understand how 

chain architecture, polymer composition and 

side-chain length affect ion solvation, ionic 

conductivity and segmental dynamics of these 

electrolytes at the molecular level. We 

observed that the ionic conductivity varies by 

an order of magnitude in poly[(oligo(ethylene 

oxide)) methyl ether methacrylate] (POEM) 

materials of different side-chain lengths, and 

that this effect is not well explained by differ-

ences in Tg or ionic dissociation (see Figure 

Figure 2. (a) Salt 

concentration dependence 

of Li+ conductivity in PEO 

and SEO at 100 C; (b) Li+ 

distribution in SEO at r = 

0.2. 

Figure 3. (a) Experimental conductivity corrected by Tg; 

(b) visualization of solvation site network in PEO and 

POEMx from MD simulations; (c) inverse mean relaxation 

time (1/<τ>) of bonds along polymer chains. 1/<τ> serves 

here as an indicator of local segmental. 
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3a). By introducing solvation site edge density, solvation site connectivity and local relaxation 

times of EO segments as additional metrics to the analysis, we were able to fully capture the 

transport behavior in side-chain polyethers (see Figure 3b and 3c), and most importantly, to 

identify local segmental mobility of EO side chains to be the most critical parameter in determining 

ion conductivity rather than overall ether oxygen content.3,4 

Correlation Length in the Directed Self-Assembly of Blue Phase Liquid Crystals (BPLCs). The 

correlation length dictates the length-scale over which templated order can be maintained. 

Lithographically defined chemical patterns with alternating homeotropic and planar regions, and 

with pitches equal to the blue-phase unit cell size, can be used to nucleate and grow single crystals 

of BPLCs. To determine the correlation length, we patterned alternating regions of chemical 

patterns to direct the assembly of BPLCs and unpatterned interspatial regions with separation 

distances from 2 to 20 µm. As shown in Figure 4, if the distance between patterned and unpatterned 

regions was shorter than the correlation length, single BPLCs extended over both the templating 

and non-templating regions, whereas for distances greater 

than the correlation length, a polycrystalline morphology 

resulted.  In a separate set of experiments, the correlation 

length was determined from the minimum size of the 

patterned region to observe directed self-assembly. Both sets 

of experiments indicate the correlation length to be ~10 µm. 

The experimentally observed correlation length is consistent with our theoretical estimate derived 

from continuum free energy simulations. Our work demonstrates that blue-phases can serve as 

model systems to test theories of nucleation and establishes a new strategy to maximize the size 

of blue-phase single crystals.5 

Active Liquid Crystals. Our efforts about active liquid crystals have established that topological 

defects can be confined by introducing gradients of activity. In particular, we have studied the 

dynamical behavior of two defects confined by a sharp gradient of activity that separates an active 

circular region and a surrounding passive nematic material. Using continuum simulations, we have 

explained how the interplay between energy injection into the system, hydrodynamic interactions, 

and frictional forces governs the dynamics of topological self-propelling defects. Our findings 

have been rationalized in terms of a phase diagram for the dynamical response of defects in terms 

of activity and frictional damping strength. Different regions of the underlying phase diagram 

correspond to distinct dynamical modes, namely immobile defects, steady rotation of defects, 

bouncing defects, bouncing-cruising defects, dancing defects, and multiple defects with irregular 

dynamics. These dynamic states raise the prospect of generating synchronized defect arrays for 

microfluidic applications.6 

Future Plans  

For synthesis and self-assembly of heterocharged polymers, our efforts in the next year will 

produce systematic variations in polyzwitterionic structures leading to a database of information 

Figure 4. Directed self-assembly of 

BPLC on chemical patterns was used to 

extract a correlation length. 
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on polymer configurational properties in different solution conditions that can be mined to 

ascertain the dominant, controlling, structural features of their hydration and interactions with 

water. Tools to be applied are SAXS, light scattering, IR spectroscopy, and surface forces 

measurement. For ion conducting BCEs, we will: 1) elucidate the role that intermixing of 

conducting and nonconducting components plays on ionic mobility by comparing the ionic 

conductivity of polymer blends and block copolymers of differing interaction strength; 2) extend 

to side-chain polyether-based BCE our previous hypothesis on χ being the main factor dictating 

the ionic conductivity rather than Tg differences at the domain interface; 3) understand the ion 

transport mechanism in polyether-polycarbonate copolymers, where multiple solvation site 

forming moieties may compete. In our research on 3D liquid crystals, we will: 1) use single 

crystalline blue phase gels to prepare isoporous membranes by washing out the non-polymerizable 

mesogens; 2) render the assemblies conductive by refilling washed out blue-phases gels with 

electrolytes to probe the influence of lattice orientation and grain boundaries on ion-transport; and 

3) use sequential infiltration synthesis on washed out gels to prepare inorganic membranes 

templated by the disclination network of blue-phases. In our inter FWP research with the Snezhko 

group active liquid crystal design, we will seek to validate the predictions of our active liquid 

crystal design simulations in experiments. An important new direction will be to combine and 

integrate different active region designs, with the goal of creating active systems that can perform 

logic operations. 
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Program Scope 

 The overarching goal of our research program is to advance the science of nanomaterials 

by using solid state NMR (SSNMR) spectroscopy to reveal the interplays between material 

properties and the structures of their bulk, interfaces and defects. Nanomaterials will fulfill 

current and future societal needs related to optoelectronic devices, energy storage and 

conversion, quantum information, sensing, and separations/purifications. In order to advance the 

science and applications of nanomaterials, analytical techniques capable of probing surfaces, 

defects, and atomic scale disorder are required. To address this problem, we develop SSNMR 

methods that exploit dynamic nuclear polarization (DNP) or fast magic angle spinning (MAS) to 

enhance sensitivity and spectral resolution. These techniques are used to determine the 

relationships between the surface structure of semiconductor nanoparticle (NP) and their optical 

properties. We also use these approaches to elucidate the bulk structure, edge terminations and 

intra-sheet defects of continuous and porous 2D materials. DFT calculations are used to model 

materials structure and properties. 

Recent Progress  

 Sensitivity-Enhanced SSNMR Spectroscopy. In the past decade, (indirect) proton 

detection enabled by fast MAS has been established as widespread method to obtain order of 

magnitude gains in the sensitivity of solid-state NMR experiments with ubiquitous, but 

insensitive spin-½ nuclei such as 13C, 15N and 29Si. Our team has developed a variety of SSNMR 

methods for 1H detection of exotic and unreceptive isotopes found in materials including high-Z 

spin-½ nuclei such as 113Cd, 195Pt, 207Pb, etc. with large chemical shift anisotropy (CSA), low- 

spin-1/2, (89Y, 109Ag, 183W), and half-integer quadrupolar nuclei (11B, 17O, 27Al, 71Ga, etc.). 

These experiments have subsequently been applied to study the structure of semiconductor 

nanoparticles and 2D materials.  

We have also developed protocols to enable MAS DNP experiments on a variety of 

inorganic materials. We showed that gamma irradiation or doping with Gd or Mn ions could be 

used to enable DNP in inorganic glasses and other bulk solids. It was previously shown that DNP 

could be performed on semiconductor NP by trapping them in mesoporous silica with an 

exogenous polarizing agent solution. We demonstrated much better NMR sensitivity is obtained 

if hexagonal boron nitride (h-BN) is used to disperse the NP instead of silica and if the NP are 

precipitated from solution and mixed with the h-BN to maximize NP concentration. We have 
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used this method to study a variety of NP and these results are foundational for our future work. 

Finally, we have developed a fully ab initio theoretical framework of DNP that enabled the 

calculation of enhancement factors in spin systems containing >1000 spins, providing insight 

into the fundamental mechanisms underlying DNP.   

Probing the Surface Structure of Semiconductor Nanoparticles. Semiconductor NP 

possess tunable optical and electronic properties. Due to their typically small diameters of a few 

nanometers, a large fraction of each semiconductor NP is made up of surface atoms. However, 

the disordered and irregular nature of NP surfaces make them difficult to directly probe 

experimentally. We have developed and applied surface-selective, sensitivity-enhanced SSNMR 

spectroscopy experiments to study NP surface structures. The types of NP we have studied (and 

collaborators) include CdS, and CdSe (Vela group – team member), silicon (Neale group - 

NREL), Cd3P2, InP (Cossairt Group - University of Washington), CsPbBr3 (Brutchey Group - 

University of Southern California). Recently, we used DNP to enable homonuclear 77Se, 113Cd 

and 77Se{113Cd} heteronuclear scalar-correlation SSNMR experiments on archetypal spheroidal 

and platelet zinc blende CdSe NP.[1] A 113Cd magic angle turning (MAT) spectrum spherical 

shows distinct Cd signals from core CdSe4 and surface CdSe3O, CdSe2O2, and CdSeO3 

fragments (Figure 1B). The variation in the number of Se and O atoms occurs because surface 

Cd atoms are present on {100} and {111} facets. Comparison of the NMR data for the CdSe NP 

with spheroidal and atomically-flat platelet morphology confirms that the predominant surfaces 

are {100} facets capped with CdSe2O2 units (Figure 1A). 77Se{113Cd} J-HMQC spectra illustrate 

the one-bond connections between surface Se and core and surface Cd atoms (Figure 1C). 
77Se{113Cd} J-resolved experiments confirmed that the surface Se atoms predominantly have a 

SeCd4 tetrahedral coordination (Figure 1D). In summary, our prior studies of NPs demonstrate 

we have the tools to create detailed models of surfaces, including direct determination of the 

stoichiometry of surface fragments, and identification of specific crystalline facets. The proposed 

research describes the applications of these strategies to address a number of fundamental 

problems related to the surface structures, properties and functions of semiconductor NPs. 

Structural Characterization of 2D Materials. Two-dimensional (2D) materials have 

potential applications in optoelectronics, electrocatalysis and quantum information. Since the 

synthesis of graphene in 2004, 2D materials such as hexagonal boron nitride (h-BN), carbon 

Figure 1. (A) Model of {100} surfaces of a CdSe NP. DNP-enhanced (B) 113Cd 2D magic angle turning 

(MAT) spectrum, (C) 77Se{113Cd} 2D J-HMQC spectrum and (D) 77Se{113Cd} J-resolved dephasing curve for 

surface Se atoms. The DNP SSNMR experiments confirm that the surfaces of CdSe are primarily terminated 

by {100} facets featuring surface SeCd4 atoms capped by CdSe2O2 fragments.[1]  

 

37



nitride, transition metal dichalcogenide (TMDC), 

phosphorane, silicane, germanane, and transition metal 

carbides/nitrides (MXenes) have also emerged. The design 

and development of 2D materials requires an understanding 

of molecular structure. Microscopy and diffraction techniques 

are the current gold-standard to characterize 2D material 

structure. However, many 2D materials lack long-range order, 

making determination of their bulk structure challenging. We 

used 1H→29Si INEPT SSNMR experiments to prove that the 

2D material silicane primarily consists of sheets of sp3 

hybridized silicon atoms with SiHSi3 local structure. We have 

also probed the structure of edges and/or defect sites with 

SSNMR spectroscopy. 11B, 14N and 15N SSNMR 

spectroscopy was used to determine the molecular structure of 

the edges h-BN nanosheets. DNP allowed us to obtain 

surface-selective 11B and 15N SSNMR spectra, the latter of 

which could be accurately reproduced by DFT-calculated 

models of zigzag and armchair edge terminations (Figure 

2).[2] Many 2D materials can also be prepared in a porous form, with the structures of atoms 

making up the pores often being unknown.  In forthcoming work, we have used a combination of 

ultra-high field 35.2 T 11B homonuclear and 1H-11B, 1H-14N/15N and 11B-15N heteronuclear 

correlation SSNMR spectroscopy techniques, in conjunction with plane-wave DFT calculations, 

to determine that the pores of mesoporous h-BN consist of oxygen rich terminations. 

 

Future Plans 

 Sensitivity-Enhanced SSNMR Spectroscopy. 

We are currently developing new SSNMR methods 

that use both 1H-detection and/or DNP to enhance 

sensitivity and resolution. In particular we are 

developing pulse sequences that enable precise 

measurements of inter-nuclear distances, or rapid 

acquisition of 2D correlation NMR spectra. These 

methods are targeted towards high-Z spin-1/2 (e.g., 
77Se, 113Cd, 195Pt, 207Pb, etc) and quadrupolar spins 

(11B, 14N, 17O, 35Cl, 93Ge, etc.) found in the 

materials under study in our program. For instance, 

we have used our recently described TONE D-

HMQC pulse sequence[3] to obtain a surface-

selective 1H{207Pb} SSNMR spectrum of PbS NP 

(Figure 3). This spectrum shows extremely broad 

Figure 2. (A) DNP-enhanced 
1H→15N CPMAS spectrum of h-

BN nanosheets. The DFT predicted 
15N chemical shifts are shown for 

zigzag and armchair edges. (B) 

Planewave DFT model of zigzag 

edges.[2]  

 

(A)

(B)

Figure 3. 2D 1H{207Pb} TONE D-HMQC 

spectrum of oleate capped PbS NP. 
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NMR signals and is at odds with currently accepted structural models of PbS surfaces which 

predict regular {100} facets.[4] We are also investigating alternative types of radicals to facilitate 

DNP on materials; we have found that ball milling can create millimolar concentrations of stable 

free radicals in inorganic and organic network solids. Finally, we are developing new theories of 

DNP to predict spin dynamics and use them as structural probes in nanomaterials. 

Probing the Surface Structure of 

Semiconductor Nanoparticles. Our goal is to 

understand the connection between the 

surface structure of semiconductor 

nanoparticles and their optoelectronic 

properties. Based on our prior studies of 

CdSe NP (Figure 1) we are positioned to 

use SSNMR to determine how ligand 

exchange and other surface treatments 

change the surface structure of NP, and 

correlate these atomic level changes to 

optoelectronic and chemical properties. To 

this end, we are pursuing NMR studies of 

CdSe magic sized clusters and NP with unique exposed facets to record the NMR signatures of 

different exposed surface facets and defects. Importantly, sensitivity gains provided by fast MAS 

in combination with DNP will enable us to observe minor surface facets and defects. We have 

obtained preliminary 113Cd and 77Se SSNMR spectra of CdSe nanoparticles after exchange of 

native carboxylate ligands for phosphines and amines (Figure 4). The SSNMR spectra illustrate 

that there are clear changes in surface structure induced by ligand exchange. Relativistic DFT 

calculations are being used to create molecular models of surfaces and predict NMR observables. 

Structural Characterization of 2D Materials. We are using SSNMR spectroscopy to 

determine the structure of silicane, borophane, germanane, TMDC, carbon nitride, and porous 

organic materials. Experimental structural models are lacking for many emerging 2D materials. 

For example, 1H and 11B SSNMR spectroscopy in conjunction with DFT modeling is being used 

to determine the bulk structure of borophane. We are also observing the distribution of selenides 

in mixed TMDC produced by mechanochemical routes. The structures of edges and defect sites 

are often unknown in 2D materials despite their critical importance for the optical, electronic and 

chemical properties. We are currently studying the structure of chloride and hydroxide defects 

native to silicane materials produced by topotactic hydrogenation of calcium silicide. Finally, 11B 

and 17O SSNMR is being used to detect defect sites in porous covalent organic thin films and 

relate them to their capacity to uptake heavy metal ions and other guest molecules/ions.  
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Program Scope 

 This program aims to obtain a fundamental understanding of the structure and dynamics of 

materials interfaces with gas and liquid environments. Interfaces are defined here to include 

regions extending nanometers to micrometers away from the ideal sharp interface.  It focuses on 

three main thrust areas: 

a) materials interfaces (single crystals, films, and nanoparticles) with gas environments at 

ambient pressure and temperature, and with liquid electrolytes as a function of pH and 

electrical potential. Special focus is on corrosion and its inhibition by adsorbed molecules;  

b) development of new instrumentation and methods that make possible surface sensitive 

microscopy and spectroscopy studies of interfaces in realistic environments, expanding the 

science of surfaces beyond from the high vacuum environments of traditional surface science; 

c) development of theoretical models for Density Functional Theory calculations, ab-initio 

Molecular Dynamics simulations, and continuum thermodynamics to determine chemical 

speciation, solvation, and distribution as a function of distance from the electrode, and their 

spectroscopic signatures to allow for comparison with experimental results using XPS, XAS, 

IR and other spectroscopies. 

  

Recent Progress  

-Ultrathin suspended membranes, 2-4 nm thick, were developed 

that can withstand pressure differentials of several atmospheres 

in gases and liquids. The membranes, which close a reaction cell, 

are transparent to electrons and photons allowing for the use of 

many spectroscopies (XPS, NEXAFS, IR, Raman, AFM, etc) to 

interrogate the interfaces and the reactions occurring inside the 

cell. To date membranes include pure metals, such as Pt, oxides Al2O3, SiO2, CoOx, TiO2 and 

others. They can act as supports of nanoparticles, and organic films for studies of gas or 

electrochemical reactions. First results include determination of the structure of the electrical 

double layer structure and composition of TiO2 and Al2O3 with various electrolytes, and 

measurement of concentration of solutes near the oxide electrode as a function of bias. 

Schematic of liquid cell with 

an oxide membrane 2 nm 

thick on graphene for tip-

enhanced FTIR, XPS, AFM 

and NEXAFS 
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-Using AFM with the tip on the air or vacuum side of the membrane, and using the KPFM mode 

we measured surface potentials arising from the adsorption of anions and cations located on the 

solution side of oxides and on graphene membranes enclosing electrochemical cells. In the case 

of graphene, simultaneous Raman spectroscopy allowed us to separate charges in the graphene 

from doping, for the ionic charges in the cell, whose electric field is felt by the AFM tip outside 

 - We synthesized Pt-Co rombo-dodecahedra with two segregated phases, a Pt-rich phase 

concentrated on the edges and a Co-rich phase inside the particle. We etched away the Co-rich 

phase by nitric acid corrosion to prepare Pt-Co nanoframe structures with open surface and a 

hollow interior. The Pt-Co NF exhibited remarkable behavior for both Oxygen reduction and 

Methanol Oxidation reaction in acid/alkali solutions, outperforming those of commercial Pt/C. 

The outstanding structural stability after various electrocatalysis cycles is due to the negligible 

electrochemical dissolution of Co. 

-We performed fundamental studies of corrosion of copper in saline solutions using sum 

frequency vibrational spectroscopy (SFVS), atomic force microscopy (AFM), Kelvin probe force 

microscopy (KPFM), and X-ray photoelectron spectroscopy (XPS). We determined the structure 

and composition of the copper surface in equilibrium with aqueous solutions of benzotriazole 

(BTAH) and NaCl as a function of concentration and bias during cyclic voltammetry (CV). The 

protection provided by BTAH films is effective for negative bias below the open circuit potential 

(OCP).  By measuring the Gibbs adsorption energy of BTAH and Cl- we found that a 

particularly stable Cl- structures are formed around the OCP, suggesting that electronegative 

additives could move the OCP to higher negative values and improve BTAH protection, which 

we confirmed by addition of sodium dodecyl sulfate (SDS) surfactant. 

Future Plans 

-Expand our fundamental studies on the structure of the electrical double layer in solid-liquid 

interfaces, using graphene, oxides, and pure metal membranes. We will move on to studies of de-

alloying in various electrolytes, with emphasis on the structure of ion solvation shells as they 

approach the interface as a function of bias and concentration. 

-We plan to study in more detail new and unexpected properties of the new class of ultrathin 

suspended materials developed in the past year (oxides, metals, and next polymer materials). 

These include mechanical properties, already manifested in the extreme mechanical strength 

found, with Young Moduli exceeding 200 GPa in the case of TiO2. We started testing the drum-

like vibration of the membranes suspended, when covered with thin nm-films of polymers, and 

when in contact with electrolytes.  
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Dynamics in Multicomponent Polymeric Materials 

 

Alexei P. Sokolov, Oak Ridge National Laboratory 

 

Program Scope 

 The overarching goal of the proposed research is to develop a fundamental and predictive 

understanding of the structure, dynamics and macroscopic properties in polymer nanocomposites 

(PNCs). This will provide the foundation for the rational design of new materials with superior 

properties for energy relevant applications. The pervasive presence of interfaces between different 

phases or species in multicomponent systems is the unifying aspect of our research. We address 

the following fundamental issues: How do the nanoparticle-polymer interactions and nanoparticle 

size and softness affect structural relaxation and dynamics of the composite materials, including 

the emergence of nonequilibrium states? How do confinement and interactions affect polymer and 

nanoparticles diffusion? How are bulk viscoelastic and mechanical properties of nanocomposites 

affected by nanoparticle size, surface chemistry, softness and shape fluctuations? We pursue a 

comprehensive interdisciplinary approach that integrates advanced theory and simulations, precise 

synthesis and state-of-the-art characterization. The proposed research connects well to the priority 

research directions formulated in the BESAC report on Mesoscale Science, Challenges at the 

Frontier of Matter and Energy, and the DOE report on Computational Materials Science and 

Chemistry. The fundamental knowledge developed in this program will contribute to the scientific 

foundation for the rational design of multicomponent polymer-based materials with superior 

properties and functionality that can address many DOE challenges. 

 Recent Progress  

 Our studies of several model PNCs revealed many interesting phenomena and underlying 

mechanisms, and led to several discoveries. We continued studies of structure and properties of 

the polymer interfacial layer formed around nanoparticles [1-3]. Combined SAXS and SANS 

studies using partially deuterated polymers revealed a surprising decrease in density of the 

interfacial layer relative to the density of the bulk polymer in case when the interparticle surface 

distance becoming smaller than two radius of gyration of a polymer, Rg [1]. We ascribed this 

effect to frustration of chain packing due to confinement. We also discovered that this frustration 

in chain packing leads to a decrease of the mechanical reinforcement effect in PNCs [2]. 

Following the developed ideas, we demonstrated that adding short chains to PNC based on long 

chains can significantly improve the mechanical properties [3]. The developed approach revealed 

a simple way to tune mechanical properties in PNCs. 
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 Detailed theoretical and experimental studies also revealed formation of polymer 

bridging mediated organization of nanoparticles in PNCs [4]. Strong polymer-nanoparticles 

attractions leads to polymer bridging of nanoparticles and their clustering. The latter leads to 

significant enhancement of mechanical properties in PNCs. Developed theory provides direct 

quantitative estimates of the polymer bridging based on analysis of SAXS data [4].   

 Analysis of the interfacial layer thickness and its temperature dependence in various 

PNCs revealed a direct relationship to the dynamic heterogeneity length scale [5]. Moreover, the 

performed analysis revealed that the temperature variations in the thickness of the interfacial 

layer is actually encoded in the temperature variations of segmental relaxation in a bulk polymer 

[5]. Furthermore, we discovered that the amplitude of segmental fluctuations in the interfacial 

layer is strongly reduced relative to that in a bulk polymer [6]. Surprisingly, the amplitude of 

segmental relaxation in the interfacial layer is always suppressed, regardless of whether 

segmental dynamics in the interfacial layer is getting slower or faster than in the bulk [6]. 

Majority of the PNCs studies never paid attention to the amplitude of segmental fluctuations. 

The current discovery reveals that the changes in amplitude and in characteristic time scales of 

segmental relaxation in the interfacial layer are decoupled, and this might explain many 

controversies in current PNC studies. 

 We also continued studies of nanoparticles diffusion in PNCs [7-10]. Results of X-PCS 

studies revealed that the temperature dependence of collective nanoparticles diffusion is much 

weaker than the temperature dependence of viscosity [7]. Understanding of these results remains 

a puzzle. Our combined theoretical and experimental study elucidated the mechanism of 

diffusion by soft polymeric nanoparticles [8-10].  Neutron reflectivity results combined with a 

simple and predictive statistical mechanical model explains the observed rich behavior by 

invoking the threading of linear polymer chains through the loops that exist near the crosslinked 

SNP surface. Our combined experimental and theoretical insights may also be relevant to 

understanding diffusive motion in other soft materials such as dense microgel and nanogel 

suspensions, and linear/ring polymer blends. 

Future Plans 

 We plan to finalize our studies of nanoparticles diffusion, and also the role of PNCs 

preparation in trapping them in a non-equilibrium state. Our preliminary results revealed that 

details of the PNC samples preparation might affect significantly their macroscopic properties. 

And the difference in properties cannot be erased with even extremely long annealing. This 

opens new ways in tuning macroscopic properties of PNCs. We also plan to develop 

comprehensive understanding of microscopic mechanisms controlling mechanical properties of 

PNCs. 
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Program Scope 

 Electrochemical energy technologies require the application of novel concepts that are 

derived from a variety of fields including chemistry, materials science and physics. A 

multidisciplinary effort is pursued to develop active, stable, selective and conductive solid-

aqueous, solid-organic and solid-solid electrochemical interfaces that is capable to address 

challenging obstacles in electrochemical energy conversion and storage. This research work is 

aimed to discover physicochemical parameters of electrified interfaces that are ultimately used in 

the design of novel materials. Along the way, the established fundamental framework links 

synthesis, characterization and functional properties of materials that goes beyond interfacial 

boundaries towards the real-world applications. A strategy that assumes insight at 

atomic/molecular levels has been found to be effective in defining the potential-controlled bond-

making and breaking events. These processes are simultaneously controlled by a synergy between 

electron and ion mobility across electrochemical interfaces, the structure and nature of surface 

atoms, and organization of the electrolyte components that operates in the double layer, including 

reactive species, spectators and impurities. The range of materials and electrolytes includes metals, 

metal/metal-oxides, pure oxides, S-/N-/C-based materials as well as aqueous electrolytes with a 

wide pH range, organic solvents, and single crystal solid electrolytes. The tools in resolving 

complexities of interfacial properties ranges from ex-situ and in situ spectro-electrochemical 

methods to microscopy-based structural probes to synchrotron-based techniques and traditional 

electrochemical screening and computational evaluations. 

 Recent Progress  

Understanding the effects of conductivity on the performance of electrochemical interfaces  

1. Poorly Conductive Electrochemical Interfaces 

While many factors can influence the activity of the electrochemical interface at atomic and 

molecular levels, the electron and ion transport have a big impact on the overall electrochemical 

performance. Although there is ample evidence how electrical conductivity can affect the 

electrochemical performance in the battery field where one commonly encounters poorly 

conductive active materials, a more in-depth analysis for electrocatalytic reactions utilizing poorly 

conducting materials is needed to adequately evaluate and understand the link between their 

fundamental and functional properties. We conducted a systematical analysis to reveal how the 

electronic conductivity of the electrode material affects its electrocatalytic performance using the 
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hydrogen evolution reaction as a model reaction. Molybdenum disulfide (MoS2) was chosen as the 

active material because of its poor conductivity and significant relevance in HER electrocatalysis 

as a durable and active candidate for replacing Pt. We clearly demonstrated the effect of poor 

electronic conductivity of MoS2 on the electrochemical performance, as both values of the 

exchange current density i0 as well as the Tafel slope depend on the level of utilization of the active 

material and the ohmic losses1, stressing the importance of the experimental conditions and good 

control of electrode/electrolyte system for the proper evaluation and comparison of materials’ 

kinetic parameters.  

Understanding the stability of electrode materials and its effects on the performance of 

electrochemical interfaces  

1. Dynamic stability of oxygen evolution 

Progress in the fundamental understanding of electrochemical interfaces, encompassing electrode 

materials (catalysts) and hydrated (solvated) ions in the double layer, has begun to revolutionize 

the development of alternative energy systems as a viable replacement to fossil fuel technology. 

At the core of this transition lies the oxygen evolution reaction (OER), an important 

electrochemical process in hydrogen production in water electrolysers, corrosion, metal/air 

batteries and the synthesis of new chemicals from CO2 reduction. Recently, it has been found that 

many OER active materials suffer severe dissolution during the reaction. However, the fact that 

dissolution occurs indicates that the surface atoms are dynamic, which is inconsistent with the 

Figure 1: Three typical models for electrochemical 

activity changes depending on the resistance of 

electrode. The arrow indicates the deviation as 

increasing electrode ohmic resistance scheme of each 

scenario. (a) difference of number of active site 

(particle), (b) potential variation model due to ohmic 

loss of applied potential, (c) mixture of model (a) and 

(b). (d) Electrode ohmic resistance measured by 4-point 

probe method depending on carbon additive ratio for 

crystalline MoS2 and I-E plot of hydrogen evolution 

reaction (HER) activity for same material1. 

Figure 2: Total amount of Fe in electrode (a and b) 

during chronoamperometry measurements at 1.7 V in 

(a) ‘Fe free’ electrolyte and (b) 0.1 ppm of 57Fe 

containing electrolyte reveals the Fe dynamic exchange 

(dissolution and redeposition) at the interface during 

OER catalysis2, as the quick dissolution of 56Fe from 

the electrode is followed by immediate 57Fe 

redeposition from the electrolyte. (c) Schematic 

diagram of “dynamically stable” active site/host pair in 

electrode/electrolyte interface highlighting the role of 

M-hydr(oxy)oxide as a suitable host for Fe species. 
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common view of the electrochemical interface as a static environment. By studying activity-

stability trends for the OER on conductive M1OxHy, Fe-M1OxHy and Fe-M1M2OxHy 

hydr(oxy)oxide clusters (M1= Ni, Co, Fe; M2= Mn, Co, Cu), we show that balancing the rates of 

Fe dissolution and redeposition over a MOxHy host establishes dynamically stable Fe active sites 

(Figure 2). Together with tuning the Fe content of the electrolyte, the strong interaction of Fe with 

the MOxHy host is the key to control the average number of Fe active sites present at the solid-

liquid interface2. We suggest that the Fe-M adsorption energy can therefore serve as a reaction 

descriptor that unifies OER catalysis on 3d transition metal hydr(oxy)oxides in alkaline media. 

Thus, introduction of dynamically stable active sites extends the design rules for making active 

and stable interfaces. 

2. Eliminating Dissolution at the Atomic Scale 

The current picture of catalyst degradation comes from observing metal dissolution, particle-size 

changes and carbon support corrosion during or after an accelerated stress test, which typically 

induces a decrease in the electrochemically active surface area (ECSA) that is particularly 

exaggerated for small particles (< 3 nm). These changes are often rationalized thermodynamically 

by Ostwald ripening and Gibbs–Thompson effects, but provide little to no insight into the key 

physicochemical parameters and the processes that govern atomic-scale dissolution-redeposition 

mechanism on real-world Pt nanoscale catalysts. Thus, the establishment of such a functional link 

is needed to aid the development of viable mitigation strategies. A newly defined metric, intrinsic 

dissolution, is essential to understanding the correlation between the measured Pt loss, surface 

structure, size and ratio of Pt-nanoparticles in carbon support. It was found that utilization of Au 

underlayer promotes ordering of Pt surface atoms towards (111)-structure, while Au on the surface 

Figure 3: (a) Pt(111) surface covered by Au atoms 

positioned at the step-edge sites and (b) the consequent 

decrease in dissolution rate. (c) sputtered Pt thin-film 

tuned to 3 nm nanograins deposited over Au thin film 

exhibits surface texturing towards a (111) structure, 

which is the least susceptible to dissolution, and (d) the 

in situ Pt dissolution rate  demonstrating elimination of 

Pt dissolution in case of subsurface Au  presence3. 

Figure 4: Structural and chemical evolution of 

Na2-xIrO3 during electrochemical charging.  

Crystal structures (a) determined by in situ 

diffraction at points along the capacity-voltage 

curve (b).  Single crystals are robust to the 

charging process, as evidenced by sharp 

diffraction patterns (c) that could be used to refine 

crystal structure models shown in (a)4.  
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selectively protects low-coordinated Pt sites (Figure 3). This mitigation strategy was applied 

towards 3 nm Pt3Au/C nanoparticles, resulting in elimination of Pt dissolution in liquid 

electrolyte3. 

3. A Single Crystal Oxide Battery 

Electrochemically driven chemical transformations play a key role in controlling storage of energy 

in chemical bonds and subsequent conversion to power electric vehicles and consumer electronics. 

The promise of coupling anionic oxygen redox with cationic redox to achieve substantial increase 

in capacities has inspired research in a wide range of electrode materials. A key challenge is that 

these studies have focused on polycrystalline materials, where it is hard to perform precise 

structural determinations, especially related to the location of light atoms. We utilized a different 

approach and harnessed a highly ordered single crystal, Na2-xIrO3, to explore the role of defects 

and structural transformations in layered transition metal oxide materials on redox-activity, 

capacity, reversibility and stability4. Within a combined experimental and theoretical framework, 

we demonstrate that (1) it is possible to cycle Na2-xIrO3, offering proof of principle for single-

crystal based batteries (2) structural phase transitions coincide with Ir4+/Ir5+ redox couple with no 

evident contribution from anionic redox, and (3) strong irreversibility and capacity fade observed 

during cycling correlates with the Na+ migration between layers in the structure, resulting in 

progressive growth of an electrochemically inert NaIrO3 endmember phase (Figure 4). 

Future Plans 

 This project will be discontinued at the end of FY 2021. 
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Program Scope 

3D printed electronics provide flexible and precise circuit architectures, but their 

recyclability and impact on the sustainability haven’t been integrated as critical design criteria. In 

fact, due to the inherent rarity and toxicity of heavy metal elements, the energetic costs and 

environmental burdens of electronic waste have been more significant and long-term important, 

than those of the plastic waste. Given ever-increasing demands in microelectronic devices for the 

information age, future devices have to simultaneously satisfy functional needs and long-term 

environmental sustainability. As the initial attempt toward this goal, we aim to develop conductive 

composite inks for 3D printing of circuits with full recovery of fillers without compromising 

device performance. In pursuit of this goal, we focus on two milestones: 

I. Program polyester degradation with near completion 

II. Develop conductive composites with programmable degradation 

 

Recent Progress 

         We envy nature’s ability to program complex processes to achieve system-wide, long-

term sustainability. The key bottleneck is molecularly interfacing catalytically reactive elements 

with synthetic counterparts and, for enzyme-based plastic modification/degradation, how to 

manipulate catalysis with macromolecules being both the reaction substrates and host matrices. In 

semi-crystalline polymers, which represent the majority of plastics, substrate accessibility can be 

rate-limiting due to 

the reduced 

mobilities of the 

confined catalysts 

and polymer 

matrix. By 

nanoscopically 

confining enzymes 

in semi-crystalline 

polyesters and 

exploiting enzyme-

active-site features 

 
Figure 1. Programmable degradation of polyesters. 
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and enzyme-protectant interactions, we show that 

processive depolymerization can be enabled as the 

primary degradation pathway with expanded 

substrate selectivity. Nanoscopic dispersion of a trace 

amount of enzyme, e.g., ~0.02 wt.% lipase (<2 wt.% 

total additives) in poly(caprolactone), PCL, or ~1.5 

wt.% proteinase K (<5 wt.% total additives) in 

poly(lactic acid), PLA, leads to near-complete 

conversion to small molecules, eliminating 

microplastics in a few days using household tap water 

and standard soil composts. The programmable 

degradation overcomes their incompatibility with 

industrial compost operations, making them viable 

polyolefin substitutes. Analysis on the effects of 

polymer conformation and segmental cooperativity 

guide the thermal treatment of the polyester to 

spatially and temporally program degradation, while 

maintaining latency during processing and storage. 

The protectants are designed to regulate biocatalysis 

and stabilize enzymes during common plastic 

processing. 

 Electronic-waste (e-waste) containing toxic 

chemicals and precious components is one of the 

most pressing concerns3 as current waste 

management strategies have failed to keep up with the rapid turnover rate of new electronics. 

Consequently, developing degradable and transient electronic to achieve circular life cycle is 

desirable, but remains challenges since recyclability has been rarely included as a design criterion 

in current design. Instead, many devices are often over engineered given increasing rapid pace of 

upgrades. Composites with nanoscopically embedded catalysts can enable simple and low-cost 

recycling with reduced secondary contamination and higher purity of metal fillers. The composite 

inks are formulated with biodegradable polymer, i.e. polycaprolactone, enzyme/protector 

nanoclusters and conductive fillers such as silver flake and carbon black. Circuits can be readily 

printed by either in solution or melt with good mechanical flexibility (breaking strains Break ~ 

80%), and electrical conductivity (~1.3  104 S/m) and subsequently disintegrated by immersing 

in warm water. The conductive fillers can be readily separated, recycled and reused with no 

deleterious effects. With enzymes being dispersed as nanoclusters, their presence didn’t 

compromise the conductivity of printed circuits. The electrical current doesn’t degrade enzyme 

either after one month of continuous operation under electrical voltage of 3 V. Practically, 

conductive inks can be readily formulated using commercially available enzymes without 

purification and the printed circuits remain functional after 7-month storage on the counter at room 

 
Figure 2. Recyclable composites (a-d) 

degradation of conductive composites (e) Ag 

flakes are precipitated in aqeuous solution 

and (f) recollected and dried. (g) 

Thermogravimetric analysis of the recycled 

and as purchased Ag flakes. (h) The electrical 

conductivity comparisons.  
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temperature. Their disintegration can also be programmed by thermal treatment based on demand. 

Thus, present studies demonstrate feasibility to realize recyclability in the future design of 

wearable electronics, biosensors, and soft robotics while facilitating environmentally clean 

disposal at end-of-life. 

Future Plans          

We aim to develop molecular insights in programmable disassembly of nanocomposites 

such that each building blocks, especially nanoparticles, can be readily collected and reused. Such 

knowledge will fundamentally change how we design, synthesis and manufacture composite 

materials. This ambitious goal also raised significant challenge in our basic understanding in 

modulating and synergizing different chemical processes. In the case of controlled degradation of 

polymeric components inside of composites, , the polymer chain conformation contributes to the 

entropic gain thermodynamically, and thus, the global driving force of depolymerization. 

Kinetically, local polymer chain packing affects the segmental mobility and substrate binding to 

initiate and continue processive depolymerization. Protectants used to disperse the catalytic 

species, should be it be enzymes or molecular catalysts, may compete for substrate binding and/or 

transiently modify the active sites, offering opportunities to regulate catalytic latency. 
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Program Scope 

Periodic structures spanning multiple length scales can produce exceptional mechanics, as 

found in spider silk, and beautiful optics, as seen in the photonic wings of many birds and insects 

[1, 2]. While human-engineered materials will likely never match the diversity and complexity of 

natural materials, similar hierarchies of hard and soft materials have been achieved using a self-

assembling polymer nanocomposite system [3-10]. The system is a blend of polymers, organic 

small molecules, and inorganic nanoparticles (Figure 1A). The co-assembly of the soft and hard 

components generate structures never seen before, which could provide excellent optical, 

mechanical, and magnetic properties. We aim to develop this system as a framework for a new 

family of hybrid materials. In pursuit of this goal, we have identified the following milestones: 

I. Structural control of organic and inorganic building blocks over multiple length scales, 

with high precision, and without constraint of filler size 

II. Fabrication of nanocomposites in arbitrary patterns with controlled macroscopic alignment 

to modulate macroscopic properties 

III. Understanding of nanocomposite structure-property relationships, taking advantage of the 

multi-scale architecture 

 Recent Progress 

        We have achieved hierarchical assemblies with ordered nanostructure and tunable 

microstructure by using complex blends containing small molecules, block copolymer-based 

supramolecules, and nanoparticles/colloidal particles (Figure 1). The mixing entropy in complex 

blends diversifies the composition of each phase, leads to reduced interfacial interactions and 

enhanced inter-phase miscibility, and enables long-range cooperativity (Figure 1C). This approach 

releases multiple long-standing constraints in composite design, such as filler size, specific 

composition, and strict chemistry requirements. We resolved a long-standing roadblock to 

incorporate large fillers in the structured polymer matrix. Also, well-defined, uniform assemblies 

were achieved while accommodating various formulation variables, such as nanoparticle size, 

small molecule type, small molecule amount, and supramolecule type. This formulation flexibility 

indicates that increasing a blend’s complexity enables it to self-regulate the distribution of each 

component to accommodate compositional variations without compromising the predictability and 

fidelity of its self-assemblies. Kinetically, the lack of preferential intermolecular interactions 
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minimizes diffusion barriers crossing chemically heterogeneous domains, enabling the blends to 

access tunable microstructures without compromising the order of the nanostructure, expanding 

the window in which microstructures can be designed and manipulated (Figure 1D).  

 

Figure 1. A, Schematic of hierarchical 

assembly in the complex blends: 

molecular assembly, ordered 

nanostructure, and phase-separated 

microstructure. B, The 3-D ordered 

nanostructures formed in the complex 

blends. C, Energy dispersive X-ray 

spectroscopy (EDS) maps of the 

element distribution in blends. The 

high-angle annular dark-field 

(HAADF) image shows the overall 

nanostructure. The I map indicates the 

distribution of iodine-labelled small 

molecules (red). D, Transmission 

electron microscopy (TEM) images 

and 2D small-angle X-ray scattering 

(SAXS) pattern of the complex blends. The blends can access tunable microstructures without compromising the order 

of the nanostructure. The arrows indicate the magnetic field (MF) direction.    

Figure 2. A, Schematic of the 

polymer, small molecule, and 

nanoparticle blend. The components 

first form a supramolecular repeat 

unit, then the supramolecules line up 

into cylindrical microdomains. B, 

Schematic of the lithographically-

patterned ring template used for 

directed self-assembly. C, 

Representative atomic force 

microscopy (AFM) micrograph, 

showing very good alignment of the 

microdomains with the underlying 

pattern. D, Optical microscope image 

of four 10x10 ring arrays produced in 

parallel. E, Image captured using a 

charge-coupled device (CCD) 

demonstrates high-quality OAM generation. F, Lower-magnification AFM image shows that the effect of the template 

on the thin film extends outward. G, The cylinders-to-spheres morphological transition (spheres colored black) shows 

that small molecule self-regulation occurs across micron-scale distances, up to 500 nm from the template itself 

(colored pink).  

The same nanocomposite can also be fabricated as a functional thin film coating. Using the 

principle of directed self-assembly (DSA), wherein the composite’s nanoscale features are guided 
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by a coarse template, we produced concentric rings of nanoparticles with radii spanning 150-1150 

nm and ring widths spanning 30-60 nm (Figure 2). When plasmonic nanoparticles were used, ring 

nanodevice arrays can be fabricated in a single ~10-minute step. As a proof of concept, we 

successfully fabricated orbital angular momentum (OAM) devices, suitable for applications in 

communication, particle manipulation, astronomy, imaging, and quantum optics (Figure 2E). 

Nanocomposite DSA simplifies and streamlines nanofabrication by producing metal structures 

without etching or deposition steps; it also introduces inter-particle coupling as a new design axis. 

Detailed analysis of the nanoparticle ring assemblies confirms that the supramolecular system self-

regulates the spatial distribution of its components, as described above (Figure 2F-G), and thus 

exhibits a degree of flexibility absent in simpler blends.  

Future Plans          

The current studies show the important role of small molecules on self-regulating assembly 

of organic/inorganic nanocomposites. To further understand the assembly process from the 

molecular level, we propose using nanoscale Fourier transform infrared spectroscopy (nano-FTIR) 

to map the small molecule distribution. This technique will also allow us to study the small 

molecules’ interactions with the other components in the blends. Nano-FTIR will enable us to get 

both the mapping and chemical information with nanoscale spatial resolution [11]. 

The complex blends show the potential to release current constraints in the composite 

design and to navigate uncertainties during structure formation over multiple length scales. The 

biological composites that inspire this work—spider silk, beetle shells, bird feathers, bone, and 

nacre, among others—all inherit properties from micro- and meso-scale structures. Looking 

forward, we will push the organic/inorganic nanocomposites to larger length-scales and explore 

the new functionalities that become available with larger feature sizes. We will also use this 

extension of our work to establish connections between ordered structures and properties across 

multiple scales. We plan to access the larger feature sizes by using high molecular weight 

supramolecules with periodicities of 100s of nm, or incorporating colloidal particles with sizes 

within the same range. Proof-of-concept studies suggest that the system will comfortably form 

features within the target size range.  
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2D and 3D crystallization of nanoparticles 
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Co-PI: Paul Alivisatos, Yi Liu, Robert Ritchie, Miquel Salmeron, Lin-wang Wang, Jie Yao 

Materials Science Division, Lawrence Berkeley National Laboratory 
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Program Scope 

Controlled crystallization of nanoparticles (NPs) can lead to a new class of functional materials to 

meet energy needs. Extensive efforts have been devoted to understanding and manipulating 

assemblies of NPs in 1, 2, and 3-dimensions by chemically modifying ligand chemistry and using 

external templates. There are still knowledge gap in the initial nucleation process, kinetic control 

over the crystal growth and hierarchical control over crystal registry from individual atom to 

macroscopic material. Despite ongoing debates over crystallization pathways, developing a clearer 

picture of nucleation may help determine the optimal conditions for the effective organization of 

NPs or lead to new strategies that can accelerate the rate of nucleation and as a result avoid the 

formation of undesired amorphous forms and obtain the final product in a timely and reproducible 

manner. Using NPs with alkyl ligands and grafted polymers, we aim to understand the key effects 

of NP shape, size, and surface modification on the effective interactions and structures of NPs and 

kinetically control the formation and growth pathway of NP crystals.  

Recent Progress  

1. Crystallization of nanoparticles induced by precipitation of trace polymeric additives 

While the initial stages of the nucleation process are still open to debate, it is commonly accepted 

that the critical nucleus size depends on the balance between the NP/solvent interfacial interactions 

and the NP/NP cohesive energy stored within the nucleus. Nuclei are energetically stable at 

elevated NP concentrations and/or with strong ligand interactions. To achieve highly-ordered NP 

crystals, adequate system mobility must be maintained during the assembly process. The NP 

mobility scales inversely with the NP concentration and the strength of the ligand pair interactions. 

Precipitating agents have been used to drive and accelerate the crystallization of small molecules 

and proteins and may lead to control over the assembly kinetics and pathway. We hypothesize that 

by introducing polymers with poor solubility, NP surfaces may be the preferred precipitating sites 

and the adsorbed polymers gradually change the NP surface chemistry. To minimize non-favorable 

NP-solvent interactions, NPs form small clusters, which subsequently act as nuclei to initiate NP 

crystallization within a dilute solution (Fig. 1a). Given sufficient NP mobility, rapid NP 

crystallization is realized, and the more attractive ligand-ligand interactions lead to desorption of 

the polymer precipitates to achieve a high degree of crystalline order. 

We test this hypothesis and experimentally realize polymer precipitation-induced crystallization 

of polymer-grafted nanoparticles (PGNPs). 3-D PGNP clusters can be obtained rapidly (in a few 

to tens of minutes) using a range of polymers, including impurities from plastic containers. The 

polymeric precipitants indeed lead to small PGNP clusters with poor local order. These clusters 

subsequently grow into large 3-D PGNP crystals. Detailed tomography analysis of a 3-D PGNP 

crystal with single particle resolution confirms the presence of defects and reduced positional order 

70



of NPs at the surfaces and edges, suggesting rather weak cohesive energy and slow local NP 

diffusion. This precipitating additive approach is facile where the PGNP crystal formation depends 

on polymeric additive loading, solvent evaporation rate, PGNP size and nucleation sites. As an 

example, a patterned substrate is used to grow hierarchically-ordered arrays of PGNP crystals with 

controlled size, location and orientation. This study elucidates how to balance cohesive energy 

density and NP diffusivity to simultaneously favor nuclei formation energetically and kinetic 

growth in dilute solutions to rapidly crystalize NPs over multiple length scales. Furthermore, the 

amount of impurities needed to grow NP crystals (<0.1%) reminds us of the importance of fine 

details to interpret experimental observations in nanoscience. 

Figure 1. Polymer precipitation induced PGNP crystallization in solution during solvent evaporation. a) Schematic of 

polymer precipitant-induced PGNP crystallization: the added polymers precipitate onto PGNP surfaces to form small 

PGNP clusters that grow into crystals. b) TEM images of PGNP assemblies of Au-PS  NPs with various polymer 

precipitants. 

 

2. Hierarchical NP crystals with atomic registry 

Extensive work has been done showing that NPs can behave as artificial atoms, and as such, form 

superlattices with different crystal structures and packing densities1–2. However, though ordered 

superlattices present a relatively high degree of long-range positional order, the relative 

crystallographic orientation of the nanocrystals with respect to each other tends to be random. In 

this work, we show that orientational alignment can be achieved by synthesizing low-symmetry 

faceted NPs, shown in Figure 2a (inset). The 2D superlattices were self-assembled at liquid-air 

interfaces which allows the NPs to freely orient and align facet-to-facet during the early stages of 

the self-assembly. As the packing density increases, we found that the NPs lock-in their alignment 

with their first neighbor and become frustrated when other NPs come in proximity; thus, forcing 

them to shift their orientations. This frustrated crystallization resulted in a phase referred to as 

orientational glass by which only distinct orientations were possible. The wide-angle Selected-

Area Electron Diffraction (SAED) in Figure 2b shows distinct spots in the lattice planes. A typical 

randomly oriented nanocrystals in a 2D superlattice form rings in the wide-angle SAED as shown 

in Figure 2c.  
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Figure 2. a) TEM image of self-assembled QD NP superlattice (inset. high-resolution TEM). Wide angle Selected-

Area Electron Diffraction (SAED) pattern of b) oriented NPs showing clear preferential crystallographic alignment, 

c) randomly oriented NPs showing a typical ring pattern. 

 

Future Plans 

Our findings provide new systems for investigations of new NP crystal phases and their 

mechanism of formation. Further understanding of the NP crystallization behavior will bring us 

closer to the full potential of NP-based materials. Future plans include the following aims: 

1. Using nano-FTIR to elucidate the polymer-induced NP crystallization mechanism.  

Combing several control experiments and energy considerations, the process of polymer-

induced NP crystallization has been proposed. However, experimentally validating the 

mechanism requires advanced techniques with the ability to perform in-situ chemical 

characterization to understand the influence of polymer on NP surface.  Using a new 

methodology based on Fourier transform infrared nanospectroscopy (nano-FTIR)3, the 

studies of the molecular structure of NP-polymer interfaces with nanoscale spatial 

resolution will be enabled. Additionally, the monitoring of local polymer-included NP 

nucleation and crystallization can be realized in order to provide a comprehensive 

understanding of NP-polymer interactions. 

 

2. Further exploration of the key effects of different NP parameters towards a full 

understanding of NP crystallization behavior. 

The ability to modulate the position, orientation, and interparticle spacing of NPs, as well 

as the symmetry of the assembled structures, is of great interest for applications in 

electronics, photonics, and magnetics. In order to achieve the full potential of NP-based 

applications, further understanding of the NP crystallization behavior is required. Effects 

of different parameters such as polymer chemistry, ligand grafting density and NP sizes 

will be further explored.  

 

3. Constructing functionally useful binary superlattices with structural engineerability. 

Recent advances in NP assembly suggest that far broader structural engineerability of 

superlattices, as is required for tuning collective properties and for building a theoretical 

framework, is possible. Polymeric ligands have been used beneficially to expand the 

a b c
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structural diversity of NP superlattices4.  Here, the use of polymeric ligands for building 

binary NP superlattices with tunable symmetries and interparticle distances will be further 

explored. Construction of complex, ordered, and functionally useful mesoscopic and 

macroscopic materials will be enabled using binary NP systems. For example, using 

optically active NP combinations will allow the study of the energy and electron transfer5-

6, providing insights into the effect of orientation and ordering on improving the transfer 

rate.  
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Kinetically Controlled Synthesis of Metastable Nitride Materials 

 

Andriy Zakutayev, National Renewable Energy Laboratory 

 

Program Scope 

 The objective of this program is to understand selective synthesis of new metastable yet 

long-lived 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 (Fig.1a)—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) crystallization from atomically dispersed 

precursors controlled by structure. The most important expected outcome of this program is a 

fundamental understanding of non-equilibrium 

kinetically controlled synthesis pathways for 

nitrides and other inorganic materials 

chemistries. In addition, this program is 

expected to discover new nitride materials 

through precise control of composition and 

structure, which could impact energy-relevant 

applications including more efficient light-

emitting diodes, better superconducting qubits, 

energy-efficient data storage, and new 

magnetic materials.  

Examples of nitride materials (Fig.1b) studied 

in the first two years of the program include  

wurtzite-derived structures (Zn2NbN3, 

MgSnN2, (ZnSnN2)1-x(ZnO)2x and Al1-xScxN 

alloys), rocksalt-derived structures (MgZrN2, 

Mg2NbN3, ZrN), layered materials (MgMoN2, 

ZnZrN2, SbN), and perovskites (e.g. LaWN3). 

Below we present a few examples of recent 

advances in each of these materials classes, 

highting their relevance to the topic of kinetically controlled synthesis of metastable nitride 

materials using crystallization from atomically dispersed precursors and cation-exchange 

reactions.  

Fig.1 Program scope: (a) kinetically controlled 

synthesis of metastable nitrides, using nucleation of 

disordered precursors and cation exchange reactions; 

(b) examples of materials and crystal structures 

synthesized in the past two years of this program. 
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Recent Progress  

Wurtzite structures: This program synthesized a new Zn2NbN3 ternary nitride semiconductor 

using a two-step approach that consists of room-temperature deposition and rapid thermal 

annealing up to 500-600ºC [1], which can be also used for other ternary nitrides. The resulting 

thermodynamically stable material (Fig.2a) has distorted wurtzite-derived crystal structure 

(c/a=1.55) and wide band gap (Eg=2.1 eV) typical of wurtzite ferroelectric materials. To increase 

the synthesis temperature, this program developed AlN protection layers that prevent side 

reactions of nitride thin films with the substrate and the atmosphere during nucleation from 

amorphous precursors [2]. These diffusion barriers and capping layers increase thermal stability 

of the test-case ZrN thin films up to 1200ºC (Fig.2b), which can be used for capturing metastable 

phases during crystallization, and for nitride coatings in extreme environments. In addition, this 

program collaborated with other projects on experimental synthesis of MgSnN2 semiconductors 

in wurtzite and rocksalt crystal structures [11], and the perfectly short-range ordered alloy with 

line-compound-like properties in the (ZnSnN2)1-x(ZnO)2x material system [12].  

Rocksalt structures: This program demonstrated epitaxial growth of single-crystal MgZrN2 thin 

films on (100) and (111) MgO substrates, and (001) GaN/Al2O3 templates [9]. MgZrN2 

crystallizes in a rocksalt-derived structure with Mg/Zr disorder on cation sub-lattice despite 

single-crystal epitaxial character of the layers (Fig.3a), indicating that crystallinity is not 

correlated with cation ordering. To investigate the role of unintentional impurities during the 

synthesis, this program measured structural, optical and electrical properties of Mg1+xZr1-xN2 thin 

films synthesized by sputtering with a wide range of cation compositions in the presence of 

oxygen and hydrogen [10]. Surprisingly, excess oxygen improved crystallinity of Mg1+xZr1-xN2 

thin films according to 2-3x larger XRD peak intensity, and hydrogen attracted oxygen to Mg-

rich grain boundaries (Fig.3b) leading to reduction in electrical conductivity. In addition, this 

program synthesized bulk powder MgZrN2 and related Mg2NbN3 ternary nitride products 

(Fig.4a) with MgCl2 byproduct (washed away), starting from a mixed anion nitrogen source 

Mg2NCl and ZrCl4 or NbCl5 as a precursor [3]. These experiments demonstrate a route to bulk 

synthesis of other ternary nitrides under relatively mild conditions (up to 800-900ºC).  

Fig.2. Wurtzite structures: (a) crystal structure and 

optical absorption of Zn2NbN3 [1], (b) XRD patterns 

of Zr-N films with different protection layers [2] 

Fig.3 Rocksalt structures: (a) Epitaxial growth of 

MgZrN2 on various crystal substrates [9], (b) 

Influence of O2, H2 on MgZrN2 microstructure [10] 
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Layered structures: This program synthesized several ternary nitride materials with layered 2D-

like crystal structures in addition to the 3D-like wurtzites and rocksalts described above. For 

example, bulk powder MgMoN2 with layered hexagonal crystal structure (Fig.4a) was 

synthesized by a two-step reaction, where the second higher-temperature step (800-900ºC) 

crystalizes the ternary product and the first lower-temperature step (300-400ºC) leads to Mg-Mo-

N bond formation as indicated by calorimetry measurements [3]. In contrast to this bulk 

MgMoN2 powder with octahedral Mg and trigonal prismatic Mo, the MgMoN2 thin films 

without Mg and Mo cation ordering but with a similar hexagonal structure are synthesized. Thin 

film synthesis is achieved by a two-step process, with ambient temperature deposition of a 

disordered cubic rocksalt structure, and transformation to a more ordered hexagonal structure at 

>700ºC annealing temperature. This program also synthesized Zn1+xZr1-xN2 thin films with 

metastable layered BN-derived structure (Fig.4b) [4], rather than the stable ‘wurtsalt’ structure 

with alternating wurtzite and rocksalt layers predicted in collaboration with other project. This 

program also experimentally observed a computationally predicted layered metastable SbN 

transient phase using in-situ X-ray diffraction during rapid thermal annealing. [5] 

Perovskites and ferroelectrics: Beyond the scope of Zn-M-N and Mg-M-N materials in primary 

focus on this program, we used kinetically-controlled synthesis approaches developed here to 

synthesize several other ternary nitride materials. For example, we used crystallization from 

atomically dispersed precursors to synthesize polar LaWN3 (Fig.5a) - the first oxygen-free 

nitride perovskite with non-centrosymmetric crystal structure and large piezoelectric response 

[9]. The crystallization pathway and energetics are studied by a combination of X-ray diffraction 

and pair distribution function at different stages of rapid thermal annealing, and by in-situ 

nanocalorimetry measurements as a function of synthesis temperature. These LaWN3 nitride 

perovskite studies have been inspired by recent breakthrough reports of ferroelectric switching in 

metastable Al1-xScxN nitride alloys of interest to energy-efficient non-volatile ferroelectric 

memory. This program, in collaboraiton with other projects, demonstrated epitaxial thin films of 

metastable Al1-xScxN alloys (Fig.5b) with 0.4 ± 0.3 MV/cm smaller coercive field due to 0.01 ± 

0.007 Å smaller c-axis lattice constant [6], and used in-situ optical emission spectrometry during 

synthesis to understand the importance of nucleation conditions on subsequent growth of these 

metastable Al1-xScxN alloys [7].  

Fig.4. Layered structures: (a) XRD refinement of 3 

Mg-M-N bulk powders including MgMoN2 [3], (b) 

non-equilibrium synthesis diagram of ZnZrN2 [4] 

Fig.5. Perovskites and ferroelectrics: (a) XRD of the 

first nitride perovskite LaWN3 [9], (b) polarization 

loops of ferroelectric metastable Al1-xScxN alloys [10] 
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Future Plans 

In the future, this program will continue experiments aimed to understand selective synthesis of 

new metastable nitride materials with desired structure, transition the focus to structural control 

of material properties, and expand the kinetically controlled synthesis approach to other classes 

of solid-state inorganic materials. The activities planned for the next two years include: 

- Synthesize high energy polymorphs of ZnZrN2, Zn2NbN3, ZnMoN2 by cation exchange from 

MgZrN2, Mg2NbN3, MgMoN2 and compare their properties to ground state structures. 

- Measure structural transformation from disordered to ordered form in MgMoN2 and MoN, and 

collaborate with theoretical groups to get atomistic insights into the transformation pathways. 

- Characterize structural and stability trends as a function of cation composition in the Mg-M-N 

and Zn-M-N class of ternary nitride materials. 

- Use multi-step kinetically-controlled synthesis approaches developed here to synthesize other 

families of ternary nitride materials such as perovskites and fluorites. 

- Expand the range of synthesis conditions for the Mg-M-N and Zn-M-N bulk ternary nitrides, 

and develop new synthesis routes to RE-M-N bulk nitride perovskites and fluorites. 

- Discover new nitride ferroelectric by understanding which short-range features or long-range 

motifs that enable ferroelectric switching in Al1-xScxN alloys. 

- Transfer kinetically controlled synthesis lessons from ternary nitride materials to other ‘softer’ 

chemistries such as phosphides or sulfides. 

- Demonstrate other functionality of new ternary nitride materials, for example in quantum, 

photoelectrochemical, magnetic, detector, or communication applications. 

In addition, this program will work to foster research community in solid state chemistry of 

nitride materials, by organizing a research symposium at an international conference, publishing 

a book chapter on nitride materials, and writing review articles about solid state chemistry of 

metastable nitrides. 
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Understanding Flow Cell Porous Electrodes as Active Materials for Electrochemical 

Transformations 

 

Michael Aziz, Shmuel Rubinstein, Jennifer Lewis, Christopher Rycroft 

Harvard John A. Paulson School of Engineering and Applied Sciences, Cambridge MA 

 

Program Scope 

 The objective of this program is to understand the porous electrode of a flow battery, fuel 

cell, electrolyzer or desalination system, filled with flowing active fluid, as an active composite 

material. Currently, porous electrodes are predominantly optimized for a given application in the 

absence of a fundamental understanding of their structure-function relationship across a range of 

length scales and geometries. We view the electrolyte-filled porous electrode as analogous to 

human muscle tissue, which is permeated by branching capillaries that enable tissue function by 

transporting reactants into and products out of the organ. This analogy opens new avenues for 

scientific investigation, which will lead to the design of novel structures of porous materials with 

unprecedented functionality. 

We are pursuing a hypothesis-driven research program that advances our basic 

understanding of flow cell porous electrodes in three directions and connects them in an iterative 

design cycle. (1) In the first direction, we systematically vary the microstructural features of 

macroscopically homogeneous porous electrodes and quantify their influence on mass and 

charge transport processes. (2) With this resulting insight, the second direction develops new 

computational and analytical models to describe the behavior of these materials across multiple 

length scales. (3) The third direction creates new porous electrode structures with hierarchical 

architectures that exhibit functionality unattainable in macroscopically homogeneous electrodes. 

This iterative process — structure variation, modeling and characterization — will be carried out 

to ultimately yield a deep mechanistic as well as phenomenological understanding of structure-

function relationships in active porous matter. 

Our approach takes advantage of the unique fabrication, characterization, and 

computation capabilities of our team. Fundamental questions are formulated and tested to probe 

the effects of a particular structural feature and length scale on mass and charge transport within 

these electrodes. Using an extrusion-based 3D printing method, known as direct ink writing, 

electrode structures composed of periodic mesoscale lattices are fabricated, as well as those with 

programmed types and strengths of heterogeneities, or hierarchies across multiple length scales. 

We are developing new sub-pore-scale 4D electrolyte concentration and velocity field mapping 

techniques using time-resolved fluorescence microscopy.  Numerical solutions to multiphysics 

governing equations (i.e., flow, diffusion, migration, advection, electrochemical conversion, 

conduction) at the fiber and pore scale are generated using a new method that we have pioneered, 
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which permits large scale multiphysics simulations at fine spatial resolution. Precise 

measurements of electrochemical potential and pressure drop, as well as concentration and 

velocity fields, are to be used iteratively with the multiphysics simulations in a validation 

regimen. Informed by the results, new mesoscale models are to be developed for describing 

transformations in porous electrodes; for example, a reliable mesoscale description of power 

dissipation from viscous flow, ohmic resistance to ionic and electronic conduction, and Faradaic 

overpotentials based on statistical information about the microstructure. Hierarchical electrode 

structures are to be designed, fabricated, and characterized based on the lessons learned.  

This research program will lead to a deep fundamental understanding of electrolyte-filled 

porous electrodes. The insights gained will enable the flow cell community to design high-

performance electrodes from the bottom up, based solely on knowledge of the physical, 

chemical, and electrochemical properties of redox electrolytes. Ultimately, this will lead to 

higher efficiencies and power densities, reduced costs, and increased competitiveness of 

electrochemical devices that rely on electrolyte-filled porous electrodes. The development of 

novel hierarchical porous electrodes is likely to have broader applications as yet unexplored. 

Recent Progress  

Fabrication 

 
Figure 1: 3D graphene electrodes for redox flow batteries. (a) Schematic illustration of 3D electrode assembly via 

direct ink writing (DIW). (b) Optical image of a representative 3D graphene (GP) electrode printed by extruding a GP 

ink through a tapered nozzle (30 m in diameter). (c) Optical image of the free-standing GP lattice. (d)-(e) SEM 

images of the free-standing GP lattices at low and high magnification, respectively. (f) Electrical resistivity measured 

on cast GP films annealed for 1 h at varying temperatures. 
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(i) 3D graphene (GP) electrodes: Direct ink writing (DIW) enables the fabrication of 3D battery 

electrodes with controllable porosity and distribution by engineering center-to-center filament 

diameter, spacing, and number of printed layers (Fig. 1a). First, we developed a method for 

producing highly concentrated graphene (GP) inks using GP particles (3 m in diameter) as a 

conductive filler, thermosetting polyurethane (TPU) as a flexible and stretchable binder, and 

organic solvents. 3D GP electrodes were produced by extruding the GP-based ink through a 30-

m nozzle onto a glass substrate coated with a sacrificial (release) layer (Fig. 1b). Free-standing 

GP lattices (3 mm  6 mm, 7 layers) were obtained after heat treatment at 90 oC for 12 h, 

followed by dissolving the sacrificial layer (Fig. 1c). SEM images reveal that these GP lattices 

contain spanning filaments (30 m in diameter) with center-to-center spacing of ~100 m (Fig. 

1d, e). Electrical resistivity of cast GP films was 6 cm after annealing at 100 oC for 1 h, which 

decreased by ~ 30 upon increasing the annealing temperature to 400 oC (Fig. 1f). 

 

(ii) 3D metal-coated graphene electrodes: The GP electrodes, when annealed to reach low 

enough resistance for electrochemical studies, became too brittle to be handled in 

electrochemical cells. To create mechanically robust 3D electrodes with low electrical resistance 

(~ 10 ), we uniformly coated the GP lattices using electroless nickel deposition followed by 

gold electroplating (Fig. 2a). Upon optimizing this two-step process, the electrical resistance of 

the 3D metal-coated GP lattices was reduced by five orders of magnitude compared to pure 

graphene lattices (Fig. 2b-c). These conductive lattice-based electrodes exhibited an electrical 

resistance as low as 5  after electroless nickel plating at 65 oC for 10 min, followed by gold 

electroplating at 37 oC for 10 min (Fig. 2d). A thin gold layer (~ 2 m thick) with grain size of 

~1 m was conformally deposited on the underlying 3D GP lattice (Fig. 2e-f). These 3D 

composite electrodes are now being used to investigate the flow behavior and electrochemical 

properties of redox flow cells.   
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Figure 2: 3D metal-coated graphene electrodes for redox flow batteries. (a) Processing steps used to create 

conductive, metal-coated GP lattices. (b) Optical images and (c) electrical resistance of cast graphene films as a 

function of gold electroplating time. (d) Optical image of the 3D GP lattice after Au electroplating for 30 min. (e-f) 

SEM images of the metal-coated graphene lattices at low and high magnification, respectively.  

(iii) 3D metal-coated, indium tin oxide (ITO) electrodes: To reduce the surface roughness of 

these 3D printed electrodes, we developed an indium thin oxide (ITO) ink composed of Sn/Pd-

activated ITO nanoparticles (80 nm diameter) as a conductive filler, a thermosetting 

polyurethane (TPU) as a binder, and organic solvents. The ITO ink can be readily printed 

through 30-m nozzles without clogging (Fig. 3a). The as-printed ITO electrodes exhibit an 

electrical resistance as high as 1 M. To reduce the resistance to ~5 , these 3D lattices were 

conformally coated via electroless nickel deposition at 65 oC for 10 min followed by gold 

electroplating at 37 oC for 10 min (Fig. 3b-c). These 3D metal-coated ITO lattices possess 

smoother surfaces compared to their graphene-based counterparts (Fig. 3d-e). The total thickness 

of these 3D lattices is approximately 140 m (Fig. 3f). Experiments are underway to evaluate the 

effects of 3D metal-coated ITO electrodes on the flow behavior and electrochemical performance 

of redox flow batteries.  
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Figure 3: 3D metal-coated ITO electrodes for redox flow batteries. (a) Optical image of a representative 3D ITO 

electrode printed by extruding an ITO ink through a tapered nozzle (30 m diameter). (b) Optical images of 3D ITO 

lattices after electroless nickel deposition (top) and gold electroplating (bottom). (c) High magnification optical image 

of a 3D metal-coated ITO lattice. (d-e) SEM images of a representative 3D metal-coated ITO lattice at low and high 

magnification, respectively. (f) SEM image of a 3D metal-coated ITO lattice (edge-on view). The SEM images in (d) 

and (f) reveal that these lattices contain interconnected pore channels in all three directions.   

Characterization 

i) 2D direct visualization of electrochemical reactions 

and fluid flow in operating commercial porous 

electrodes: We used 2D wide-field fluorescence 

microscopy coupled with electrochemistry to directly 

observe the reaction and transport of redox-active 

molecules within porous carbon electrodes during flow 

cell operation [1]. Studying several commercial porous 

electrodes, we observed surprisingly heterogeneous 

electrolyte channeling features (Fig. 4) at length scales 

an order of magnitude greater than the ~50 m 

characteristic pore size, leading to spatially 

distinguishable advection-dominated and diffusion-

dominated regions within each electrode. These results 

challenge the common assumption that transport in 

porous electrodes can be modeled by a homogenous, 

mean-field, Darcy-like permeability, as embodied by 

the Newman porous-electrode model – particularly at 

the length scales relevant to many electrochemical 

 
Figure 4: Steady-state reaction-flow map of 

AQDS reduction to H2AQDS in a commercial 

electrode across the full 2-cm2 interdigitated 

flow field. Electrolyte flows from inlet 

channels (blue, running up from manifold at 

bottom hidden by color scale) through porous 

carbon paper across ribs and exits via top 

manifold channels through hole in upper left. 
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systems such as flow batteries. This recently-published work introduces the research community 

to a new platform to provide highly resolved spatial and temporal insight into electrolyte 

reactions and transport behavior within porous electrodes.  

ii) Fabrication of a miniature electrochemical cell for 3D fluorescence mapping of the SOC: 

we designed and built a 

microfluidic-based 

electrochemical cell 

(Fig. 5a) to 

accommodate and test 

3D-printed electrodes 

with a small size (Fig. 

5b). The channels for 

the electrolyte were de-

signed and made di-

rectly on PDMS, which 

is UV transparent and 

commonly used in mi-

crofluidic devices, ena-

bling us to image the 

electrode with a confo-

cal microscope. The 

microfluidic-based cell 

provided several other 

benefits. Keeping the 

electrodes intact during 

cell compression and 

sealing was crucial be-

cause 3D printing the 

electrode structures is 

very time-consuming. 

Because PDMS is soft, 

it reduced the tendency 

to fracture the 3D-

printed electrodes, 

which would adversely 

affect the flow hydro-

dynamics and electrical 

current distribution. 

Additionally, it 

allowed us to design to 

  

 

Figure 5. Schematic diagrams illustrating (a) Computer-aided design drawing of the 

electrochemical cell (numbered parts are: 1. Screws, 2. H2 side acrylic plate, 3. 

PDMS with flow channel and electrode design for H2 side, 4. membrane, 5 and 6. 

PDMS and acrylic parts for the AQDS side). (b) Wide-field microscopy snapshot of 

the 3D-printed electrode with a dimension of 3 mm x 6 mm x100 μm placed in the 

cell. (c) Top plot: result of a transient galvanostatic experiment at various applied 

currents for the 3D-printed electrode at a flow rate chosen to provide a sufficient 

residence time for the electrochemical reaction of AQDS. The applied current was 

set back to zero prior to an increase to a greater (negative) value in order to assure 

that the cell responded to the changes as expected. Bottom plot: simultaneous 

measurement of the average fluorescence intensity, which is proportional to the 

reduced AQDS concentration, as the electrochemical reaction proceeded. (d) 3D 

mapping of the steady state concentration of the reduced AQDS at a constant applied 

current and flow rate. Blue and red color represent the lowest and highest intensities. 

Top and bottom plots show the results for commercial and 3D-printed electrodes, 

respectively. The ion-conducting membrane is on the top surface of each electrode. 
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high precision the position of the electrode on PDMS with techniques including 

photolithography or 3D printing. The PDMS flow cell is made from a 3D printed master, ena-

bling extremely fast design iteration and flexibility.   

iii) Development of confocal in-operando fluorescence imaging over three spatial dimensions: 

After developing the miniature electrochemical cell, electrochemical tests with 3D-printed and 

commercially available SGL39AA electrodes were performed. The commercial electrode is 

useful for an initial assessment of the differences between a fully disordered fiber structure and 

the fully ordered, 3D-printed structure. Simultaneously with electrochemical measurements, the 

intensity of fluorescent light emitted from AQDSH2, the electroactive species used for 

characterization purposes, was detected over time and three spatial dimensions (4D imaging) 

using a spinning-disk confocal microscope. The electrochemical and fluorescence signals are 

shown in Fig. 5c, allowing us to correlate features in the growth of the average fluorescence 

intensity with the temporal history of the current. Fig. 5d shows one visualization of the 3D 

concentration fields of the reduced form in two different electrodes at a steady-state condition. 

The results of Fig. 5d demonstrate that the 3D printed electrode offers a more uniform 

distribution of reduced species compared to that for the commercial electrode. The significance 

of this observation will be developed through quantitative analysis of the SOC distribution in the 

porous electrode and comparison with simulations, to be discussed next.  

Modeling 

i) General phenomena associated with the electrode geometry. To gain insight into the role of 

disorder, we initially performed a study on a simplified (2D) model system consisting of 10-

micron diameter parallel cylinders arranged in different configurations, with flow normal to the 

cylinder axes. As shown in Fig. 6, structures with same porosity and surface area can give rise to 

vastly different flow and electrochemical behavior, underscoring the need for more sophisticated 

structural descriptors. Mass transport limitations (i.e. fuel starvation) are evident in 

configurations with higher density closer to the walls, where flow is slower. In one case (top 

structure), the two length scales along the flow direction allow for replenishing of the reactant in 

between the dense regions where reaction occurs. Substantial mixing and flow redirection is also 

observed in randomly placed cylinders of uniform diameter. Different operating conditions and 

arrangements with different porosity have also been investigated. Ongoing structural 

characterization of our simulated configurations will allow the identification of structure-

property relationships. Similar investigations will be then performed for (more complex) 3D 

fiber geometries. 
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Figure 6. Left: snapshots showing the state 

of charge (from blue to red, from 0% to 

100%) for different arrangements of the 

same number of parallel cylinders in a 2D 

simulation. The systems are confined 

between two walls and are under the same 

operating conditions. The membrane is 

located at the bottom, the flow is left to 

right, and a constant potential is applied to 

the solid. Right: Quantification of the 

electrochemical and flow behavior of the 

different configurations. Larger current is 

generated in the top configuration, at the 

cost of a larger pressure drop. 
 

 

 

 

ii) Investigation of experimentally realizable lattices. The 3D-printed lattices represent a unique 

platform to investigate the different ways of redirecting the flow and their effect on the 

electrochemical performance. Several of the concepts we identified looking at the behavior of 2D 

disordered structures can be readily investigated by appropriately designing the lattices (Fig. 7a). 

Notably, the 3D-printed cylinders can span distances of tens of diameters, i.e. a few hundreds of 

microns, making the design space extremely rich. We first performed 2D simulations, 

investigating the effects of arranging parallel cylinders across the flow direction, which already 

highlighted non-trivial behavior (Fig. 7b). For example, we observed that removing beams (i.e. 

introducing vacancies) in the ordered array prevents the shadowing effect on the downstream 

material, which is therefore exposed to a larger amount of reactant compared to the complete 

array. This results in extracting more current from a structure with less surface area.  

Figure 7 (a) Design space of the 3D-printed 

lattices. (b) Simulation snapshots showing the 

concentration profile when (i) one array of beam is 

shifted, (ii) there is a gradient in lattice spacing, (iii) 

vacancies are introduced in the middle of the 

channel, or (iv) at the boundary walls. In the last 

two examples, redirecting the flow prevents 

shadowing and allows a higher reaction rate in the 

downstream material. As a result, a larger current 

can be extracted despite a reduced surface area 

(“less is more”). 
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We have now moved to 3D simulations (Fig. 8) to investigate how additional flow effects 

associated with the third dimension, and additional variations in the fibers aligned along the flow 

direction, can change the observed trends among structures. In this way, we are also able to 

better capture the impact of geometrical features peculiar to the 3D lattices (e.g. a bottom layer 

composed of hemispherical beams, because the structure is printed on a substrate, resulting in a 

symmetry-breaking of the flow and higher mass density close to the membrane wall). Synergistic 

collaboration with the experimental colleagues will further unveil the impact of geometry on the 

flow field and electrochemical performance under various operating conditions. 

Figure 8 (a) Example of 3D simulations in similar geometries to the experimental specimens. In addition to the flow 

field, the concentration profile in a region of the periodic lattice is shown. When the flow is faster, the concentration 

profile becomes narrower, reflecting the relative increase in advective transport compared to diffusive transport. (b) 

More complex flow and concentration patterns can be obtained when shifting rows of cylinders (both across and along 

the flow direction) and partially removing (or shortening) some of the cylinders perpendicular to the flow direction. 

 

Future Plans 

 

Fabrication 

The fabrication effort is now focused on systematically varying 3D printed electrode geometry 

and filament size, spacing, and surface roughness in order to understand their effects on the flow 

and electrochemical behavior in coordination with the other efforts.  

Characterization 

In the characterization effort, we plan to improve our depth resolution for determining the local 

concentration of fluorescing species in the Z-direction (through plane). This improvement in 

resolution is essential for quantitative measurements of SOC and velocity fields at scales 

approaching that of the fibers in three dimensions. Achieving this requires the use of microscope 

objectives with higher magnifications, higher numerical apertures, and a smaller depth of field. 

These objectives require a short working distance, whereas our current cell has a relatively thick 

transparent base. To resolve the scales of the fibers in three dimensions, we will design and 

fabricate a new electrochemical cell made of PDMS to be compatible with a very short working 
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distance of the microscope objective (2.5 mm).  Additionally, a confocal microscope with 

smaller pinholes on the spinning disk will be utilized to improve image resolution in the Z-

direction. This change, however, comes at the cost of blocking more fluorescence light, 

diminishing the signal intensity. To cope with the challenge, elevated concentrations of the 

redox-active species will be investigated to reach a sufficiently strong fluorescence. Furthermore, 

because the 3D printed electrodes are opaque, preventing us from obtaining information behind 

the fibers, designs with misaligned fibers will be investigated to ameliorate the problem. Finally, 

in order to simultaneously evaluate hydrodynamics and electrochemistry, fluorescent tracer 

particles will be added to the electrolyte containing electroactive species so that we can perform 

Particle Imaging Velocimetry as the electrochemical reaction proceeds. These developments are 

expected to lead to imaging of the SOC and velocity fields with high accuracy and resolution 

over three spatial and one temporal dimension. In coordination with the fabrication and modeling 

efforts, this will permit the validation of the simulation results and, subsequently, the 

development of new mesoscale models for transformations in porous electrodes that rely on 

statistical information about the electrode structure. 

Modeling 

The modelling effort will move forward along the two parallel directions described above: (i) by 

leveraging the possibility of simulating many disordered structures in 2D, we will establish 

structure-property relationships that look at different structural parameters, going beyond the 

simple use of porosity and surface area as descriptors (e.g. looking at spatial correlations 

between pores). The identified trends will be subsequently tested in 3D simulations; (ii) we will 

work closely with the rest of the DOE-BES team by suggesting interesting structures and 

variations to print and comparing simulation results with results of the electrochemistry and 

imaging experiments. 
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Bimolecular Interactions in Organic Semiconductors: Hot Charge, Hot Excitons, Efficiency 

Droop, and Instability 

 

M.A. Baldo, Dept. of Electrical Engineering and Computer Science, MIT 

T. Van Voorhis, Dept. of Chemistry, MIT 

 

Program Scope 

 

The poor stability of blue OLEDs is arguably the most important problem in modern organic 

semiconductor technologies. It is also a mortal threat to the viability of OLED-based solid state 

lighting. Perhaps the most serious consequence is its impact on efficiency. Indeed, if blue stability 

was solved, the application of state-of-the-art phosphorescent materials[1] would increase[2] the 

quantum efficiency for blue emission by a factor of 4, doubling the power efficiency of white 

OLEDs, and allowing this technology to reach the DOE target of 150lm/W.  

 

The absence of stable blue emitters comes after more than 10 years of intensive materials 

development in industry. This work was remarkably successful in green and red, and the creation 

of an entirely new market based on organic semiconductors is testament to the power of repeated 

iterations of material synthesis and commercial stability tests. On the other hand, the failure of this 

approach in blue suggests that there may be fundamental challenges underlying the performance 

of blue light emitters.  

Figure 1. A comparison of commercial performance and lifetime data for phosphorescent OLEDs operating at 

1000 cd/m2. From Universal Display Corporation (2012).  

 

Recent Progress  

 

The relatively short lifetime of blue OLEDs has 

been widely regarded as a chemical degradation 

problem that is specific to every combination of 

materials. In recent work we have demonstrated 

that there are general physical principles that 

determine the stability of OLEDs, and that 

stability can be engineered via photonic design. 

Fundamentally, the degradation rate is controlled 

by the energy density within a device. A key 

component is the lifetime of triplet excited states, 

which is experimentally isolated and 

systematically varied, yielding up to a 1000-fold 

improvement in photostability for a 7-fold change 

in exciton lifetime, corresponding to a cubic 

dependence. The dominant role of triplet exciton 

 

Color CIE Efficiency (cd/A) T95 (hours)

Red (0.64,0.36) 30 50,000

Green (0.31,0.63) 85 18,000

Light Blue (0.18,0.42) 50 700

 
Figure 2. The stability in both green and blue 

systems as a function of the generation rate of triplet 

excitons, G, and the triplet exciton lifetime, τ. Note 

the strong power law dependence on exciton 

lifetime. Baldo, Van Voorhis, et al. Adv. Opt. 

Materials 2019. 
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lifetime suggests that the performance of the best OLED materials can be further improved by 

engineering the device structure for rapid extraction of the energy stored in triplet excitons. 

 

As an alternative to reducing the triplet lifetime in blue phosphorescent materials, we are also 

considering schemes that rely on triplet-triplet annihilation, which generates one blue fluorescent 

excited state from two triplets with half the energy. Because the triplets in this scheme have very 

low energy, the stability of the device is inherently better. Indeed, commercial blue OLEDs 

presently use this approach. 

 

The downside of triplet-triplet annihilation, however, is its relatively poor efficiency. The 

annihilation process limits the quantum yield (photons out/electrons in) to 50% at most, although 

the operating voltage can be correspondingly smaller. But more seriously, not all triplet 

annihilation events result in an emissive singlet exciton. Because the combination of two triplets 

has total spin 2, there is also the possibility to generate triplets and quintets in the process, both of 

which can cause losses. 

 

We have studied the fundamental ‘spin statistical limit’ of the triplet-triplet annihilation process in 

order to identify schemes that might increase performance. The fundamental nature of the problem 

is relevant to applications beyond organic light emitting devices. Triplet fusion based photon 

upconversion holds promise for a wide range of applications, from photovoltaics to bioimaging.  

 

In recent work, we have shown that the 

tailorability and highly porous structure 

of metal-organic frameworks (MOFs) can 

be used to minimize intertriplet exchange 

coupling and engineer effective spin 

mixing between singlet and quintet 

triplet-triplet pair states. We demonstrate 

singlet-quintet coupling in a pyrene-based 

MOF, NU-1000. An anomalous magnetic 

field effect is observed from NU-1000 

corresponding to an induced resonance 

between singlet and quintet states that 

yields an increased fusion rate at room 

temperature under a relatively low 

applied magnetic field of 0.14 T. By 

engineering singlet-quintet resonances, 

the fundamental efficiency limit of triplet-

triplet annihilation processes can be 

increased by 40% to 80%. Our results 

suggest that MOFs offer particular 

promise for engineering the spin 

dynamics of multi-excitonic processes 

and improving their upconversion 

performance. 

 

 
Figure 3. The anomalous magnetic field dependence of 

triplet-triplet annihilation in a metal organic framework 

demonstrates singlet-quintet resonances at room temperature 

under weak magnetic fields. Such resonances can be 

engineered to double the efficiency limit of light emission in 

these systems. Baldo, Van Voorhis, Dinca, et al. 

unpublished. 
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Future Plans 

The precise structural design that is enabled by metal organic frameworks offers a promising 

new pathway for experimental probes of multiexciton behavior that crucially underpins the 

performance of soldi state lighting and solar conversion systems. For example, the two metal 

organic frameworks below employ the same organic ligand, but in different crystal structures.  

In the first, triplet excited states are confined and localized in 

the a-b plane. But in the second, triplets can diffuse along the 

b axis. The difference in structure yields dramatically 

different photophysical behavior, with no evidence of 

resonances in NU-901. We intend to further develop this 

approach, building on other recent work, where we have 

introduced a new growth technique for large single crystals 

of -conjugated MOFs[3].  
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Figure 4. Chemical structure of (a) NU-1000, (b) NU-901, showing different exciton diffusion pathways enabled 

by the structure. Baldo, Van Voorhis, Dinca, et al. unpublished. 

 
Figure 5. Single crystals of Ni-CAT-

1 grown using our solution-solid 

growth technique. [3] 
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Solid-State Chemistry of Novel Pnictides with Complex Structures 

 

Svilen Bobev 

Department of Chemistry and Biochemistry, University of Delaware, Newark DE 19716 

 

Program Scope 

 Our research program is focused on the synthetic and structural work on novel materials, 

stepping up the research efforts in the creation of new crystalline forms of matter for energy 

production and conversion.  The discoveries from our research are expected to be an important 

part in the development of new materials/technologies for thermoelectric waste heat recovery.  

From a more fundamental point of view, the structure-property relationships derived from our 

work can be used for developing a rationale for the synthesis of new compounds, as well as for 

tuning of properties of existing ones.  The “final product” of our research, naturally, is 

ascertaining the connection among the synthesis, crystal structure, and properties, and by doing 

so, building up the predictive power of solid-state chemistry (still in its infancy compared to the 

other chemical disciplines), establishing new ideas of why and how Nature allows atoms to 

assemble and form new compounds and structures. 

 

Recent Progress  

 In the last two decades, compounds from a somewhat forgotten class have emerged as 

superb candidate-materials for thermoelectric (TE) applications, the so called Zintl phases.1–14  

Without giving a full overview of the history of Zintl phases within the context of 

thermoelectrics, we will briefly mention here the poster child—the p-type material Yb14MnSb11,
1 

where all of the phonon-glass elecron-crystal requirements seem to be met—and as a result, has 

become known as “a substance with substantially higher figure of merit than any other 

competing compounds, braking more than a decade-long stagnation in high-temperature 

thermoelectric power generation”.  Its discovery has been widely considered as a “paradigm-

shifting“, and is credited for “opening a new class of thermoelectric materials.”5,6  This poorly 

metallic compound has a very complex 

structure, and a remarkably low thermal 

conductivity (Figure 1), which is 

retained as the PF is optimized.  

Following the observation of high zT 

(higher than 1.2 at 1200 K) in properly 

tuned Yb14MnSb11, many of its 

derivatives have been studied to date.14 

Several other pnictide-based systems 

(pnictides is a generalized term for 

phosphides, arsenides, antimonides and 

bismuthides), specifically the ones with 

Figure 1. The exceptionally low lattice thermal conductivity 

of some Zintl phases.  Compounds in highlights, like 

Eu2Zn1-xSb2, Yb9Mn4+xSb9, Eu11Zn6Sb12, Ca9Zn4+xSb9 have 

been originally discovered in our laboratory.  
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similarly complex structures and multifaceted chemical bonding have also been found to show 

great promise (Figure 2).  Our group, among several other teams working in this field, has 

published many papers on new Zintl phases, and has demonstrated that their structures can be 

rationally modified so that the charge- and heat-transport properties can be brought to optimal 

levels.  This extensive prior research has established that the electronegative constituents in 

complex pnictides are usually bound tightly through strong covalent interactions to form 

polyanionic chains, layers, or networks, whereas 

the interactions between cations and anions are 

more ionic than covalent in character.  This 

provides almost unlimited potential for alterations 

on the cation sites and fine-tuning of the transport 

properties without changing the polyanionic 

backbone of the structure, which is believed to 

contribute to the low lattice thermal conductivity.  

Several compounds synthesized and 

structurally characterized for the first time by us, 

have already been shown to be susceptible to 

tuning of the carrier concentration. Importantly, 

this happens without major disruptions of the 

electron mobility, which is the driving force 

behind the ongoing, by other teams, optimizations 

that can lead to enhancements of the already 

promising zT.  

Five years ago, we proposed to use rare-earth 

metals (RE) to modulate the structure and 

properties of Ca14MnSb11, a close analog of 

Yb14MnSb11.
1  In terms of the Zintl-Klemm concept, the Ca14MnSb11 structure can be 

rationalized as consisting of 14 Ca2+ cations, and three types of anions—the [MnSb4]
10 

tetrahedral species, four isolated [Sb]3 anions and [Sb3]
7.  It is one-electron short of the ideal 

number valence electrons (the AlBi4-tetrahedra bear 9– charge, while MnSb4 are 10–).  As a 

result, Ca14MnSb11, as well as the “star” TE material Yb14MnSb11, do not have the perfect Zintl 

electron count, which could be the main reason why all measured Yb14MnSb11 samples show p-

type behavior. The resulting electron deficiency in such compounds containing Mn and other 

divalent M2+ metals can be lifted by electron doping, driving the system toward semiconducting 

state.  For example, partial substitution of Mn by Al in Yb14Mn1–xAlxSb11 leads to a decrease of 

the carrier concentration resulting in an enhanced zT.  Analogous approach is the replacing of 

one divalent Ca2+ or Yb2+ with one trivalent RE3+ cation—it also provides a way for reducing the 

holes concentration in “14–1–11” phases.  The solid solutions Yb14–xRExMnSb11 (RE = Pr, Sm; x 

≈ 0.2–0.6) have been studied in the past and shown to display electrical resistivity that is higher 

than that of the pristine Yb14MnSb11.  An added benefit of the introduction of rare-earth metals 

Figure 2. Figure of merit ZT of several types of 

pnictides, mostly antimonides and bismuthides that 

have piqued the attention of the TE community. 

The compounds are identified with their nominal 

stoichiometries, i.e., 11-6-12 stands for 

Eu11Cd6Sb12.  While the plotted ZT values are  

not from our studies, much of the ground-breaking 

synthetic and structural work for the given 

examples has origins in our laboratories.   
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into this system, besides the prospects for achieving charge balance, concerns the many new 

opportunities to diversify the crystal chemistry; bringing f-electrons into the picture could also 

offer new, exciting ways to tune the “14–1–11” systems. 

The approach described on the previous page proved very successful.  We predicated our 

synthetic work on two main considerations: 1) the atoms size matches—evidently, there will be 

an optimal space-filling when the sizes of the “parent” and the “foreign” cations are comparable.  

Based on the above, we speculated that the compounds that would have the strongest “desire” to 

achieve charge balance might be those where early rare-earths are used, since they are the largest 

cations from the lanthanide family, and their ionic radii match closely the radius of Ca2+.15 

Early exploratory work in the RE–Ca–Mn–Sb and RE–Ca–Mn–Bi systems validated these 

suppositions.  According to the formal electron count presented above, a substitution of one full 

Ca2+ cation (per formula unit) by an RE3+ cation should recover the electron-balanced Zintl 

composition.  This was shown to be the case for the Ca14–xRExMnSb11 (RE = La–Nd, Sm; x ≈ 1) 

series, where bulk Ca13REMnSb11 samples were prepared and demonstrated to have intrinsic 

semiconducting properties.  Switching to Bi, the series Ca14–xRExMnBi11 were obtained for RE = 

La–Nd, Sm, and Gd–Ho with x ≈ 0.8–0.6.  The structural analysis showed that higher 

substitution levels (x ≈ 1) can be also achieved, 

but increasing the nominal RE/Ca ratio in the 

reaction mixture, under the reaction conditions, 

leads to the inevitable formation of the 

unwanted side phases REBi and RE4Bi3. 

There are four crystallographically distinct 

Ca positions in the structure.  All Ca atoms are 

six-fold coordinated by Bi (from neighboring 

Bi3– and Bi3
7– units), adopting distorted 

octahedral environment.  The average Ca–Bi 

distances in Ca14MnBi11 are 3.261 Å, 3.417 Å, 

3.296 Å, and 3.374 Å for Ca1, Ca2, Ca3, and 

Ca4, respectively. Similar to the antimonides 

Ca14–xRExMnSb11, Ca2 position displays the 

longest distances to the pnictogen atoms and is 

therefore more likely to be occupied by larger 

RE atoms when substitution is taking place.  

Analogously, the coordination polyhedron 

around Ca1 offers the smallest available volume, and its occupation must be preferred by smaller 

substituting atoms. The anticipated preference is fully confirmed by the relative occupation of 

the Ca sites by RE atoms in Ca14–xRExMnBi11 (Figure 3).  The clear trend shows that the early 

members of the lanthanide family i.e., La through Nd, accumulate at the Ca2 site, whereas the 

late RE-metals preferably occupy the Ca1 site.  The gradual decrease of the RE atomic size is 

reflected in the continuous change of the relative occupation.   

Figure 3. Relative distribution of the rare-earth metals 

among the four independent Ca sites in the crystal 

structure of Ca14–xRExMnBi11 (x ≈ 0.6–0.8).  Although 

the total rare-earth metal content is slightly lower, 

compared to the Ca14–xRExMnSb11 (x ≈ 1) series, the 

trends in the occupancies are mirrored. 
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How the electronic structure and 

physical properties of Ca14MnBi11 and the 

Ca14–xRExMnBi11 solid solutions compare 

is also a very interesting subject to discuss.  

The density of states (DOS) curves are 

plotted in Figure 4.  As the total DOS 

indicates, Ca13LaMnBi11 is predicted to be 

a semiconductor, In accordance with the 

formal electron count.  For the majority 

spins, a small gap of only 0.08 eV opens at 

the Fermi level.  The minority-spin states 

show a much larger gap of about 0.6 eV at 

EF.  This leads to an almost half-metallic 

behavior, with a total gap of 0.04 eV. It is 

worthwhile to mention that the parent 

compound Ca14MnBi11 was found to 

display an electronic structure similar to 

that of a half-metallic ferromagnet.  Half-

metallic-like character of Ca14MnBi11 and 

other representatives of the “14–1–11” 

family was discussed as a possible origin 

of the colossal magnetoresistance observed 

in some of them.  A more sophisticated 

treatment of electronic correlations, e.g., 

within the LSDA+U approach, and an 

account of the spin-orbit coupling, that 

may be especially important for Bi, should 

lead to a larger energy separation of the conduction and valence bands. Although a certain 

underestimation of electronic bandgaps is an inherent drawback of the density functional theory, 

the value of ca. 0.04 eV calculated for Ca13LaMnBi11 is close to the Ca13LaMnSb11 bandgap 

determined from the temperature dependence of the electrical resistivity. 

Attention should be drawn to the fact that for 3 of the studied lanthanides, specifically Er, 

Tm, and Lu, the structural Ca14–xRExMnBi11 data did not follow the established trends. For RE = 

Er, only modest substitution could be attained, as evident from Ca14–xErxMnBi11 (x ≈ 0.2), a 

composition refined from single-crystal X-ray diffraction work.  For the heaviest (i.e., smallest) 

rare-earths Tm and Lu, structure refinements from single-crystal showed undoped Ca14MnBi11. 

For Ca14–xRExMnSb11 (RE = Er, Tm, Lu), x was close to zero as well.  These findings put into the 

spotlight some results from the literature, where Lu-doped variants of Yb14MnSb11, prepared by 

SPS, had been suggested to have an improved thermoelectric performance.  Structural details are 

missing from the cited work,16 and detailed property data were not available to discern the 

Figure 4. Electronic density of states of Ca13LaMnBi11.  

Energy of the Fermi level is set as a reference point at 0 eV. 

Positive and negative DOS denote majority and minority 

spin directions, respectively.  For the purpose of the 

electronic structure calculations, we did the following: first, 

we considered a model where the La substitution occurs 

only at the Ca2 site (32g).  The occupation factor was taken 

as 0.25 (in comparison with the experimental value of 0.14), 

yielding the idealized composition Ca13LaMnBi11.  Next, we 

transformed the tetragonal structure with space group 

I41/acd to an orthorhombic one with the space group Iba2, a 

subgroup of I41/acd, in which the original 32g site splits into 

four 8c sites.  By considering La at one of these four sites, 

while keeping the remaining three ones occupied by Ca, an 

ordered Ca13LaMnBi11 model was derived. 

.  
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substitutional chemistry. Importantly, however, an increase in zT has been attributed to an 

increasing charge-carrier concentration in the Yb14–xLuxMnSb11 sample.  If the knowledge from 

our systematic structural work on Ca14–xRExMnBi11 or Ca14–xRExMnSb11 were transferable to the 

related Yb14–xRExMnSb11, then, an aliovalent Yb2+–Lu3+ substitution should contribute to a more 

precise charge-balance, hence, a decrease in the charge-carrier concentration should be expected.  

This discrepancy between expected crystal chemistry and experiment is further exacerbated by 

another study on a Tm-doped Yb14MnSb11,
17 where the presence of Tm in the samples has been 

confirmed based on microprobe analysis and increased magnetic moment, but the provided 

single-crystal X-ray diffraction data exhibited unit cell parameters almost identical to those of 

pristine Yb14MnSb11. Structural refinements showed insignificant difference in occupancies, 

angles / distances, which is also unexpected given the large difference of Yb2+ and Tm3+ radii.15 

These uncertainties raise an important fundamental question as to what is the exact role of 

the late rare-earth elements Tm and Lu in the “14–1–11” structures.  Aiming at answering this 

question and at the full understanding of the effects of the rare-earth metal substitutions, we 

performed a systematic investigation.  The results from it point at interesting and unexpected 

answers, which extend existing concepts of possible coordination of late rare-earth metals in 

solid-state compounds and cause us to rethink the role of alumina crucibles—one of the most 

common reaction vessel used in the synthesis of solid-state materials.  

Key finding #1.  A reaction between the Ca, Lu, Mn, and Bi metals (in a nominal ratio 

13:1:1:11) performed in an alumina crucible using the Pb-flux method easily yielded very nice 

crystals (Figure 5).  The crystalline material appeared to be nearly 

phase-pure by lab powder X-ray diffraction (PXRD).  Based on the 

PXRD, we anticipated it to be Ca14–xLuxMnBi11, but single-crystal 

X-ray diffraction analysis revealed two outright problems: i) the 

unit cell volume was larger than that of any of the ten known Ca14–

xRExMnBi11 examples or pristine Ca14MnBi11; and ii) the refined 

occupancy of the Mn-site was lower than 100%.  Since the crystals 

large and well-shaped, it was easy to select one with nice, clean 

and smooth surfaces and subject it to elemental microanalysis 

(notice that all the work had to be done in the glovebox to prevent 

the material from oxidizing in air).  The results from this experiment were also surprising—the 

synthesized sample did not contain measureable amounts of Mn!  In 

addition to large peaks from Ca and Bi, the EDX spectrometer also 

picked small signals from Lu and Al (Figure 6), and no other metals.  

Identification of aluminum was unexpected since Al was not an 

element that was used in the synthesis, but it was possible to explain 

the signal since the sample was mounted on a stub made of 

aluminum. 

We reasoned, however, that the origin of Al could have been the 

Al2O3 crucible and since the reaction mixture was Ca-rich and highly 

Figure 5. Optical microscope 

image of the grown crystals. 

Background is mm-sized grid. 

.  

Figure 6. EDS X-ray maps 

showing homogeneous 

distribution of 4 metals.  

99



reducing, alumina could have become an advertent source of Al metal.  To prove or disprove this 

hypothesis, we ran a reaction between the Ca, Lu, and Bi (nominal ratio 13:1:11) and performed 

it again in an alumina crucible using the Pb-flux method.  As control experiments, two other 

reactions were also set up: 1) between Ca, Lu, Al, and Bi (nominal ratio 13:1:1:11) and 2) 

between Ca, Al, and Bi (nominal ratio 14:1:11).  They were carried out in the same manner as 

above.  All three reactions afforded large single crystals, which had the same unit cell volumes as 

the crystal obtained from the experiment with Mn.  Importantly, XRF and EDX analyses from 

each specimen showed nearly identical chemical make-up (Baranets and Bobev, JACS, ref. 18).  

These results unambiguously confirmed that the alumina crucibles are unsuitable for these types 

of reactions, suggesting that what we had synthesized previously was not Ca14–xLuxMnBi11 (nor 

Ca14MnBi11), but rather Ca14AlBi11.  This discovery raises additional questions and calls for 

careful reconsideration of the old results, where similar synthetic approaches may have been 

used and serendipitous Al-contamination of the prepared samples might have gone undetected. 

Key finding #2. Ca14AlBi11, Ca14–xLuxAlBi11 or Ca14LuxAl1–xBi11?  From the three 

experiments described in the preceding paragraph, two had Lu in the elemental mixture and one 

did not.  The sample that did not have Lu in it was characterized in a straightforward manner as 

the ternary compound Ca14AlBi11.  The latter is a new Zintl phase from earth-abundant elements 

with a great potential for thermoelectric energy conversion (resistivity measurements on as-

synthesized single crystalline sample show temperature dependence akin to those of heavily 

doped semiconductors or the bad metals).  In addition to the moderately high electrical 

conductivity (300 = 1.05 m·cm), specimens of Ca14AlBi11 also exhibit excellent thermopower, 

with the Seebeck coefficient approaching 200 V/K at 700 K.  These metrics are comparable 

with the best state-of-the-art p-type Zintl thermoelectric materials, and are among the best within 

the known bismuthides with the same atomic arrangements.  Subsequently, structure refinements 

brought to light something out of ordinary: the displacement parameter of the Al atom was 

negative; freeing the Al-site occupation factor suggested 160-180% “over-occupation”.  At the 

same time, the site occupation factors for the remaining eight positions did not deviate from 

unity by more than 3, except for Ca1, where the deviations were consistently higher than 100%, 

but only within 5–7.  Several additional data collections on different crystals showed the same 

problem, which rules out potential crystal/data quality issues.  Considering all of the above, the 

increased electron density can be explained as arising from a heavier element that randomly 

substitutes Al in the Ca14AlBi11 structure.  A scenario where Al is not part of the structure, and 

the position is just partially occupied by heavier element can be rejected from the independent 

assessment of the chemical make-up.  Lead was excluded, also from EDS work, which revealed 

no traces of Pb in the bulk, with only some residual microdroplets of lead on the surface.  There 

are three remaining elements at play—Ca, Lu and Bi.  Which one is the culprit? 

The excess electron density, in most cases, exceeds the scattering factor of Ca, rendering Ca–

Al substitutions improbable.  Co-refining Bi and Al is possible, leading to refined Ca14Al1–xBi11+x 

compositions (x < 0.1), which are indistinguishable by EDS.  Clearly, analytical tools are not 

particularly helpful in this analysis, but by carefully examining all experimental findings, Bi can 
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be unmistakably ruled out—recall that Ca–Al–Bi experiments, carried out in an identical 

manner, yield Ca14AlBi11, where there is not “overoccupation” on the Al site. 

Therefore, by deduction, the excessive electron density must be due to Lu-substitution.  This 

notion is corroborated by EDS data, which consistently showed Lu in every measured specimen.  

Although the amount is at the sensitivity limits, EDS results agree well with ICP-MS data and 

the structural refinements.  Additional proof that the rare earth metal “enters” the crystal 

structure was obtained by carrying out synthesis with Tm, instead of Lu.  The radii of Lu3+ and 

Tm3+ are very close, therefore, Ca14–xTmx+yAl1–yBi11 and Ca14–xLux+yAl1–yBi11 have nearly the 

same unit cell parameters.  Elemental analysis confirmed Tm-level of inclusion to be similar to 

that of Ca14–xLux+yAl1–yBi11. The large effective magnetic moment for free-ion Tm3+ (7.56 μB) 

allowed the small Tm concentration in the sample to be probed by magnetization measurements 

(acknowledging that χm(T) provides only a qualitative confirmation of the Tm-inclusion and is 

not a means to assess the amount of Tm).  Curie-Weiss behavior is observed upon zero-field 

(ZFC) and field cooling (FC).  Since Tm is the only element in the structure with unpaired 

electrons, and since there is no evidence for an impurity phase in the measured grain, the 

paramagnetism can only be attributed to Tm3+ inside. Using the formula weight of 

Ca13.91(1)Tm0.17Al0.93Bi11 from crystallographic work, the amount of contributing magnetic atoms 

is calculated as 0.19 Tm/f.u., in good agreement with the SCXRD refinements and the EDS. 

Having unequivocally ascertained the presence of Tm and Lu in the synthesized phases, let 

us now focus the attention on the role of late rare earth metals in the structure.  As already 

discussed, besides the Al site, the Ca1 site (in all cases) also had small “overoccupation” 

problem.  This was also attributed to Tm and Lu substitution.  Presence of Tm/Lu on Ca2, Ca3 

and Ca4, if any, is below the limit of detection.  The subtle Ca–Tm/Lu substitution is not as 

pronounced as it is for the early lanthanides, for example in Ca14–xRExMnPn11 (x ≈ 1).  It appears 

that replacing Ca by Tm/Lu is hindered, likely rooted in the relatively large differences in their 

crystal/ionic radii: Ca (1.17 Å/1.03 Å); Tm (1.02 Å /0.88 Å), and Lu (1.00 Å/0.86 Å).15 An 

indirect evidence supporting this reasoning based on space-packing can be found analyzing the 

refined structure of the isostructural La-compound Ca13.90(2)La0.10AlBi11, which was purposely 

prepared as a test of our hypothesis.  The latter exhibits small occupational disorder on the most 

“spacious” Ca2 site. The suggested Ca–RE (RE = Tm, Lu, and La) admixing is consistent with 

the previous studies on the RE substitution preferences, where Gd, Tb, and Dy (smaller size) 

have been found to prefer the Ca1 site, whereas the early lanthanides La and Ce (larger size) 

always show highest affinity for the Ca2 site (Figure 3). 

The very small size of Tm3+ and Lu3+ compared to the rest of the RE3+ is the likely reason 

why only these two rare-earth elements are capable of adopting tetrahedral coordination.  Since 

all rare-earth elements have stable 3+ state, just as Al, the RE–Al substitutions should be 

isovalent and not limited by electronic factors. Yet, as it is apparent from the refinement of the 

Ca13.90(2)La0.10AlBi11 structure, this does not happen.  Instead, La3+ partially substitutes Ca2+ on 

an octahedral site (which is an aliovalent process, pushing the system away from the ideal Zintl 

electron count).  To reconcile these finding, one must recall that the lowest known coordination 
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number for rare earth ions in solid-state compounds is CN 6.  Here, for the first time, evidence is 

provided for the existence of Tm and Lu, coordinated by four Bi’s (at the refined level, one of 

approx. eight to ten Al atoms is replaced by Tm and Lu).  On the other side, coordination 

complexes of rare earth metals are known to have CN 4, 3, and even 2.  In several of them, 

lanthanides are found coordinated to both pnictogen atoms and organic ligands.  Species with 

RE–Bi bonds are rare—a commensurate example could be the dinuclear [(C5Me5)2Sm]2 [μ-

η2Bi2], where each Sm is tetrahedrally coordinated by two (C5Me5) ligands and two Bi atoms.  In 

all of these organometallic examples, steric hindrance might play an important role for the 

stabilization of such low coordination numbers, which clearly is not the case with the “bare” 

TmBi4
9– and LuBi4

9– tetrahedra. The very large differences between the Sm–Bi bonds in 

organometallic [(C5Me5)2Sm]2[μ-η2Bi2] (ca. 3.3 Å long) vs the Lu–Bi bonds (ca. 2.8 Å long) 

cannot be attributed to atomic sizes and point to a very different nature of the bonding. 

 

Future Plans 

As elaborated in the previous section, exploring rare-earth metal (RE) substitutions in the 

“14–1–11” Zintl phase Ca14AlBi11 led to the discovery of unprecedented chemistry, exemplified 

by Ca14LuxAl1–xBi11 (Figure 11).  We are currently optimizing the reactions conditions for growth 

of large crystals of the new compounds (Figure 5), which appear to have electronic properties in 

a practically relevant range.  Precise measurements of the transport properties will be possible on 

these large crystals.  In addition, in collaboration with Prof. Prashun Gorai, we are pursing 

computational work on the crystal-defect chemistry.  Those studies are ramping up at present, 

and they will continue during the next phase of this award. 

The identification of inadvertent reduction of alumina (crucible material) and possible 

“contamination” of the Ca14–xRExMnBi11 samples (e.g., resistivity values across the series were 

very different and there was no solid explanation as to why this could be the case, except that 

some of the samples could be “over-doped”) left some open questions.  We are currently 

synthesizing the compounds in BN, graphite and metal crucibles and are pursing concurrent 

structural and properties work that is ultimately expected to affect many other materials systems. 

The reasons for this line of thinking are based on the following hypotheses: (i) small Al 

inclusions affect the dupability of the material, and (ii) once the synthesis parameters are sorted 

out and, Al metal substituting Mn or Zn in the crystal structure can be used as an effective 

“tuning” parameter.  Such studies are expected to continue throughout the next phase as well. 
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New paradigms for controlling molecular and ion transport in precise, tight and 

reconfigurable polymer networks 

Paul Braun (PI), Christopher Evans, Randy Ewoldt, Ken Schweizer, Charles Sing 

Materials Research Laboratory, University of Illinois Urbana-Champaign 

Program Scope. The central goal of this project is development of the fundamental science of 

precision synthesized, heavily crosslinked, neutral and ionic permanent and dynamic polymer 

networks as a new class of materials for controlling the absolute and selective transport of 

neutral and charged molecules of diverse size, shape and interactions. The novel fundamental 

science lies in understanding how the multiple tunable length and time scales characteristic of the 

structure and dynamics of these polymeric matrices can greatly amplify differences of the 

activated diffusion constant of related families of molecules and ions. We are exploring this issue 

via a synergistic experimental, simulation, and theoretical effort focused on how controllable 

physicochemical factors such as the ratio of network mesh to penetrant size, degree of network 

strand charge functionalization, packing differences for penetrants of variable size and shape in 

confined network spaces, lifetime of crosslinking junctions spanning the range from static to the 

dynamically re-arranging dissociative and conserved topology (vitrimer) realizations, specific 

attractive interactions between molecules with network strands and the dynamic crosslinking 

groups, and mechanical deformation, determine the absolute and relative magnitudes of 

molecular and ion transport. We anticipate our studies of dynamic bond polymer networks will 

lead to qualitatively new physical mechanisms of mass transport via tunable nanoscale dynamic 

fluctuations which can release the localizing constraints experienced by a penetrant in a tight 

network. Given the ease of large amplitude deformations of polymer networks, we are exploring 

the application of external stress as a new nonequilibrium pathway for strongly and selectively 

modifying molecule and ion diffusion via the introduction of network mesh scale anisotropies, 

accelerated strand relaxation, and modified dynamic crosslink lifetimes. 

The body of work is organized into two complementary and tightly integrated efforts: Selective 

Molecular and Ion Transport in Precise Permanent Polymer Networks which addresses the 

diffusive transport of ions and molecules in neutral and ionic chemically crosslinked tight 

networks and coupled molecule-ion dynamics, and Dynamic Networks for Selective Molecular 

Transport based on reconfigurable tight polymer transient networks that form reversible bonds of 

both a dissociative (associating copolymers) and topological rearrangement (vitrimers) nature. 

Recent Progress. The first 9 months of the 

team’s efforts focused on the Topic of 

Selective Molecular and Ion Transport in 

Precise Permanent Polymer Networks. Two 

classes of permanent network systems were 

studied: (i) butyl acrylate polymer networks 

with incorporated fluorescent dyes (Fig. 1) 

(Evans) to investigate the effect of permanent 

crosslink density and temperature on the 

diffusion of aromatic dyes (aspect ratio ~3), 
Fig. 1. Free radical polymerization of butyl acrylate 

networks with the incorporated fluorescent dye BTBP. 
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and (ii) single cation conducting copolymers designed by Evans and Braun containing anionic 

sidegroups, polar sidegroups to enhance cation-anion dissociation, photo-triggerable ion-binding 

groups, and crosslinkers to investigate effects of crosslink density and ion binding on ion 

mobility. 

Dye penetrant diffusion was measured 

using Fluorescence Recovery After 

Photobleaching (FRAP) (Fig. 2). In 

the butyl acrylate network, increasing 

crosslink density reduces the degree of 

polymerization between crosslinks 

(Nx) resulting in a dramatic two 

decade decrease in the aromatic probe 

translational diffusion coefficient (𝓓) 

(Fig. 3)1 that follows a strong 

exponential dependence on the ratio of the probe long axis (dlong) to the mesh size. At higher 

temperatures (T0), the slope decreases. Crosslinking results in a significant increase in the 

network glass transition temperature (Tg) which strongly suppresses 𝓓. All these observations 

are well predicted by the new penetrant hopping theory of Schweizer, and provide new insights 

regarding the effect of covalent crosslinks on probe diffusion important for the design and 

development of separation membranes. Transport in single ion conductors was also initiated with 

control studies where the anion and cation both diffuse, but no ion exchange step is necessary. 

Braun observed a reversible 30% change in ion conductivity in a LiCl doped polymer before and 

after UV light exposure which converts spiropyran to the cation-binding merocyanine form. 

Ewoldt, Evans, and Braun performed foundational mechanical 

measurements on ionic and neutral permanent polymer 

networks to understand their failure strength and the critical 

strains required for the emergence of nonlinearity using 

oscillatory strain amplitude sweeps. A stronger nonlinearity 

reveals that smaller strains can cause significant deviation 

from equilibrium, and we find differences of more than a 

factor of ten between the different polymer materials studied. 

Schweizer employed his self-consistent cooperative hopping 

theory of penetrant activated dynamics to elucidate the role of 

temperature, matrix density, and penetrant-to-matrix particle 

size ratio for a spherical particle mixture model.2 As the 

matrix dynamics slows and/or penetrant size grows, higher 

barriers emerge and the collective elasticity associated with 

the correlated matrix dynamic displacement that facilitates 

penetrant hopping becomes important, resulting in a near 

exponential growth (suppression) of penetrant relaxation time 

(diffusivity) with size ratio. Quantitative comparisons with literature experiments reveal good 

agreement, and testable predictions were made.2 The theory has been tentatively extended to take 

Fig. 2. Representative FRAP data for a BTBP-containing 

polymer network. The initial line is bleached, and over time the 

line becomes brighter and broader as unbleached dye diffuses 

into the region. The width of the Gaussian grows over time and 

from it a diffusion coefficient is extracted from the slope. 

Fig. 3. Diffusion coefficients as a 

function of the aromatic probe 

molecule dimensions relative to 

the distance between crosslinks. 

The dependence is exponential 

with a slope that becomes weaker 

at higher temperatures indicating 

less sensitivity to the crosslinks. 
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into account semiflexible chain matrices, crosslinking and molecular penetrant shape. Motivated 

by the above experiments of Evans, the diffusivity of a cylindrical-like shape penetrant in 

crosslinked polymer matrices was predicted, and the results shown to explain our observations. 

In a complementary simulation effort, Sing developed a coarse grained model of permanent 

network structure (informed by the poly(acrylate) chemistry of Evans) which takes into account 

stochastic crosslinking ‘reactions’ between randomly chosen monomers. It was shown to capture 

the apparent glass transition temperature as a function of crosslink density consistent with 

experiment (Evans). Relatively small spherical penetrants were then added and their dynamic 

mean square displacement (MSD) computed. The capability to simulate nonspherical penetrants 

based on Gay-Berne potentials was developed to mimic small-molecule dyes of various aspect 

ratios relevant to our experimental (Evans) and theoretical (Schweizer) studies. 

Underpinning theoretical and simulation efforts on foundational problems germane to topic 2 

(dynamic networks for selective molecular transport) have begun. Schweizer constructed a new 

model for the bond breaking time scale of attractive sticker groups in associating copolymer 

liquids that form transient networks and showed it provides a consistent description for diverse 

polymer chemistries as a function of temperature and fraction of sticky groups.3 The 

development of a coarse grained simulation model of dynamic networks with reversible bonds 

has begun (Sing) that accounts for the ‘swapping’ of conserved dynamic bonds relevant to the 

planned experimental studies of vitrimers by Evans. 

Future Plans. Moving forward, greater effort will be placed on transport studies, and less on 

synthetic efforts, especially the impact of deformation on penetrant transport. Preliminary FRAP 

experiments on a chemically crosslinked network reveal transport is accelerated perpendicular to 

the deformation by an order of magnitude, but modestly slowed along the direction of the load. 

Understanding this striking anisotropic behavior will be pursued in a coordinated experimental 

(Evans, Ewoldt), theory (Schweizer) and simulation (Sing) effort. Braun, Evans, and Ewoldt will 

also investigate the effect of strain on transport in ionic permanent networks. Initial results for a 

cationic network with large fluorinated mobile anions indicate that shear reduces the out of 

deformation plane conductivity of single ion conducting networks. 

The open question of whether stress, strain, or strain rate is the most fundamental cause of 

mechanical and transport nonlinearities will be studied by extending the medium-amplitude 

oscillatory shear (MAOS) technique (Ewoldt) to stress-controlled forcing per a creep 

measurement. Step stress experiments will simultaneously measure mechanics and penetrant 

diffusion and connect directly with theory and simulation (Schweizer, Sing). We expect the 

results will have major implications for understanding transport under deformation. 

Schweizer will systematically establish how the many experimental variables (polymer stiffness, 

temperature, penetrant size and shape, penetrant-polymer attractive interactions, degree of 

crosslinking) determine penetrant diffusion in quiescent melts and crosslinked networks, 

including the question of selectivity, with specific applications to our experiments (Braun, 

Evans). Schweizer will also construct and apply to experiments (Evans, Ewoldt, Braun) a 

predictive theory for how external stress changes penetrant diffusivity and selectivity as a 

function of molecular shape and size, cohesive forces, thermodynamic state, and extent of 
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crosslinking. Fig. 4 shows a preliminary result for the 

spherical particle mixture model which demonstrates 

the rich sensitivity of penetrant dynamics to stress 

under cold melt conditions. 

Sing will employ simulation to study how large 

spherical penetrants are affected by crosslink density 

and network mesh topology at both relatively high 

temperatures and close to Tg. Mesh heterogeneity 

will be characterized by adapting pore size 

distribution calculation methods. A constant shear 

stress will be applied to change the network mesh 

and polymer dynamics to investigate at a detailed 

molecular level penetrant diffusion under 

deformation. These simulations will also provide 

valuable benchmarks to test the theories of 

Schweizer. Sing will also perform simulations to 

address these same issues for non-spherical 

penetrants of high experimental (Evans, Braun, 

Ewoldt) and theoretical (Schweizer) interest using a 

Gay-Berne potential as a function of crosslink 

density, temperature, and under a uniaxial extension. 

Moving forward, the team will place greater emphasis on the study of dynamic networks. Major 

questions include whether labile crosslinks of transient networks can result in new modes of 

transport which can be exploited to achieve selective transport of larger molecules. We will 

pursue these questions based on rendering the (still tight) physical meshes dynamically 

fluctuating using chemistries that afford dynamically exchangeable crosslink junctions of both a 

dissociative (associating copolymers) and topology conserving (vitrimers) nature. The theories 

for penetrant transport will be extended to dissociative polymer matrices, and the development of 

simulation methods for dynamic networks with conserved bonds will be completed and applied. 

A major scientific issue is how network junction lifetime, density fluctuations triggered by bond 

re-arrangement, and the propensity for penetrants to preferentially segregate to such junctions, 

influences penetrant transport rates and selectivity. Related questions include whether and how 

molecules that associate via physical interactions with transient crosslinks can actively modify 

junction dynamics, and how or if deformation can selectively accelerate molecular transport via 

modification of junction lifetime and/or network strand conformation and dynamics. 
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Fig 4. Penetrant hopping time (inverse 

diffusivity) normalized by the quiescent 

matrix structural relaxation time as a function 

of stress non-dimensionalized by the matrix 

particle diameter cubed divided by thermal 

energy. Penetrant-to-matrix size ratio (dp/dm) 

is varied over a wide range, with temperature 

fixed at the matrix Tg. The convergence of 

curves are indicated by the open circles and 

represent the onset of a “slaving regime” 

whence the matrix activated relaxation time 

fully controls the rate of penetrant transport. 

The curves terminate at the matrix yield 

stress whence penetrant and matrix dynamics 

are no longer thermally activated. 
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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 

Program Scope 

While great strides have been made in the synthesis of colloidal inorganic nanocrystals, the 

vast majority of nanocrystals have been prepared in the known thermodynamic phases of their 

bulk material counterparts. Dimensionally confined materials, such as colloidal nanocrystals that 

can form without long-range solid-solid diffusion, represent a fertile testbed for the exploration of 

compositionally complex, multinary compounds possessing metastable structures trapped in states 

away from equilibrium. These metastable phases can exhibit value-added properties for energy-

relevant technologies as compared to their thermodynamically preferred phases. Unfortunately, 

the synthesis of nanocrystals in metastable phases has generally only occurred by serendipity. 

A virtually unexplored aspect of colloidal inorganic nanocrystal chemistry remains the 

possibility of rationally stabilizing compositions and structures on the nanoscale that do not exist 

at 298 K and 1 atm in the analogous bulk materials. This will lead to a paradigm shift whereby 

entirely new types of nanomaterials with novel properties can be synthesized, moving beyond the 

traditional model of simply shrinking the dimensions of known bulk phases. Using a materials 

chemistry approach, we are executing hypothesis-driven research to understand the mechanisms 

of phase determination in metastable chalcogenide nanocrystals. The results of this work will 

enable the predictive synthesis of energy-relevant nanocrystals in metastable phases. 

Recent Progress 

1. Rational preparation of new metastable polymorphs. Our key hypothesis is that the phase 

determination of multinary chalcogenide nanocrystals, such as CuInSe2 and AgInSe2, is directed 

by the anion sub-lattice symmetry of binary chalcogenide intermediates formed in situ. For 

example, we showed that the kinetics of diselenide precursor conversion are dependent upon C-Se 

bond dissociation energies (BDEs).1 When employing diselenide precursors with relatively weak 

C–Se bonds (<60 kcal/mol), the resulting CuInSe2 nanocrystals form in the thermodynamically 

stable chalcopyrite phase. However, precursors that possess stronger C-Se bonds (65 kcal/mol) 

alter the reaction kinetics so as to steer the reaction towards formation of a metastable wurtzite-

like phase of CuInSe2. This represented the first example of being able to predictably control the 

resulting metastable or thermodynamically preferred polymorph of a multinary chalcogenide 

nanocrystal using a precursor-enabled molecular programming approach. 

These two polymorphs of CuInSe2 form via distinct binary copper selenide intermediates. 

By comparing the Se2– sub-lattices of these binary intermediates to those of the final CuInSe2 

phases, we developed a structural rationalization for phase determination in this system. The near 

exact match of the Se2– sub-lattices between Cu2-xSe (a = 5.787 Å at 433 K) and CuInSe2 (a = 

5.792 Å at 433 K) facilitate the topotactic transformation of Cu2–xSe to chalcopyrite CuInSe2. On 

the other hand, the conversion of Cu3Se2 to wurtzite-like CuInSe2 nanocrystals can be understood 

by considering the similarity between the nearly hexagonal Se2– sub-lattice of Cu3Se2 and wurtzite-

like CuInSe2. This knowledge allows us to prepare new polymorphs of multinary chalcogenides 

not found on bulk phase diagrams. 

Quaternary I2-II-IV-VI4 (A2
+B2+C4+E4

2–) semiconductors crystallize with face-centered 

cubic anion sub-lattices that possess specific orderings of cations throughout tetrahedral holes in 

the structure. Two common I2-II-IV-VI4 structure types, kesterite (e.g., Cu2ZnSnSe4) and stannite 
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(e.g., Cu2FeSnSe4) differ only by the ordering of the A+, B2+, and C4+ cations throughout the 

structure. Stannite Cu2FeSnSe4 has received comparatively less attention than its kesterite 

Cu2ZnSnSe4 congener, despite also holding promise as an efficient solar absorber due to its 

favorable direct band gap, the Earth abundance of Fe (whereas Zn is a more critical element), and 

high absorption coefficient through the visible region. A hexagonal wurtzite-like polymorph of 

Cu2FeSnSe4 has not been reported nor predicted. 

In designing a 

synthetic route to a new 

wurtzite-like Cu2FeSnSe4 

polymorph, we chose 

Ph2Se2 as a selenium 

source as it preferentially 

nucleates the requisite 

nearly hexagonal Cu3Se2 

intermediate in oleylamine 

that can give rise to 

wurtzite-like products. We 

combined Cu(oleate)2, 

Ph2Se2 and 

Sn(ethylhexanoate)2 in 

oleylamine, and then hot-

injected Fe(acac)3 to yield 

the nanocrystal product. X-ray diffraction (XRD) of the reaction aliquots reveal that the Cu3Se2 

intermediate is indeed present prior to injection of Fe(acac)3; notably, reflections uniquely 

assignable to Cu3Se2 quickly disappear prior to Fe(acac)3 injection, indicating that Sn diffuses 

quickly into the scaffold provided by Cu3Se2 to create a distinct hexagonal, ternary intermediate 

(corroborated by elemental analysis). Hot-injection of Fe(acac)3 leads to Fe incorporation into this 

ternary intermediate that crystallizes into a phase-pure wurtzite-like Cu2FeSnSe4 product (Fig. 1a). 

The wurtzite-like Cu2FeSnSe4 nanocrystals are stable in air at room temperature and do not to 

relax to the thermodynamic stannite phase after 7 months. 

Many multinary wurtzite-like phases possess ordered cation sub-lattices; indeed, 

quaternary compounds such as Cu2FeSiS4 and Cu2FePbSe4 are known to crystallize in wurtzite-

like structures with the orthorhombic space group Pmn21.
2 We fit the XRD data to a theoretical 

cation-ordered structure derived from an analogous Pmn21 wurtzite-like structure of Cu2FeSiS4.
3 

This refinement yielded an excellent fit, suggesting that ordering manifests in the cation sub-lattice 

of this polymorph (Fig. 1b). Symmetry considerations also support the assignment of the Pmn21 

space group to this polymorph. The binary Cu3Se2 intermediate crystallizes with the 𝑃4̅21𝑚 space 

group. Upon incorporation of Sn and Fe, the space group symmetry is reduced, but not lost; Pmn21 

is a non-isomorphic sub-group of 𝑃4̅21𝑚  of index 8, which confirms that there is a 

crystallographic symmetry relationship between the binary intermediate and the quaternary 

wurtzite-like product. 

DFT calculations indicate that the Pmn21 polymorph of Cu2FeSnSe4 is dynamically stable 

and is slightly metastable at 9.4 meV/atom above the energy of the stannite structure of 

Cu2FeSnSe4. To compare the optoelectronic properties of the stannite 𝐼4̅2𝑚  polymorph of 

Cu2FeSnSe4 to the wurtzite-like Pmn21 polymorph, we calculated the spin-density of states (Fig. 

 
Fig. 1 (a) Powder XRD patterns of reaction aliquots taken during the synthesis of 

wurtzite-like Cu2FeSnSe4 nanocrystals, showing the progression from a binary 

Cu3Se2 intermediate (aliquot 1) to the final quaternary material (aliquot 5). 

(b) Rietveld refinement of the XRD data of aliquot 5 confirms that a cation-

ordered Pmn21 unit cell is an appropriate structural model for this wurtzite-like 

polymorph (χ2 = 3.458, wR = 5.75%). 

114



2). The largest contributions to 

the conduction band edges 

originate from Se-p and Sn-s 

orbitals for the 𝐼4̅2𝑚 polymorph, 

while the wurtzite-like Pmn21 

polymorph has a strong 

hybridization from Se-s, Se-p, 

and Sn-s states. Interestingly, 

while both polymorphs have low 

density of states (DOS) near the 

conduction band minimum 

(CBM), it is significantly lower 

for the wurtzite-like Pmn21 

polymorph (Fig. 2a). 

The Pmn21 polymorph 

features a sharp dispersion of the 

CBM around the Γ point, which 

rationalizes the lower DOS near 

the CBM (Fig. 2c). The Pmn21 polymorph may be preferable over the 𝐼4̅2𝑚 polymorph in solar 

cell applications, since the sparse manifolds of states near the CBM in the former can increase the 

lifetime of hot electrons. The sharper dispersion of the CBM along the Z-Γ direction indicates the 

Pmn21 polymorph of Cu2FeSnSe4 has a smaller electron mass and higher electron mobility in the 

z-direction. The gap between the valence band maximum and CBM+1 for the Pmn21 polymorph 

is 1.15 eV, showing excellent agreement with the experiment. 

2. Clarifying the crystal structure of metastable Ag2Se nanocrystals. Ag2Se semiconductor 

nanocrystals are a well-studied sub-field of colloidal quantum dots, due in large part to their highly 

tunable optical band gaps (from 0.2–1.5 eV).4 As examples of Ag2Se nanocrystals began to emerge 

20 years ago, a distinct polymorph was consistently observed that did not correspond to the 

expected P212121 orthorhombic (low temperature) or 𝐼𝑚3̅𝑚 cubic (high temperature) structures of 

bulk Ag2Se. This metastable polymorph was assigned to a tetragonal crystal system based on an 

electron diffraction study on Ag2Se thin films by Günter and Keusch.5 This erroneous structural 

assignment stuck and has been used to rationalize ensuing Ag2Se nanocrystal properties, such as 

splitting of the intraband excitonic transition.6 The metastable “tetragonal” polymorph has also 

been observed as a transient binary intermediate in the synthesis of metastable wurtzite-like 

AgInSe2 nanocrystals.7 In order to fully understand the fundamental structure-property 

relationships of these materials, it is crucial to precisely know their crystal structure. In the case of 

the metastable “tetragonal” Ag2Se nanocrystals, however, there are no prior refinements of XRD 

data of these materials to the unit cell described by Günter and Keusch. Rather, the diffraction data 

has only been qualitatively compared to the d-spacings and lattice parameters reported by them. 

We assessed the structure of metastable Ag2Se nanocrystals prepared by several different 

synthetic methods. XRD data collected on the Ag2Se nanocrystals are provided in Fig. 3 and are 

in qualitative agreement with prior reports of this metastable phase.4,8 A simulated XRD pattern 

of the theoretical “tetragonal” structure reported by Günter and Keusch is shown in red. While 

there are a few peaks in the XRD pattern that correspond to reflections in the simulated 

“tetragonal” pattern, it is clear that the “tetragonal” pattern does not account for most of the 

 
Fig. 2 Spin-density of states (DOS) calculated with the HSE06 functional 

for (a) the wurtzite-like Pmn21 polymorph of Cu2FeSnSe4 and (b) the 

stannite 𝐼4̅2𝑚 polymorph of Cu2FeSnSe4. (c) Band structure around the Γ 

point calculated with the HSE06 functional for spin-up channel. 
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experimentally observed reflections. 

Alternatively, a Rietveld refinement with a good 

quality-of-fit was obtained starting with the 

structure type of a closely related material; 

namely, anti-PbCl2-like Ag2S,9 which is shown in 

blue. Thus, it appears that the average structure of 

the metastable Ag2Se nanocrystals can be 

adequately described as anti-PbCl2-like. PDF 

analysis of X-ray total scattering data confirms 

this structural assignment on the local scale. 

The anti-PbCl2-like structure is 

monoclinic with space group P21/n. Whereas the 

“tetragonal” structure of Ag2Se is a slightly 

distorted face-centered cubic-lattice of Se2– 

anions containing interstitial Ag+ cations 

(Fig. 3b), the anti-PbCl2-like structure features 

distorted edge-sharing AgSe4 tetrahedra (Fig. 3c). 

The observation of the anti-PbCl2-like structure of 

Ag2S in Ag2Se nanocrystals is consistent with 

reports of metal selenide nanocrystals that adopt 

metastable crystal structures not found in the bulk 

but are isostructural with known polymorphs that 

form in the bulk for analogous metal sulfides.10 

With the structure of this metastable polymorph 

now resolved, we performed the first-ever 

electronic structure calculations for this Ag2Se 

polymorph. DFT calculations indicate that the anti-PbCl2-like Ag2Se polymorph is a dynamically 

stable, narrow-band gap semiconductor. The anti-PbCl2-like structure of Ag2Se is a low-lying 

metastable polymorph at 5-25 meV/atom above ground state. The P2 unit cell reported by Günter 

and Keusch appears far from a local minimum on the potential energy surface; significant 

structural rearrangements occur during geometry relaxation calculations and the relaxed structure 

is ~20 meV/atom higher in energy than the anti-PbCl2-like phase. 

Future Plans 

 The operative experimental variables that direct the symmetry of the key binary copper or 

silver chalcogenide intermediates are not fully known. Elucidation of the mechanism of phase 

determination for intermediates will be carried out in a three-part effort using a data-driven design 

of experiments (DoE) approach: (1) Define suspected experimental variables and their levels, 

(2) use a full factorial design to determine which variables are significant (or not) in phase 

determination, and (3) develop insight into the mechanism of phase determination by measuring 

the degree to which the variables interact with each other. 
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Fig. 3 (a) Rietveld refinement of the proposed anti-

PbCl2-like structure to the experimental powder XRD 

pattern of metastable Ag2Se nanocrystals. The 

experimental diffraction pattern is shown with black 

data points, and the refined model is shown as the 

blue trace, with the difference pattern shown below in 

turquoise. The calculated powder diffraction pattern 

of Günter and Keusch’s “tetragonal” phase is shown 

in red. (b) Unit cell of Günter and Keusch’s 

“tetragonal” phase. (c) Unit cell of the proposed anti-

PbCl2-like polymorph of Ag2Se. 
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Elucidating the Link Between Alkali Metal Ions and Reaction-Transport Mechanisms in 

Cathode Electrodes for Alkali-ion Batteries 

Assistant Prof. Ö. Özgür Çapraz, 

The School of Chemical Engineering, Oklahoma State University, Stillwater, Oklahoma 

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 instability of 

electrode materials in different alkali metal-ion environments by employing in situ mechanical 

measurements coupled with electrochemical and chemical analysis.  

Recent Progress  

Crystalline to Amorphous Phase Transformation in Iron Phosphate upon K intercalation: We 

interrogated how larger K ions deform the crystalline structure of the iron phosphate cathodes. 

Intercalation of large ions could cause irreversible structural deformations and amorphization in 

the crystalline electrodes. Design of new amorphous electrodes is another route to develop 

electrodes to reversibly store these ions.  Lack of understanding in dynamic changes in the 

amorphous nanostructures during 

battery operation is the bottleneck for 

further developments.  Here, we utilize 

in situ digital image correlation and 

XRD techniques to probe dynamic 

changes in the amorphous phase of iron 

phosphate during potassium 

intercalation (Figure 1 and 2). 

Interestingly, the distinct differences 

between the first cycle and the 

subsequent cycles during K ion 

intercalation into FePO4 is observed in 

both strain measurements and XRD 

analysis. In-operando XRD analysis 

demonstrated the changes in the 

electrode structure during the first 

Figure 1: Discharge and Charge of Iron Phosphate  Composite 

electrode with Potassium ions: A) Voltage and B) strain 

evolution in the composite electrode during potassium 

intercalation at C/25 rate. C) Corresponding XRD patterns at the 

beginning and end of each charge and discharge cycles.   
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cycle and in-situ strain analysis 

showed irreversible strain and 

capacity derivatives only 

observed during the first cycle. 

Beyond the first cycle, the 

electrode no longer undergoes 

any detectable changes in its 

crystallinity in the XRD 

analysis. Both evolution profile 

of the strain and capacity 

derivatives become highly 

reversible beyond the first cycle.  

Surprisingly, although in-

operando XRD analysis were 

not able to capture any changes 

in the crystalline structure of the 

electrode during the subsequent cycles, strain derivatives analysis indicates a reversible physical 

change in the electrode upon K ion intercalation.  The reversible strain and capacity derivatives 

suggest the phase transformations in the electrode structure at redox potentials of 1.9V during 

discharge and 2.8 V during charge cycles, respectively. Identifying the redox reactions in the 

amorphous phase and its associated volumetric changes upon K intercalation into amorphous 

phase is an important step to understand 

the dynamic and kinetic changes in the 

amorphous electrodes. We foresee that a 

similar approach can be utilized to study 

chemo-mechanics of amorphous 

electrodes for many different battery 

chemistries including Na-ion, K-ion and 

Zn-ion batteries. In situ probing dynamic 

changes in the amorphous materials 

during battery cycling can provide 

fundamental knowledge to establish a 

structure – mechanics- performance 

relationship for amorphous materials.  

This work is submitted for publication and 

the pre-print version was posted on 

ChemArXiv1.  

Impact of Alkali-ion Intercalation into 

Iron Phosphate: In this work, we 

compared the electrochemical and 

Figure 2:  Structural, physical, and electrochemical response of the iron 

phosphate during first three discharge cycles A) capacity and B) strain 

derivatives with respect to voltage. C-E) Corresponding XRD patterns 

at selected potentials colored as shown in the figure.   

Figure 3:  Potential evolution, strain generation and strain rates 

with respect to state of discharge  (A,B, C)  and charge (C, D, 

E) of Li (green), Na (blue) and K (purple) ions into FePO4 

electrode during the fourth cycle. The square and spherical 

symbols show when electrode is cycled either in EC:DMC or 

EC:PC solvents, respectively.   
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mechanical response of the iron phosphate cathodes upon Li, Na and K ion intercalation by using 

electrochemical techniques and in situ digital image correlation. Iron phosphate model electrodes 

were prepared by electrochemical displacement technique in order to ensure identical  

morphology, structure, and chemistry in the pristine iron phosphate electrodes.  Strain evolution 

during Li and Na intercalation result in more linear dependence on the state of charge / discharge 

(Figure 3). However, strain generation show nonlinear behavior  during insertion / extraction of K 

ions.  Interestingly, when same amount of K and Na ions are intercalated,  the electrode results in 

almost similar expansions.  However, strain rate calculations showed that K ion intercalation 

results in a progressive increase in the strain rate, whereas Li and Na intercalation induce nearly 

constant strain rates.  Potential-dependent behaviors also demonstrate more sluggish redox 

reactions during K intercalation, compared to the Li and Na ones. This provides fundamental 

insights regarding to the impact of alkali ions on the redox chemistry and associated mechanical 

deformations.  Our study quantitively analyzed the limitations of the larger alkali-ion intercalation 

into crystalline iron phosphate structures. The outcomes here can be transformed into other olivine-

type electrode structures and similar methodology can be used to survey suitable olivine structures 

for reversible intercalation of larger alkali-metal ions.   

The Impact of Na vs Li intercalation on Rate-Dependent Electrochemical Deformations: We also 

investigated how Li and Na intercalation 

impacts irreversible mechanical 

deformations in the electrode. To do that, 

we measured irreversible strains in the 

iron phosphate electrode cycled at various 

rates during Li or Na intercalation in 

electrolytes containing LiClO4 or NaClO4 

salts, respectively. Figure 4 shows the 

cumulative irreversible strain generation 

in LiFePO4 and NaFePO4 electrodes.  In 

both cases, the irreversible deformation 

increases dramatically in the electrodes as 

the scan rates increased.  When both 

electrodes were cycled at the same rate, 

the deformations were greater during the 

Na intercalation in comparison to Li ones. 

For example, at the slower rate (C/25), the 

slope of the irreversible deformation vs 

time was almost 0.134 for Na whereas the 

slope is only about 0.039 for Li 

intercalation.   

 

Figure 4: Cumulative irreversible strains in the composite 

LiFePO4 and NaFePO4 electrodes cycled at 2.5C (yellow), 1C 

(blue), C/4 (grey), C/10 (red), and C/25 (green) rates. The 

cumulative irreversible strains are plotted with respect to square 

root of cycling time. Dash lines represent the fitted data with the 

fitted equation.   
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Future Plans 

Fe K-edge X-ray absorption near edge structure (XANES) will be performed at PNNL on the 

FePO4 cathodes to determine changes in the local electronic and geometric structure during the 

intercalation of alkali metal ions. X-ray absorption spectroscopy provides information about the 

oxidation state variations of specific elements and their site symmetries. K-edge XANES spectra 

of cathodes will be recorded at the potentials where either distinct change in electrochemical 

response or strain derivatives are observed on Figure 3. Tracking the oxidation state of Fe transition 

metals will provide necessary information to correlate mechanical response of the cathodes with 

the structural changes in the material. Extended X-ray absorption fine structure (EXAFS) will be 

performed to investigate the variations in the local environment around the Fe in the layered oxide 

and the polyanionic cathodes, respectively.  EXAFS will provide changes in transition metal – 

transition metal (e.g. Fe-Fe) and transition metal – oxygen (e.g. Mn-O) distances in the cathode 

structure at different state of charge / discharge.  In the second year of the project, we will also 

perform in situ strain and stress measurements on NaFePO4 cathode using NaPF6, NaClO4 and 

NaTFSI. Based on our preliminary results in the first year, we expect that NaPF6 containing salt 

may decompose on the electrode surface. We will also perform in situ XPS study on MPF6, MClO4 

and MTFSI (where M= Li or Na) on MFePO4 cathode to elucidate the reactivity of electrolytes in 

two different alkali-ion metal compositions.  
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Looking for superconductors among tungsten-bronze-related oxides 

R. J. Cava 

Department of Chemistry, Princeton University 

In the past, the usual way to synthesize bronzes with unusual ions in the tunnels has been to employ high 

pressure synthesis. This is possible to do in my lab, in an instrument that currently works to up 9 GPa and 

1200 C.  More straightforward, however, is an alternative synthesis method that has the chance of 

resulting in the fabrication of a surprisingly large range of ion-intercalated hexagonal tungsten bronzes. 

This would be the reaction between WO3, WO2 and the chlorides of the potentially tunnel-residing-metal 

in a temperature gradient, to create the bronzes plus a volatile oxychloride that physically leaves the 

bronze compound behind in the hot zone of the furnace after it transports to the cold zone. I will describe 

our progress in 2020 in this synthetic area. Further, a handful of ternary and quaternary niobates have 

been known for some time to display tetragonal tungsten bronze type structures with high dielectric 

constants or ferroelectric behavior (i.e. Ba2NaNb10O30). I have been curious about whether metallic 

conductivity and even superconductivity can be induced through electron doping of these normally highly 

insulating phases for some time. I will describe our progress in 2020 in synthesizing and characterizing 

those materials as well. 
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Project Title: Polyelectrolyte-grafted Nanochannels for Enhanced Electrochemomechanical 

Energy Conversion  

Siddhartha Das (PI) (Department of Mechanical Engineering, University of Maryland; 

Email: sidd@umd.edu) 

Peter W. Chung (co-PI) (Department of Mechanical Engineering, University of Maryland; 

Email: pchung15@umd.edu)  

(i) Program Scope 

 The overall scope of this program has been to develop a continuum as well as a 

Molecular Dynamics (MD) simulation framework to study the behavior of polyelectrolyte (PE) 

brushes grafted at a single solid surface and the walls of a nanochannel and use that 

understanding to probe the electrohydrodynamic transport and the resulting electrokinetic energy 

conversion in nanochannels grafted with such PE brushes.  

(ii) Recent Progress  

 We developed, for quantifying the thermodynamics, electrostatics, and configurations of 

pH-responsive PE brushes, (1) a continuum augmented Strong Stretching Theory (SST) model 

that accounts for the 

excluded volume (EV) 

interactions and a more 

expanded form of the mass 

action law [see Fig. 1(a)] 

[1,2] and (2) a continuum 

augmented SST model that 

additionally accounts for the 

presence of salt of large 

concentrations [3]. Figs. 

1(b,c) have summarized 

some of the key findings of 

these studies [1,3]. We 

further developed continuum models for describing the electroosmotic (EOS) [4] and the induced 

electrokinetic [5-7] transport in nanochannels grafted with pH-responsive PE brushes modeled 

using the augmented SST model [1,2]. Prior to our research, the general understanding was that 

the liquid transport in polymer and PE brush grafted nanochannels was invariably retarded [8,9] 

arising from the brushes imparting an additional drag on the fluid flow. Our results led to a 

paradigm shift in this understanding. We established that there is a brush-induced localization of 

the electric double layer (EDL) away from the nanochannel walls: this enhances the effect of the 

EDL-induced body force that competes with the brush-induced additional drag. For certain 

parameter choices, the influence of this body force became more dominant ensuring a more 

Figure 1: (a) Schematic (see Ref. 1) used to study the augmented SST 

model [1,2]. (b) Plot (see Ref. 1) showing the effect of excluded volume 

interaction parameter ( 𝜈 ) on the brush height (H0) for different salt 

concentration and pH. The result is obtained using the model of Ref. 1. (c) 

Plot (see Ref. 3) quantifying the effect of the ion-ion correlation (IC) on the 

brush height for different pH values. The result is obtained using the model 

of Ref. 3. 
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augmented electroosmotic [4] or induced electroosmotic transport [6,7] or 

electrochemomechanical (electrokinetic) energy generation [5] in nanochannels grafted with PE 

brushes in comparison to brush-free nanochannels having the same charge as the brushes (in 

brush-grafted nanochannels).  

In addition to the continuum models, we have also developed one of the first ever known all-

atom MD simulation models for probing the behavior of PE brushes and the microstructure of 

the PE brushes (i.e., the behavior 

and the properties of the brush-

supported counterions and water 

molecules) [see Fig. 2(a)] [10]. We 

studied the poly-acrylic acid (PAA) 

PE brushes screened by Na+ 

counterions and water was modeled 

explicitly. The PE brush height 

obtained from the simulations was 

found to obey the scaling prediction 

for the brush height for the non-

linear osmotic brush regime [see 

Fig. 2(b)]. More importantly, we 

discovered a WISE (Water-in-Salt-

Electrolyte)-like behavior [11] of 

the counterions condensed on the 

PE brushes. We found that the water 

in the solvation shell of the brush-

supported counterions (Na+) got 

replaced by the functional groups 

(COO-) of the PE brushes [see Figs. 

2(c,d)]. The resulting weight and volume of this Na+-COO- “salt” could outweigh the weight and 

volume of water [see Fig. 2(e)], triggering a WISE-like behavior. Also, the large confinement 

effect and the electrostatic and dipole interactions ensured a significant reduction in the mobility 

(quantified by very small MSD or mean square displacement values) of the brush-supported Na+ 

ions and water molecules inside the brush layer [see Figs. 2(f) and 2(g)].  In another all-atom 

MD simulation study [12], we explored the effect of charge fraction or finite degree of ionization 

(f) of the PAA PE brushes (f=0 and f=1 represented the cases of uncharged and fully ionized or 

fully charged PAA brushes) in determining the brush height, WISE-like behavior of the brush-

supported Na+ ions, and the mobility of the brush-supported Na+ ions and water molecules. In the 

third all-atom MD simulation study [13], we explored the role of the large confinement triggered 

by the densely grafted PE brush layer in altering the water-water and water-PE hydrogen bond 

(HB) strength. The results confirmed a significant reduction in the strength of the water-water 

and water-PE HB strength with an increase in PE brush grafting density. Physically, this is 

Figure 2: (a) MD simulation snapshot showing the set up for the all-

atom MD simulation of the PE brushes. (b) Simulation results for PE 

brush height as functions of the grafting density (𝜎𝑔) and polymer 

size (N). The dotted line gives the scaling prediction for the brush 

height in the non-linear osmotic brush regime. (c) Schematic 

showing the onset of the WISE-like behavior, where the water 

(Owater) of the solvation shell of the PE-bound counterions are 

replaced by the PE functional groups (Ocarboxylate) to form the Na+-

RCOO- “salt”. (d) Result confirming this replacement. (e) 

Confirmation of the onset of “WISE”-state as the Na+-RCOO- “salt” 

outweighs water by weight and volume. MSD plots confirming the 

reduced mobility of (f) brush-trapped counterions and (g) brush-

trapped water molecules. All figures taken from Ref. 10. 
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explained by a breakdown of the water ring structure, confirmed by the presence of a larger 

number of smaller rings (or rings with lesser number of water molecules) within the brush layer. 

Finally, we also used all-atom MD simulations to probe the behavior of PAA brushes in the 

presence of multivalent screening counterions [14]. We identified that unlike the current notion 

[15], bridging interactions triggered by the counterions are not the sole function of the counterion 

valence. Rather the bridging interactions depended on the fraction of counterions (of a given 

type) that get physically condensed on the PE backbone as well as the size of the counterion 

solvation shell. As a consequence, there is not only a significant reduction of the PE brush height 

in presence of certain multivalent screening counterions, but might also have ushered in 

scenarios where the brush height reduction for certain monovalent counterions was larger than 

certain divalent and trivalent counterions.  

We also explored the atomistic behavior of the nanoconfined Na+-ion-screened PAA PE brush 

layers in presence of added NaCl salt [16]. We further studied the atomistic EOS transport in 

such PE-brush-grafted nanochannels in presence of an applied axial electric field [16] [see Fig. 

3(a)]. It was found that for zero and low electric field strengths, there is a most remarkable 

overscreening (OS) effect, where there are a greater number of Na+ counterions within the 

negatively charged PAA PE brush layer than needed to screen the brush layer charge. This 

ensured a net positive charge of the brush layer and excess Cl- coions (in presence of the added 

NaCl salt) in the brush-free bulk [Figs. 3(b,c)]. However, an increase in the electric field strength 

lowers the brush height, ensuring that the OS-causing excess counterions are driven out of the PE 

brush layer and hence the 

OS effect ceases to exist 

and the number of Na+ and 

Cl- ions became similar in 

the bulk [see Fig. 3(d)]. 

Under such circumstances, 

in presence of electric 

field of low to 

intermediate strengths 

(E=0.1, 0.5 V/nm) (i.e., 

the conditions for which 

the OS effect ensures an 

excess of coions in the 

brush-free bulk), we 

observe a coion-

dominated EOS transport, 

i.e., the EOS flow occurs 

in the direction of the 

motion of coions (from right to left) [Fig. 3(e)]. This is aided by the fact that at such electric field 

strengths the mobility of Cl- ion is more than that of the Na+ ion [Fig. 3(f)]. However, for larger 

Figure 3: (a) MD simulation snapshot showing the nanoconfined PE brushes. 

(b-d) Results confirming the onset of OS effect at smaller electric field: hence 

there is a net positive charge inside the brush layer and negative charge outside 

the brush layer [see (b)] for smaller electric fields. This is also confirmed by a 

larger coion (Cl- ion) concentration in the bulk for smaller electric fields 

[compare (c and d)]. (e) EOS flow profile for different E. Ion velocities for (f) 

small (E=0.1 V/nm) and (g) large (E=1 V/nm) electric fields. Water residence 

time correlation function for different ions for (h) small (E=0.1 V/nm) and (i) 

large (E=1 V/nm) electric fields. All results are taken from Ref. 16. 
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electric field strengths, both coion and counterion numbers in the brush-free bulk are similar [see 

Fig. 3(d)], as are their mobilities [Fig. 3(g)]. However, water residence time correlation function 

is always larger for the Na+ ions than Cl- ions [Figs. 3(h,i)]: this effect, which ensures that water 

stays longer within the solvation shell of the Na+ ion than Cl- ion becomes the key driver at 

larger electric field strengths (E=1.0 V/nm) ensuring a counterion-motion-driven EOS transport 

(i.e., an EOS transport occurring in the direction of motion of Na+ ions, i.e., from left to right) 

[Fig. 3(f)]. This result also confirms an electric field strength driven reversal in the direction of 

the EOS flow field. 

(iii) Future Plans 

 This proposal will end on November 30, 2021. Until that time, we shall explore the 

following issues: (1) the effect of transverse electric field on the properties of brushes and the 

brush-supported counterions and water molecules, and (2) the pressure-driven transport and 

electrokinetic energy generation in PE-brush-grafted nanochannels (significant progress has 

already been made on this problem). 
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Project Scope: Almost 2/3rd of the energy produced annually around the globe is wasted, primarily in 

the form of heat loss. Thermoelectricity provides an opportunity to recapture at least a portion of this wasted 

energy by reversibly converting temperature gradients into electricity through the Seebeck effect1, 2. 

Advancing thermoelectric materials and their performance require unveiling the fundamental science 

governing the unique and complex interplay between lattice vibrations (phonons) and charge carriers; all 

mediated by the complex mosaic of the materials microstructure. 

The thermoelectric figure-of-merit, ZT, is commonly referred parameter for evaluating the 

effectiveness of thermoelectrics. This dimensionless figure of merit ZT is defined by (σ·S2/κ)T, where σ is 

the electrical conductivity, S is the Seebeck coefficient, κ the thermal conductivity, and T the absolute 

temperature. This value is directly related to the efficiency of thermoelectric devices, and therefore 

thermoelectric devices are optimized through increasing the power factor (σ·S2) or decreasing the total 

thermal conductivity (κ) or both. Yet, the contraindicating behavior of thermoelectric properties has until 

recently stagnated the growth of the overall efficiency2, 3. This BES project has, therefore, focused on 

methodologies for decoupling these material properties through a variety of innovative approaches, 

invoking multipronged approach to study the origin of the complex thermoelectric material parameters.  

In the past, our collaborative efforts have resulted in unprecedented reduction in lattice thermal 

conductivity through all-scale architecturing4, 5. In recent period, we have focused on investigating the role 

of point defects on the reduction of lattice thermal conductivity, such as discordant alloying. However as 

thermal conductivity approaches its lower (amorphous) limit, the importance of dopants and defects in the 

alteration of electronic properties has proven to be of growing interest. We argue that to continue to push 

the limits of thermoelectric performance, development of innovative strategies to enhance the power factor 

are needed. Subsequently our group has been at the vanguard of understanding the fundamental factors 

governing the power factor. 

We leverage a synergistic combination of targeted experimental undertaking and data driven strategies 

to discover new ideal thermoelectric materials candidates as well as optimize power factor and reduce 

thermal conductivity in well-known thermoelectric systems. Several key scientific challenges governing 

this synergistic and collaborative approach include; a) insights into the collective mechanisms of charge 

and phonon transport across the atomic, nano- and mesoscale levels, b) understanding microstructural 

evolution of thermoelectric material systems, and c) potential integration of all the ZT-enhancing 

mechanisms simultaneously and synergistically into a single material system.  

We have also been investigating power factor parameters and strategies such as: valence band 

convergence, minimizing band offset between multiple phases, and increasing the number of bands 

contributing to the transport. In addition, we search for new candidate materials with intrinsically favorable 

properties by leveraging data-driven approaches to design and discover new thermoelectric chemistries, 

explore new chalcogenide and oxide single-phase systems with potential for high-performance 

thermoelectrics with chemical and thermal stability at high temperature. 

The past year progress included tangible advances along all fronts; with peer reviewed publications 

comprising multiple members of the project team in high-impact journals and other relevant metrics for 

evaluation of progress. Some examples of these advances are outlined below. 

Recent Progress: The full account of our accomplishments during the project period are listed as 

archival publications. Some of the representative examples of our combined experiment-theory approach 

to probe the intricate interplay between thermal conductivity and charge transport are outlined below. 
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One part of our work has primarily focused exploring discordant alloying atoms in lead chalcogenides.  

To start we chose the PbSe-x%HgSe system because the lattice of PbSe is cubic rocksalt-type with Pb2+ in 

the octahedral coordination. In contrast, HgSe adopts the zincblende-type structure (cubic, tetrahedral 

coordination).6  In the literature the Hg2+ ion is found overwhelmingly in tetrahedral coordination and in 

some cases in trigonal planar and even linear coordination but almost never in octahedral coordination. 

Therefore, the Pb2+ sites are strongly unfavorable for Hg2+ and would cause it to locally distort.  

We describe the off-centered Hg atoms as ‘discordant’, since their intrinsic chemical character is out 

of harmony with the coordination requirements of the surrounding crystal host matrix. Using 199Hg and 77Se 

NMR, we found evidence for an asymmetric coordination environment of Hg2+ in the PbSe-HgSe alloy (in 

collaboration, at the National High Magnetic Field Laboratory), which is also supported by DFT 

calculations. The discordant Hg atoms not only play a role in suppressing thermal conductivity, but  causes 

the energy offset between the L-band and lower lying Σ-band (EL-Σ) to decrease significantly from 0.28 

eV (in pure PbSe) to 0.16 eV in PbSe-x%HgSe, which consequently delivers a large boost to the 

thermopower,2,7,8,9 which then provides a boost to the power factor ~20 µW⋅cm-1⋅K-2 which was a new 

record. The Pb0.98-xNa0.02-x%HgSe system thus outperforms any other p-type PbSe system and delivers a 

record high ZT of 1.7.  We then investigated a smaller discordant atom with entirely different chemistry, 

specifically Ge2+, which presents a stereochemically active lone pair of valence electrons. It presents off-

centering in a growing number of materials, including PbSe-12%GeSe.10 The Ge2+ is exemplary in being 

discordant because of a strong tendency to stereochemically express its 4s2 lone pair of electrons and distort 

local coordination. The role of Ge2+ in the rock-salt structures of PbQ is not fully understood, but it seems 

to be extraordinary given the very large effects on thermal transport as we found in the PbSe-GeSe system. 

We have also investigated high performing SnTe–NaSbTe2 and SnTe–NaBiTe2 systems facilitated by 

cation vacancies and lattice softening. We found that unlike in most SnTe–based materials where high 

vacancy concentrations degrade the performance, the enhanced number of vacancies in NaSnmSbTem+2 is 

critical to obtaining high ZT.  The rationale for this unusual finding is twofold.  First, both NaSbTe2 and 

NaBiTe2 decrease the band gap of SnTe, making the compounds more prone to detrimental bipolar diffusion 

than pure SnTe. In NaSnmSbTem+2, however, the elevated hole concentration acts against this and suppresses 

bipolar diffusion.11, 12 On the other hand, NaBiTe2 does not substantially alter the carrier concentration, 

leaving NaSnmBiTem+2 vulnerable to bipolar diffusion at high NaBiTe2 fraction (m>4). Second, the 

vacancies facilitate low lattice thermal conductivity and are a particularly strong form of point defect 

scattering13-15 predicting that NaSnmSbTem+2 also have stronger phonon scattering.   

The speed of sound is approximately equal to the acoustic phonon group velocity vg at low wavevector, 

and because κlat scales as vg
16 at relevant temperatures,17 suppressing vs can dramatically lower the lattice 

thermal conductivity.18, 19  Our investigation reveals a linear reduction of vs with increasing fraction of 

NaSbTe2, falling ~6% from ~2150 to 2030 m∙s-1.  the trends in nH and vs indicate that the reduction in sound 

velocity/Debye temperature is correlated to the enhanced number of Sn vacancies in this system. In 

principle, the softening may come from the vacancies themselves or from impact of the higher carrier 

density on the interatomic force constants. The joint effects of decreased sound velocity and enhanced 

phonon-vacancy scattering reduce the lattice thermal conductivities of NaSnmSbTem+2 beyond what would 

be anticipated by only alloy scattering. Considering the chemical similarity of NaSnmSbTem+2 and 

NaSnmBiTem+2, this work highlighted the importance of intrinsic defects, such as atomic vacancies, in 

determining a material’s thermoelectric performance. 

Another of our key contribution over the current funding period is the development of advanced lattice 

dynamics methods for simulating lattice thermal conductivity of crystalline compounds with strong 

anharmonicity using fully first-principles density functional theory calculations. Our theoretical framework 

involves state-of-the-art approaches to construct various levels of theories that explicitly account for 

anharmonicity up to quartic terms, with the capability of calculating anharmonic phonon renormalization 

from self-consistent phonon (SCPH) theory and both three- (3ph) and four-phonon (4ph) scattering, as well 

as thermal transport channels beyond the conventional phonon gas model. It is worth noting that our 

approach represents significant advancements over the currently widely used methods relying on the 

harmonic description of phonon dispersion and a three-phonon picture for phonon lifetimes. Using such an 
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improved approach, we have markedly extended the understanding of lattice thermal conductivity in 

thermoelectrics. 

Ongoing and Future Research: The ongoing and future plans will continue to pursue strategies for 

understanding the origins of Seebeck effect towards power factor enhancement, to further explore novel 

mechanisms for thermal conductivity reduction, and in search for new anisotropic materials with ultralow 

intrinsic lattice thermal conductivity. Embedded in all this is to understand the structural, chemical and 

electronic structural parameters that control doping behavior in these materials as well as phonon scattering.  

Our ongoing research has also raised key scientific questions that require deeper fundamental 

understanding of microstructure-transport relationship mediated by innovative materials design, novel 

characterization and computational insights. In this renewal, we focus on addressing the following three 

fundamental underpinnings, towards the design of next generation thermoelectrics: 

1) Understanding and Controlling the Effects of Discordant Atoms in Host Semiconductor lattices:  
We hypothesize that discordant off-centered atoms can lower phonon velocities and introduce 

additional phonon scattering modes as well as favorably alter the electronic properties of 

semiconductors. We plan to investigate discordant atoms doped in rock salt matrix, diamond-derived 

structures and determine their effects on thermal transport behaviors. We also propose to investigate 

discordant atoms beyond the solubility and study the coupling effects from both the off-centering atoms 

in the matrix and the incipient nanostructures that may allow us to control the phonon behaviors.     

2) Ultralow Thermal Conductivity in Diamondoid Lattices: We will probe prospects for ultralow 

thermal conductivity in diamondoid lattices in general. We hypothesize that a collection of suitably 

selected discordant atoms would lead to variety of nucleation/growth processes as well as generation of 

nanostructured microstructure. We further hypothesize that the isostructural phases will nucleate as 

endotaxial coherent nanostructures that may be beneficial to charge transport while inhibiting phonon 

propagation in the strained interfaces. Thus, we will seek deeper insights into nucleation and growth of 

second phase inside a tetrahedral, narrow bandgap, semiconducting matrix (e.g. CdTe analogs).  

3) Understanding High Configurational Entropy and Transport in Narrow-gap Semiconductors: We 

will investigate high entropy alloys of semiconductors which distinguish them from ordinary doping to 

allow us study the synergy of the band structure and microstructure engineering. Here, we propose a 

systematic synthesis, structural, theoretical, and thermoelectric study of multi-principal-element-alloyed 

chalcogenides. To understand the special phonon transport, electron transport and how it derives from 

the special high entropy compositions, we will focus on the effects of the entropy of mixing at the atomic 

level. We expect this approach will help us understand how to achieve ultralow lattice thermal 

conductivity reaching lower values than previously possible e.g. <0.2 W/mK near the amorphous limit. 

Collectively, the proposed research will help unravel important scientific concepts: i) chemical and 

structural effects controlling off-centering (i.e., discordant) in solute atoms, and their influence on phonon 

scattering and carrier mobility; ii) origin of intrinsically low thermal conductivity, and iii) role and origin 

of multiple electronic bands near the Fermi energy in semiconductors for high power factors.   
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Modulating Phase Separation and Constituent Density Profiles in Nanostructured Polymer 

Electrolytes – Joint Experiment and Theory Effort in Tunable Hierarchical Assembly  

Thomas H. Epps, III; University of Delaware 

Lisa M. Hall; The Ohio State University 

Program Scope 

 In this joint experimental and computational effort, we design, synthesize, and characterize 

new block polymer (BP)-based electrolyte systems. Generally, polymer electrolytes are sought for 

their improved mechanical and electrochemical stability versus liquid electrolytes, and BP 

materials are of special interest due to their ability to microphase separate and provide both ion-

conducting pathways and a mechanically robust behavior. However, improved conductivity and 

ability to control ion composition profiles and ion transport through these materials are needed to 

enhance overall performance. The overarching objective of this project is to enhance lithium-ion 

transport by leveraging an increased understanding of hierarchical assembly and ion segregation 

in these systems. Specifically, by systematically controlling chain composition profile and local 

chemical interactions within copolymer electrolytes, one can understand how to independently 

optimize phase separation and nanoscale structure, while also decoupling cation and anion motion.  

 Recent Progress  

 As background, earlier work by Epps and Hall groups has often focused on the effects of 

tapered chain composition profiles, ion content, and chain architecture on microphase structure of 

BP-based materials; for the tapered BPs (TBPs), a linear gradient midblock is present between 

pure blocks on either end of the polymer chain. In one joint effort, the interfacial profiles of non-

tapered, normal-tapered, and inverse-tapered poly(styrene-b-isoprene)-based BPs were compared, 

with quantitative agreement in segment density distributions obtained from X-ray reflectometry 

(XRR) and fluids density functional theory (fDFT).1 Additionally, we (Epps/Hall) probed the 

interfacial profiles in polystyrene-b-(oligo-oxyethylene methacrylate) (PS-POEM) BPs of linear 

and cyclic architectures with varying levels of salt doping. The domain spacing and interfacial 

widths were measured with XRR and compared to molecular dynamics (MD) results. We semi-

quantitatively captured the major trends and showed the interplay between chain architecture and 

effective segregation strength (𝜒effN, in which 𝜒eff is the effective Flory interaction parameter after 

salt addition, and N is the chain length) – especially critical for ion-doped polymer systems.2 

Recent Experimental Advances – We recently reported a quantitative analysis of the lithium salt 

and polymer distributions in lithium salt-doped PS-POEM thin films.3 Analysis of neutron 

reflectometry (NR) data indicated that all salt-doped BP specimens exhibited salt distributions that 

were directly proportional with the local POEM concentration, a conclusion supported by the lack 

of even-order Bragg peaks that would result from scattering from salt-rich (centrally-localized) 

layers.3 Then, we used strong-segregation theory to extract both 𝜒eff and the POEM statistical 

segment lengths as a function of salt concentration from XRR data. The segregation strength 
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increased at low salt concentrations before 

plateauing at higher concentrations, while the 

statistical segment length increased linearly.3  

The knowledge of ion and monomer 

segment distributions provides insight into how the 

local composition may relate to ion and polymer 

mobilities. In neat PS-POEM systems, glass 

transition temperatures (Tgs) were estimated as a 

function of position in the domain on the basis of 

local S/OEM composition data from XRR. This 

analysis enabled the prediction of the fraction of 

mobile monomer segments as a function of 

temperature. These predictions were supported by 

proton solid state nuclear magnetic resonance (1H SS NMR) spectroscopy measurements, which 

directly probed the fractions of mobile and immobile protons in the PS-POEM sample (Figure 1). 

The agreement between these results suggested that polymer mobility primarily depends on the 

local segmental composition. 

In further work, PS-POEM was blended with POEM 

homopolymers of varying molecular weights (MWs).4 The 

incorporation of a higher MW homopolymer additive promoted 

a ‘dry brush-like’ distribution of homopolymer and greater 

lithium salt concentrations in the more mobile homopolymer-

rich region, raising ionic conductivity in comparison to the ‘wet 

brush-like’ (lower MW homopolymer additive) and unblended 

systems. XRR and NR data indicated that there was a higher salt 

concentration in the homopolymer-rich regions in the ‘dry 

brush’ blend than in the ‘wet brush’ blend. Also, using 7Li SS 

NMR spectroscopy, we found a Li+ mobility transition 

temperature (TLi mobility) that was a function of blend type.4 

Interestingly, the ionic conductivity of the blended BPs was 

highest in the ‘dry brush’ systems even though they had higher 

Tgs (Figure 2),4 suggesting that homopolymer-rich pathways 

formed in these systems had a greater impact on conductivity 

than the larger Li+ mobility in the lower MW composite blends. 

We also characterized a new self-doped diblock 

terpolymer electrolyte, in which one block was a high modulus 

material, and the other block was comprised of high ion-conductivity and self-doped monomer 

segments. This self-doped BP reduced counterion motion (relative to salt-doped BPs). It was found 

that the molecular weight, counterion, and ion concentration played different roles in the 

electrolyte performance; the molecular weight dominated the self-assembly behavior, whereas the 

counterion and ion concentration were primarily responsible for the Tg and conductivity. Overall, 

this effort presents an efficient synthetic strategy and modular platform toward the efficient 

generation of higher-performance polymer electrolytes. 

 

Figure 2: Ionic conductivity as a 

function of 1000/T, and b) ionic 

conductivity normalized by the 

volume fraction of total POEM as a 

function of Tg/T, for unblended 

(green circles), wet brush (orange 

squares), and dry brush (purple 

diamonds) samples.4 
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Figure 1: Fraction of mobile (red) and immobile 

(blue) protons in neat PS-POEM as a function of 

temperature. Lines are model calculations on the 

basis of local segmental mixing throughout the 

domain from XRR results, and data points are 

results from 1H SS NMR measurements.  
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Recent Modeling Advances – A critical feature of coarse-grained models of BP electrolytes is the 

treatment of ion solvation effects. The model employed in the Hall group recently is based on a 

standard bead-spring form with added Coulomb interactions between ions and solvation 

interactions of the form S/r4 that capture the effects of Born solvation energy. For simplicity, we 

calculate ion-ion interactions in a uniform dielectric background representing the higher dielectric 

microphase. We recently showed that such a model can capture the experimentally observed 

behavior that increasing MW tends to increase rather than decrease ion conductivity in salt-doped 

BPs (in contrast to salt-doped homopolymers), as well as the decreasing trend in ion diffusion with 

ion concentration.5  

We also recently advanced analysis techniques 

to efficiently and accurately calculate true conductivity 

given that calculations of true ion conduction from 

equilibrium simulations (rather than predicting 

conductivity from the diffusion constants alone) are 

prone to statistical error.6 We calculated conductivity 

and diffusion in a single nonequilibrium simulation as 

shown in Figure 3 to efficiently and accurately assess 

conductivity and the degree of uncorrelated ion 

motion.7 We used this method to determine the cation 

mobility and transference number for salt-doped 

homopolymer systems of a variety of ion sizes.8 This 

work validated that our model reproduced the ratio of 

anion to cation diffusion constants observed in 

poly(ethylene oxide) doped with lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and 

closely matched the nonmonotonic experimental trend 

in conductivity as a function of ion concentration.8 

Further work analyzing self-doped (single-ion) systems 

via the same methods is ongoing. Additionally, 

motivated by experimental advances noted above, we are studying systems with short and long 

chain homopolymer additives to analyze the local ion content, local ion mobility, and resulting 

overall conductivity.  

Recent Advances in Experiment and Modeling Integration – Close comparison of experimental 

and modeling results across a series of systems with the same chemical units but various chain 

composition profiles allows for a robust determination and validation of modeling parameters. In 

ongoing work, XRR measurements of lithium trifluoromethanesulfonate (Li triflate)-doped PS-

POEM TBPs and coarse-grained MD simulations of analogous systems are being compared to 

elucidate the structural origins of their ionic conductivity. The simulation model was refined by 

increasing the Lennard-Jones (LJ) interaction strength of the hard block monomers to increase 

their Tg. Ion interaction parameters were successfully adjusted from prior work to accurately match 

experimental data across sequence type and ion concentration. The monomer and ion content in 

close proximity to the domain interface was quantified in both experiments and simulations, with 

excellent agreement (Figure 4). Electrolytes with low Tg,POEM exhibited higher ionic conductivities 

 

Figure 3: Schematic of protocol to calculate 

conductivity in lamellar sample; mobility 

under an electric field of both cations and 

anions is calculated and related to true total 

conductivity, while diffusion is calculated in 

the other perpendicular direction using the 

equations shown. The ratio of true 

conductivity to Nernst-Einstein conductivity, 

the degree of uncorrelated ion motion or 

inverse Haven ratio, is also calculated. 

Snapshot shows BP monomers (blue, red) cut 

away from half of the domain to show ions 

(purple, green). 
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and vice versa, and the normalization of the temperature (T) 

by Tg,POEM resulted in all of the ionic conductivities 

collapsing onto a single master curve.  

  

Future Plans 

 Our recent work established (i) that local ion and 

monomer concentrations near the interface closely relate to 

polymer mobility and ion conductivity and (ii) that these 

features can be precisely captured by simulations. Ongoing 

work is detailing the relationships between local segmental 

motion and ion mobility in nanostructured BP domains, as 

a function of domain size and relative distance from domain 

interfaces. These efforts will be facilitated by selective 

labeling of copolymer segments with fluorescent tags, SS 

NMR spectroscopy, and statistical analysis of local 

monomer and ion motion in simulations. BP-based systems 

with homopolymer additives are an excellent platform for 

applying this knowledge, gaining further understanding, and ultimately optimizing ion transport 

in BP-based electrolytes. Finally, we plan to explore a number of advanced chemistries in future 

work, including systems with controlled distributions of high and moderate dielectric constant 

monomer segments, sustainable bio-based polymeric systems, and systems with alternative 

cations. We expect this work will yield further enhancements of local and overall ion transport and 

provide insight on how the knowledge gained from the many years of development of standard 

lithium-ion-conducting diblock-based electrolyte systems can be applied to new materials systems. 
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Figure 4: The volume of ions within 3 

nm of interface normalized by total 

conductive phase volume was plotted 

as a function of salt concentration for 

non- (green squares), normal- (red 

triangles), and inverse-tapered (blue 

diamonds) samples. Filled and hollow 

symbols represent experimental and 

simulation results, respectively. 

 

 

Aim 1 

X-ray reflectometry measurements of lithium trifluoromethanesulfonate (Li triflate)-doped 

polystyrene-block-poly(oligo-oxyethylene methacrylate) (PS-b-POEM) tapered block polymers 

(TBPs) and coarse-grained molecular dynamics simulations of equivalent systems elucidated the 

structural origins of the ionic conductivity behavior in TBP electrolytes.  Distributions of monomer 

segments and ions in the experimental systems were successfully modeled by the simulations such 

that the monomer and ion content in close proximity to the domain interface could be quantified 

(Figure 1a).  In experimental TBP systems at an Li triflate concentration of [Li]:[EO] = 0.05 

([EO]:[Li] = 20:1), the glass transition temperature of the POEM phase (Tg,POEM) showed a strong 

correlation with the POEM content within 3 nm of the PS-POEM interface (Figure 1b).  

Electrolytes with low Tg,POEM exhibited high ionic conductivities and vice versa in Figure 1c, and 

the normalization of the operating temperature (T) by Tg,POEM resulted in all of the ionic 

conductivities collapsing onto a single master curve (Figure 1d).  The result from Figure 1d 

exemplifies that the ionic conductivity in TBP electrolytes is dominated by Tg,POEM behavior.  

Monomer relaxation times from simulations, shown in Table 1, correlated well with the 

experimental Tg,POEM results (i.e., lower Tg,POEM from experiments corresponded to lower monomer 

relaxation time in simulations). 

 

 

 
Figure 1. a) Ion content within 3 nm of the domain interface for non- (green squares), normal- 

(red triangles), and inverse-tapered (blue diamonds) PS-b-POEM as a function of lithium Li 

triflate concentration.  Filled symbols represent experimental data, and hollow symbols represent 

simulated data.  b) Tg,POEM as a function of POEM content within 3 nm of the PS-POEM interface 

for Li triflate-doped TBPs at [Li]:[EO] = 0.05.  c) Ionic conductivity measurements (data points) 

and fits to a Vogel-Fulcher-Tammann (VFT) model (lines) of Li triflate-doped TBPs at [Li]:[EO] 

= 0.05 as a function of 1000/T.  d) Ionic conductivity normalized by the volume fraction of 

POEM (fPOEM) as a function of Tg,POEM/T. 
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Pore Space Engineering and Functionalization in Porous Metal-Organic  

Framework Materials 

 

PI: Pingyun Feng 

Department of Chemistry, Materials Science and Engineering Program,  

University of California, Riverside, CA 92521 

 

Program Scope 

 The overall research goal is to develop innovative and transformative synthetic concepts 

and paradigms to create new crystalline porous materials (CPM) with unprecedented architectural 

design and chemical features. The multimodular framework compositions, as well as independent 

scalability on pore width and height, allows for intrinsic component diversity and geometric 

tunability. These CPMs have the potential to provide a materials basis for a wide range of high-

performance sorption-based applications such as fuel storage (e.g., H2, CH4, C2H2), gas separation 

(e.g., C2H2/CO2, C2H4/C2H6, C3H6/C3H8), and gas capture or sequestration (e.g., H2O vapor, CO2, 

NH3). The project integrates chemical and solvothermal synthesis, crystal structure and topology 

analysis, with various property studies (e.g., thermal, hydrothermal and chemical stability). 

Sorption properties of various gases on these new materials are systematically evaluated to 

establish composition-structure-property correlations that are further utilized to refine synthetic 

strategy to optimize materials for efficient energy-related applications. The specific aims are: 

a. To design synthetic strategies for architectural pore space engineering including pore space 

partition to create domains of pore space with pore size commensurate with the size of 

guest molecules to achieve high uptake capacity, high guest selectivity, and low-cost 

adsorbent regeneration.  

b. To design synthetic strategies that permit methodological introduction of functional active 

sites onto porous frameworks as well as within the pore space. To control types and density 

of host-guest binding sites. 

c. To design synthetic strategies to create novel heterometallic systems. To achieve high 

materials stability and high-performing gas sorption properties. 

d. To characterize crystal structures. Crystal structure analysis determines compositional and 

structural features that correlate with desired properties. It can reveal previously unseen 

compositional and structural patterns that may lead to new or improved design strategies 

and better materials. 

e. To characterize thermal and chemical stability, and gas sorption properties. To explore 

applications of the new materials in energy related applications. 

 

Recent Progress  

 The following summarizes select important contributions in the past three years.  

1. Pore-Space Partition and Optimization for Propane-Selective High-Performance 

Propane/Propylene Separation 

 The development of effective propane (C3H8)-selective adsorbents for the purification of 

propylene (C3H6) from C3H8/C3H6 mixture is a promising alternative to replace the energy 

intensive cryogenic distillation. However,  few materials possess the dual desirable features of 

propane selectivity and high uptake capacity. In this work, by independently scaling the pore 

width and height (Figure 1), we have synthesized a family of pore-space-partitioned crystalline 

porous materials (CPM) with remarkable C3H8 uptake capacity (up to 10.9 mmol/g) and the 
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highly desirable, yet uncommon C3H8 selectivity (up to 1.54 at 0.1 bar and 1.44 at 1bar). The 

selectivity-capacity synergy endows these materials with record-performing C3H8/C3H6 

separation potential (i.e., C3H6 recovered from the mixture). Moreover, these CPMs exhibit 

outstanding properties including high stability, low regeneration energy, and multimodular 

chemical and geometrical tunability within the same isoreticular framework. The high C3H8/C3H6 

separation performance was further confirmed by the breakthrough experiments. This work will 

be published in ACS Appl. Mater. Interfaces (publication list #1). 

 

 
 

2. A New Strategy for Constructing Pore Space Partitioned MOFs with Open Metal Sites 

 Introducing pore-partitioning agents into hexagonal channels of MIL-88 type structures 

(denoted as the acs topology) can endow materials with high tunability in gas sorption. In this 

work, the new strategy is based on insertion of in situ synthesized V-shaped 4, 4'-dipyridylsulfide 

(dps) ligands. With this strategy, one third of open metal sites in the parent acs net are retained in 

the pacs MOFs (pacs = partitioned acs) and two thirds are used for pore partition. The newly 

synthesized Co2V-pacs MOFs exhibit near or record-high uptake capacities for CO2, C2H2, C2H4, 

and C2H6. For example, the storage capacity of C2H2 reaches 234 cm3/g (298 K) and 330 cm3/g 

(273K) at 1 bar for CPM-733-dps (the Co2V-BDC form, BDC=1,4-benzenedicarboxylate), the 

higher than all forms of MOF-74 and all other pacs members. Such high capacity is accomplished 

with a low C2H2 affinity.  Furthermore, the materials are highly stable and exhibit no loss of C2H2 

adsorption capacity after at least five adsorption–desorption cycles. The work is published in 

Angew. Chem. Int. Ed. 2020, 59, 19027 (publication list #5). 

 

3. Tunable Metal-Organic Frameworks from 8-Connected Trimers for High-Capacity Gas Uptake 

 Metal trimers are well known in MOFs but are commonly seen as 6- or 9-connected units. 

The new 8-connected trimers presented in this work are highly unusual. In this work, we revealed 

a viable construction strategy called angle bending modulation that is effective for creating a 

prototypical MOF-type based on novel 8-connected M3(OH)(OOCR)5(Py-R)3 trimers, M = Zn, 

Co, Fe). As a proof of concept, we have synthesized six members in this family using three types 

of ligands for the formation of frameworks denoted as CPM-80, -81, and -82. These materials do 

not possess open-metal sites, which contribute to their excellent gas uptake capacity for various 

hydrocarbon gas molecules and inverse C2H6/C2H4 selectivity. A member of this family, CPM-

Figure 1. An illustration of compositional and geometrical design of pore geometry and functionality. CPM-734t 

at the middle is made of tpt and 2,6-ndc in the heterometallic Co-V composition. All three components are tunable. 

This design strategy is used here to develop materials with high adsorption capacity for propane and also unusual 

reverse selectivity for propane over propene. tpt = 2,4,6-tri(4-pyridinyl)-1,3,5-triazine,  2,6-ndc = 2,6-

naphthalenedicarboxylic acid. The c/a ratio is based on hexagonal unit cells. 
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81-Co made from 2,5-furandicarboxylate and isonicotinate, features selectivity for ethane over 

ethylene (1.80) with high uptake capacity for both ethane (123 cm3/g) and ethylene (113 cm3/g ) 

at 298 K and 1 bar. The work is published in Small 2020, 2003167 (publication list #6). 

 

4. Design of High-Performance Materials through Integration of Methodologies from Metal-

Organic Frameworks and Covalent-Organic Frameworks 

 Pore space partition has been proven as a versatile 

design strategy for constructing crystalline porous 

materials (CPM) with much enhanced chemical stability 

and gas sorption properties. In this work, we have 

integrated COF-1 chemistry, also known as self-

condensation of boronic acids, with MOF chemistry to 

develop a novel pore-partition method, leading to the 

synthesis of a new family of pore-partitioned materials. 

During the reaction, a new pore-partitioning ligand, 

trimer of pyridine-4-boronic acid, is formed as tpb 

(2,4,6-tri(4-pyridinyl)-1,3,5-boroxine). The 

simultaneous construction of two totally different 

reactions, self-condensation of boronic acid into trimers 

and metal-dicarboxylate coordination assembly (also 

into trimers) (Figure 2),  requires all components to 

work cooperatively. It is worth noting that tpb was 

previously not known to exist in the literature.  

 These newly synthesized materials were studied for gas adsorption properties. Gas uptakes 

for N2, CO2, CH4, C2H2, C2H4, C2H6, and NH3 were measured. It is notable that gas uptakes in 

these tpb-pacs materials are dramatically enhanced compared to non-partitioned acs materials. At 

1 bar and 273 K, the CO2 uptakes range from 3.96 to 6.32 mmol/g in tpb-pacs, which is better 

than the best-performing gas sorbent in non-partitioned Mg2V-MIL-88 (4.25 mmol/g). The C2H2 

uptake of new materials synthesized can be tuned from 5.61 mmol/g for CPM-100c-InCo to 10.45 

mmol/g for CPM-100a-FeMg at 1 bar and 273 K by using different framework compositions. 

Under the same condition, the C2H2 uptake of CPM-100a-FeMg is nearly twice that of non-

partitioned Mg2V-MIL-88 (5.25mmol/g at 273 K and 3.28 mmol/g at 298 K). This significant gas 

sorption enhancement is attributed to the pore-partitioning agent tpb, which increases the 

robustness of the framework as well as the number of binding sites.  

 The presence of Lewis acid sites (boron) in CPM-100 materials makes it especially 

interesting to study their sorption properties for ammonia. For NH3, at 1 bar and 298 K, the NH3 

uptake can be tuned from 7.85 mmol/g to 12.56 mmol/g by changing dicarboxylates and from 

11.66 mmol/g to 13.01 mmol/g by changing metal ions. There is no obvious adsorption loss after 

4 cycles. The NH3 packing density in CPM-100b and CPM-100c (0.598 g/cm3 and 0.597 g/cm3) 

is comparable to the top performing materials. The work is published in Angew. Chem. Int. 

Ed. 2019, 58, 6316 (publication list #13). 

 

5. Pore-Space-Partition-Enabled Exceptional Ethane Uptake and Ethane-Selective Ethane-

Ethylene Separation 

 The separation of ethane from ethylene is a vital process in chemical industry and is also 

energy-intensive. 1 This study led to the synthetic design of a family of pore-space-partitioned 

Figure 2. A new boroxine molecule (tpb) 

has been designed from trimerization of 

pyridine-4-boronic acid. The new boroxine 

molecule crosslinks metal trimers into a 

pore-partitioned material with high gas 

sorption performance. 
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crystalline porous materials (CPM) that exhibit high C2H6 uptake capacity, endowing them with 

near-record C2H6/C2H4 separation potential (i.e., C2H4 recovered from the mixture). The ethane 

uptake capacity as high as 166.8 cm3/g at 1 atm and 298 K, more than twice that of Peroxo-MOF-

74-Fe (74.3 cm3/g), has been achieved even though the isosteric heat of adsorption (21.9-30.4 

kJ/mol) of these new materials is as low as 1/3 of that for Peroxo-MOF-74-Fe (66.8 kJ/mol). 2 

Also, these new materials exhibit outstanding properties including high thermal (> 450 °C) 

stability and aqueous stability, low adsorbent-regeneration energy, and practically infinite 

chemical and geometrical tunability within the same isoreticular framework. The work is 

published in J. Am. Chem. Soc. 2020, 142, 2222. (publication list #8) 

 

Future Plans 

 The PI will focus on the proposed goals and will further develop innovative and 

transformative materials design strategies. At the same time, The PI will systematically investigate 

the applications of new materials developed in the PI's lab for applications in gas separation and 

catalysis including electrocatalysis. The major advances accomplished in this reporting period 

have revealed additional opportunities and challenges that will be addressed. 

 The pacs platform developed by the PI's group has been shown to be a highly successful 

and extraordinarily versatile platform and has also been adopted broadly by worldwide researchers 

for creating high-performance materials. The pore-space partition agent on this platform 

contributes dramatically to the stability and gas sorption properties of the resulting materials. At 

the beginning of the pacs-platform development by the PI's group in 2015, tpt was simply 

visualized as being encapsulated within the channels of the acs-type framework to partition the 

pore-space and to increase the density of guest binding sites (usually more than doubling). Over 

the past several years and through many synthetic studies including those presented in this abstract, 

it has become clear that there is a strong synergistic effect and bi-directional control between the 

framework formation and pore-partition ligands. In the future work, the PI will develop a set of 

systematic and inter-correlated synthetic strategies to design high-performance gas sorption 

materials in a bi-directional manner. Some highlights of the planned work are:  

 the creation and development of new pore-space partitioning methods through chemical 

design of novel functional pore-partition agents such as angular ligands and ligands with 

tunable core structures and charge properties. 

 the integration and synergy between various synthetic methodologies and an increased 

focus on the stability of materials under extreme conditions (e.g., low or high pH, high-

temperature hydrothermal conditions), for example, by using negatively charged N-donor 

ligands in place of carboxylate-based ligands. 

 the development of new platforms with rich and tunable compositions and structural 

features that can lead to a large family of new high-performance materials. 

 the systematic study of gas sorption properties of the new materials to establish 

composition-structure-property correlation that can be used to guide the optimization of 

the materials design process. 
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Fundamental Studies of Soiling and Cementation of PV Cover Glass Materials: Addressing 

Reliability with Advanced X-ray Scattering/Spectroscopy and First Principles Modeling 

 

Robert A. Fleming, Arkansas State University 

 

Program Scope 

Accumulation of soils and other particulate matter on the front cover glass of solar 

photovoltaic (PV) modules results in transmission losses that detrimentally affect the power 

output of PV installations.  The conventional solution to this problem is manual abrasive 

scrubbing of modules, which entails significant water usage and manpower.  To further combat 

this issue, there is a concerted effort within the PV industry to develop anti-soiling (AS) coatings 

to mitigate power losses due to soiling of PV modules, which can exceed 35% in some cases [1].  

However, relatively little is known about the fundamental physical and chemical mechanisms 

that enable anti-soiling behavior. 

In this project, a combination of advanced X-ray analysis tools and first principles 

computational modeling is employed to understand the physical and chemical interactions 

between environmental soils and PV cover glass materials.  The major goals are: 1) Accelerated 

soiling and cementation studies of PV cover glass materials, utilizing a custom‐built soiling 

chamber to uniformly introduce particulate contaminant species to coverglass material samples, 

with cementation reactions initiated under applied heat and humidity. The resulting change in 

optical transmittance, surface morphology, surface chemistry, and surface wettability is then 

characterized as a function of contaminant species, which includes standardized particulates 

corresponding to diverse geographic regions; 2) synchrotron‐based X‐ray scattering and 

spectroscopy characterization at the Stanford Synchrotron Radiation Lightsource (SSRL). Small 

Angle X‐ray Scattering (SAXS) is used to probe the morphological evolution of material 

surfaces in response to soiling/cementation, with scattering resolution on the nanoscale. Changes 

in surface chemistry are characterized using near‐edge X‐ray absorption fine structure 

(NEXAFS) spectroscopy, which is sensitive to changes in local chemical bonding; and 3) first 

principles computational spectroscopy modeling in partnership with the Quantum Simulations 

Group at Lawrence Livermore National Lab. To help interpret the chemical shifts observed in 

the experimental NEXAFS spectra, first principles computational X‐ray absorption modeling is 

utilized to produce calculated X-ray absorption spectra corresponding to silica surfaces with 

various functional surface terminating groups. Using this computational spectroscopy 

framework, the calculated X-ray spectra can be compared to the experimental results to identify 

changes in surface chemistry that correspond to specific peak shifts.  
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Together, this combined experimental/computational study will support a more 

fundamental understanding of soiling and cementation reactions in PV coverglass materials and 

will contribute to the design of novel advanced materials to support the rapidly growing US solar 

industry.  

Recent Progress  

 A custom‐built chamber for accelerated soiling studies of PV coverglass materials has 

been designed, fabricated, and characterized. The chamber sample stage can be configured with a 

variable angle of incidence to mimic common tilt angles in the northern hemisphere and has 

integrated heating and cooling capabilities via an array of Peltier elements and a chiller loop, 

with a measured heating/cooling rate of 7.4 ± 4.0 °C/min and ‐1.2 ± 0.2 °C/min, respectively. 

The chamber also features in situ humidity control for simulated dew cycling. 

 Accelerated soiling/cementation tests have been performed on 

bare glass using 8 standardized test contaminants.  These test 

contaminants are primarily silica-based, and formulated to represent 

the dust compositions of diverse geographic regions such as the 

American Southwest, the Middle East, Western China, and the Kanto 

region of Japan.  After dust deposition, cementation is initiated by 

successive temperature/humidity cycling.  Several test contaminant 

species display a marked increase in adhesion after dew cycling, 

verifying that cementation has occurred.  Water contact angle (WCA) 

measurements further show that the cemented dust layer transitions 

to a high-energy, superhydrophilic state, suggesting a change in 

surface energy, as shown in Fig. 1. 

 On the computational modeling side, molecular dynamics 

models of amorphous silica have been constructed to serve as the 

baseline simulation domain for the computational spectroscopy 

simulations. Using the LAMMPS code [2], an α‐quartz crystal composed of 5,048 atoms was 

constructed, and a Si‐O Tersoff bond‐order potential was used to model all interatomic 

interactions [3]. After equilibrating at 300 K under NVT (canonical ensemble) dynamics, melting 

was initiated by raising the model temperature to 7000 K at a rate of 33.5 K/ps with a 1 fs 

timestep. To produce an amorphous silica, the model was then quenched at a rate of 5 K/ps back 

to a temperature of 300 K. Finally, the structure was relaxed under NPT (isothermal‐isobaric) 

dynamics at a temperature of 300 K and zero pressure to a final configuration. 

The formation of an amorphous structure is confirmed via the radial distribution function 

(RDF), which shows an expected Si‐Si and O‐O bond broadening after the melt‐quench 

procedure.  The amorphous solid was then cleaved in half to produce a silica surface. This results 

Fig. 1: WCA images of 

dust wettability before (a) 

and after (b) dew cycling. 
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in under-coordinated surface oxygen atoms, as shown in Fig. 2, 

which will be passivated with appropriate functional groups in the X-

ray absorption simulations. 

Future Plans 

 Moving forward, samples subjected to accelerated 

soiling/cementation studies will be characterized by SAXS and 

NEXAFS at SSRL.  For SAXS measurements, changes in the 

intensity/location of the primary scattering signal corresponds to 

changes in surface morphology and film porosity that can be used to 

distinguish interaction mechanisms as a function of contaminant 

particle size, coverglass film structure, and surface functionality 

(such as wettability). Since both glass and common PV coverglass 

materials are silica‐based, the spectrum of the oxygen K‐edge band will be investigated. 

Chemical shifts that are observed in the fine structure splitting of the oxygen absorption edge 

correspond to changes in the local oxygen bonding environment, as shown in Fig. 3. This change 

in surface chemistry, which is typically not observable with conventional XPS, should provide 

insight into the fundamental chemical interaction mechanisms that occur due to soiling and 

cementation. 

 The chemical shifts observed in the experimental 

NEXAFS spectra are not easily interpreted. Since the ultimate 

goal is to quantify the detailed surface chemistry changes that 

come about as a result of soiling/cementation reactions, first 

principles computational X‐ray absorption modeling is an 

invaluable tool for interpreting the experimental NEXAFS 

spectra. Using the slabs of a-SiO2 produced via melt-quench 

dynamics as the base simulation domain, ab initio molecular 

dynamics (AIMD) simulations will be performed with various 

functional surface terminating groups (hydroxyls, methyls, 

fluoromethyls, siloxanes, etc.) to derive equilibrium structures for 

these surface terminations. Finally, a computational spectroscopy 

calculation based on density functional theory (DFT) will utilized 

to simulate the corresponding NEXAFS signal that corresponds to 

each oxygen bonding environment, which can be compared to the 

experimental spectra to identify changes in surface chemistry that 

correspond to specific peak shifts.  
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Intermetallic Reactivity:  From Frustrated Bonding to Mechanisms for Intergrowth and 

Modular Functionality in Metals and Alloys 

 

Daniel C. Fredrickson, Department of Chemistry, University of Wisconsin-Madison 

 

Program Scope 

 Intermetallic phases exhibit an immense 

diversity in their compositions, crystal structures, and 

properties, creating both a rich palette of potential 

materials and severe challenges for design efforts.  

When facing the question of structure prediction for 

designing new compounds, one generally begins with 

the component elements in a certain ratio and asks what 

crystal structure will provide the most stable 

arrangement.  This approach is in-line with the 

synthetic procedures used for the preparation of 

intermetallic phases, as elemental metals are the most 

common starting materials.  However, the geometrical 

arrangements encountered in these compounds hint 

that an alternative view may be productive.  In many of 

the most complex intermetallic structures, fragments or 

blocks derivable from simpler compounds with nearby 

compositions can be discerned1 suggesting that 

structurally-related parent phases may make better 

reference points for their stability (Figure 1).  This 

project focuses on developing principles underlying 

this process of building complicated modular 

intermetallic phases from simpler precursor phases.  

The scope of this work includes three main objectives:  

(1) the determination of mechanisms driving the 

stability of intermetallic intergrowth structures, with a 

particular focus on the ways interfaces between regions 

with distinct structural or compositional features can be 

favorable; (2) the synthesis and characterization of new 

intermetallic phases that illustrate such mechanisms; 

and (3) the examination of properties and functionalities that can emerge from the modular 

arrangements present in the compounds studied.   

Figure 1.  The modular character of 

Mn39Si9Nx (x = 0.84), a compound elucidated 

under this project.  (a) The complementary 

chemical pressure schemes of its parent 

structures.  (b) The full crystal structure, 

highlighting its Mn-Si (gray and purple) and 

Mn-N (yellow) domains.    

(a) 

(b) 
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 Recent Progress  

 The Intermetallic Reactivity Database.  To support the development of models and 

guidelines for the stability of intermetallic intergrowth phases, we built the infrastructure for an 

online database of theoretically derived properties of solid state structures that can be visualized 

and correlated with the tendency of the compounds to participate in the building of more complex 

structures.  In this database, DFT-Chemical Pressure schemes, electronic density of states 

distributions, and charge distributions are being collected for intermetallics to allow for the 

assessment of the atomic packing issues, electronic instabilities, and opportunities for topological 

charge stabilization that may motivate or guide the geometries of intergrowth structures.  With this 

information, intermetallic intergrowths can be categorized by according to the types of reactivities 

predicted for the parent structures. By focusing on semi-quantitative descriptors of chemical 

stability and reactivity, this resource complements the computational data stored in such 

repositories as the Materials Project2 and the Open Quantum Materials Database.3    

 Theoretical tools for examining modular structures. We have adapted the reversed 

approximation Molecular Orbital (raMO) method4 to exploring this issue of how structural 

relationships between parent structures and intergrowths relate to similarities in their electronic 

structures.  In the raMO approach, local MO diagrams are reconstructed from the full occupied 

wavefunctions of a material to test hypotheses about bonding.  The resulting localized functions 

reveal the degree to which the hypothesized electronic features exist in a compound and the ways 

they interact with their broader context.  To broaden the applicability of this method, we developed 

an implementation that directly analyzes the planewave-based wavefunctions of DFT calculation, 

rather than relying on a Hückel model, as in the original formulation.  The DFT-raMO technique 

has allowed us to explain a surprising discrepancy between the seemingly electron-precise bonding 

scheme of the compound Mn2Hg5
5 and the 

experimental observation that it exhibits 

antiferromagnetic order.6  Here, raMO 

analysis reveals that the antiferromagnetic 

order arises from the emergence of diradical 

character in the Mn-Mn π interactions (Figure 

2), which widens the electronic pseudogap 

already present in non-spin-polarized results.5 

Overall, this picture illustrates how covalent 

magnetism can create local moments in 

seemingly closed-shell intermetallics.           

With the original DFT-calibrated 

Hückel implementation of the raMO method, 

we also discovered that the Ca2Cu and CaCu 

structures are highly modular.7  The structures 

are build from FCC or HCP fragments they contain and Cu zigzag chains, each of which have 

Figure 2.  Diradical character in the π-bonding along the 

Mn chains in Mn2Hg5, revealed by the DFT-raMO 

method.   
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well-defined and consistent electron counts according to their raMO functions. This modularity 

helps explain the low energy differences calculated for CaCu polymorphs based on the FeB and 

CrB types. 

The intermetallic subnitride Mn39Si9Nx (x = 0.84).  We have completed our analysis of a 

new intermetallic subnitride illustrating the phenomenon of epitaxial stabilization.8  Mn39Si9Nx 

was synthesized simply by annealing mixtures of Mn and Si powders in evacuated fused silica 

tubes back-filled with nitrogen gas.  As can be anticipated from the complementary CP schemes 

of Mn-rich silicide phases and the nitride Mn4N (Figure 1a), the Mn39Si9Nx structure is built from 

Mn-Si and Mn-N domains that closely associate with each other (Figure 1b).  The Mn-Si regions 

are based on tetrahedral close packings similar to Mn-rich silicides.  The Mn-N component, on the 

other hand, consists of a network of face-sharing Mn6 octahedra, some filled with N atoms, that 

wrap around the Mn-Si domains.   The ease with which this phase forms can be correlated with 

the high solubility of N in elemental Mn, which provides a facile way for N to enter into the 

reaction.  We anticipate that it will be possible to prepare similar subnitrides in other systems 

combining analogous CP features and high N solubility, such as M-Si-N systems where M is a 

mid-row transition metal.      

 The modular structure of 

Ca3Cu7.8Al26.2. Another experimental focal 

point during this project has been the crystal 

structure of Ca3Cu7.8Al26.2 (Figure 3).9 The 

structure of this phase can be interpreted in 

terms of building blocks derived from the 

nearby CaAl4 and CuAl2 phases, which 

assemble into a primitive cubic framework 

whose voids are occupied by Al13 

cuboctahedra.  Using theoretical calculations, 

we found that this intergrowth of between 

CaAl4 and CuAl2 (in a hypothetical fluorite 

polymorph) is supported not only by 

geometrical epitaxy, but also by a matching in 

the atomic charge distributions at the interfaces.  In addition, the attraction between the Ca-Al and 

Cu-Al domains can be connected to the (1) affinity of Cu atom for certain Al sites of the CaAl4 

structure (driven by atomic-packing and electronegativity), and (2) the infeasibility of Cu simply 

substituting for Al atoms in CaAl4 due to the overly-long Ca-Cu distances that would result.        

Future Plans 

 Our immediate plans for future research include the renewed synthetic and crystallographic 

pursuit of intermetallic intergrowth structures that was interrupted by the COVID-19 pandemic.  

In particular, our synthesis of Mn39Si9Nx has offered a strategy to discover other subnitrides, and 

Figure 3.  The structure of Ca3Cu7.8Al26.2, and its 

construction (at the conceptual level) from an epitaxial 

relationship between BaAl4-type CaAl4 and a 

hypothetical fluorite-type polymorph of CuAl2.  For 

CaAl4 and CuAl2, theoretically calculated atomic 

charge distributions are plotted with white (anionic) 

and black (cationic) spheres. 
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we have encountered a new intermetallic suboxide.  In addition, an ongoing activity will be 

populating the Intermetallic Reactivity Database with new entries, and correlating the data 

collected with the results of our experiments and the existence of intergrowth structures in the 

literature.  We are also in the process of examining how frameworks of face-sharing octahedra, as 

in Mn39Si9Nx, can serve as buffer regions that offer to relief of atomic packing issues in systems 

involving icosahedra and tricapped trigonal prisms (two units that are notoriously difficult to 

pack).  Short term goals here are to devise guidelines for the design of systems in which the 

incorporation of these buffer regions is favorable, and to realize new examples experimentally.    
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Permanent Magnets Featuring Heavy Main Group Elements for Magnetic Anisotropy 

Danna Freedman | Massachusetts Institute of Technology 

Program Scope 

Permanent magnets are the functional component of the electric motors and generators that are 

ubiquitous in energy generation. Creating the next generation of magnets would improve energy 

generation across all classes of fuel sources – from wind to fossil fuels. Our goal is to develop 

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 

(Figure 1). 

Previously we harnessed high-pressure to discover two new 

materials which feature the desired combination of spin and 

orbital angular momentum. The first material, FeBi2, 

enables the study of an unprecedented solid-state metal-

metal bonding interaction. The second, MnBi2 is the second 

member of the Mn–Bi system, the first of which is a 

fantastic permanent magnet. Together these chemically 

simple but magnetically rich materials provide an elegant 

platform for elucidating fundamental design principals of 

magnetic anisotropy while inspiring the synthesis of new 

magnetic materials. 

Within the most recent project period, we focused on 

incorporating phase stability calculations into our reactions 

– phase stability calculations enable us to identify 

metastable materials that reside at local minima. We are 

targeting these phases through high pressure reactions and 

more exotic techniques such as dynamic compression or 

shock wave synthesis. In parallel we are incorporating in 

situ measurements into our solid-state reactions. By introducing in situ probes we can both identify 

metastable materials at their point of formation to glean kinetic insight and study their magnetic 

properties as they are transformed by pressure. Within solid-state chemistry, the inherent black 

box nature of reactions stymies progress in targeting phases that have specific properties. Unlike 

solution phase chemistry where in situ monitoring is common place, traditionally solid-state 

reactions occur within literal black boxes. Creating a window into these reactions to probe structure 

and properties in situ enables us to rationally target synthetic phases. Critically, we are fusing our 

Figure 1: Our approach to new magnetic 

materials entails combing the orbital 

angular momentum (L) of heavy elements 

with the spin angular momentum (S) of 

paramagnetic transition metals. We made 

progress isolating newly discovered high-

pressure phases via chemical substitution 

(bottom left), characterizing magnetic 

phases in situ with quantum sensors (top 

right), and began studying the kinetics of 

these high-pressure transformations via 

shockwave experiments (bottom right). 
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lab’s knowledge of quantum sensing with high pressure synthesis, taking defects in the diamonds 

we use for synthesis and using those defects to probe the magnetic properties of our newly created 

materials. 

Recent Progress 

Objective 1: In situ physical property measurements at 

high pressures. The use of diamond anvil cells (DACs) as 

transparent high-pressure reactors allows for 

characterization of materials by the entirety of the 

electromagnetic spectrum. In parallel to such approaches, we 

recently turned to the quantum technology of anionic 

nitrogen centers (NV centers) in diamond as in situ probes 

of properties for magnets and superconductors. By 

exploiting the fragility of the superposition state engendered 

by the nitrogen vacancy pair defect to local magnetic or 

electronic changes, NV doped diamonds host tremendous 

promise as quantum sensors that may be incorporated into 

DACs. In orthogonal DOE funded research, our group 

develops molecular analogues to these centers. This project 

brings our expertise in quantum sensing to bear on high 

pressure synthesis. Integration of this cutting-edge approach 

combines immense spatial and directional resolution with 

exquisite quantum sensitivity to allow for in situ high-

pressure magnetometry. The directional resolution can be translated into a measurement of 

magnetic coercivity, and the temperature control enables discrete temperature measurements. 

To probe the magnetism of FeBi2 in a DAC, the first step is to perform the control experiments 

and study Fe metal and Bi metal in a DAC. Fortuitously, the Yao group at UC Berkeley reported 

a proof-of-concept system detecting the suppression of magnetism in Fe with applied pressure. We 

reached out to the Yao group to expand this capability and we are currently collaborating with 

them on this study. We designed and implemented an experimental set-up that is compatible with 

high-pressure synthetic conditions. Optically detected magnetic resonance spectroscopy (ODMR) 

revealed the magnetic dipoles of the FeBi2 demonstrating that indeed it is a room temperature 

magnet (Figure 2). Variable temperature and variable field studies used to determine the figures 

of merit of the FeBi2 phase are ongoing. In the future we anticipate being able to execute these 

measurements in-house.  

In parallel we are pursuing conventional magnetometry experiments to elucidate the magnetic 

properties of MnBi2. As a bulk approach requires high-purity samples in yields approaching 100%, 

we first explored whole-cell resistive heating measurements in set-ups compatible with X-ray 

Figure 2: A non-magnetic DAC loaded with 

a wired diamond doped with NV centers 

(top) was used in the preparation of FeBi2 

under high-pressure conditions. ODMR 

spectroscopy revealed the magnetic 

response across the entire diamond culet 

(bottom left), including the presence of 

magnetic dipoles (bottom right) where the 

FeBi2 is spatially located in the sample. 
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diffraction. We demonstrated uniform full cell reactivity on cylindrical sample spaces 250 microns 

in diameter. This readily translates to our recently 

purchased commercial magnetometry cell, which 

we calibrated on our magnetometer. We also 

developed protocols for constructing wired DACs 

that are readily integrated with our newly acquired 

properties measurement system. Together, these 

capabilities will allow for materials 

characterization without ever removing pressure, 

yielding a wealth of information on the underlying 

pressure-dependent magnetic and electronic 

properties of MnBi2 as well as new systems of 

interest (Figure 3). 

Note, due to the pandemic and closure of DOE 

National User Facilities, we concentrated on bringing new characterization capabilities to our lab. 

Once national lab facilities return to on-site access, we will resume our synchrotron-based studies. 

To begin, we have been allocated shifts at the Advanced Photon Source, Sector 4 to assess the 

magnetic structure of MnBi2 using X-ray Magnetic Circular Dichroism techniques. 

Objective 2: Discovery of new magnetic candidate materials. To support our synthetic efforts, 

we implemented a high-throughput computational 

technique which rapidly maps out the thermodynamic 

landscape of chemical systems of interest. Ab Initio 

Random Structure Searching (AIRSS) plots trends in 

stability with synthetic conditions such as pressure, 

temperature, and composition, shattering the otherwise 

black box of solid-state reactivity. Each one of these 

optimizations identifies a local minimum in energy within 

a chemical space and thus a potentially metastable synthetic 

candidate. We have used AIRSS on a wide range of 

chemical systems to simultaneously enable rapid feedback 

on synthetic hypotheses and gain a deeper understanding of 

their thermodynamic landscape. 

Continuing our pursuit of new transition metal-heavy main group magnetic materials, we explored 

the Fe–Pb system. The large earth abundance of Pb and its similar inherent spin-orbit coupling to 

Bi recommends it as an ideal contributor of orbital angular momentum in magnetic phases. Akin 

to the Fe–Bi system, Fe and Pb exhibit immiscibility up to very high temperatures at ambient 

pressure. Thus, we performed AIRSS calculations at analogous conditions under which FeBi2 

forms (Figure 4). Notably, FePb2, isostructural to FeBi2, has the lowest enthalpy of all the 

Figure 3: A non-magnetic DAC (top left) compatible 

with commercial magnetometers, was calibrated 

using the superconducting transition of elemental 

lead (right). We also developed capabilities to wire 

the diamond sample space (bottom left), which will 

allow for future charge transport measurements. 

Figure 4: Plot of the enthalpy of Fe–Pb 

phases versus composition showing that 

FePb2 is a promising metastable structure. 
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structures calculated at 30 GPa. In fact, the calculated enthalpy of formation for this phase at 30 

GPa is 66 meV/formula unit, which is 217 meV/formula unit less than at ambient pressure, 

demonstrating the tendency of this structure to stabilize with increasing pressure and 

recommending it for even higher-pressure experiments. Work is ongoing to synthesize new phases 

in this system and other systems with promising magnetic 

character aided by the AIRSS approach. Note, this 

approach is also critical to identifying target phases for 

shockwave synthesis.  

An important parallel direction is the pursuit of synthetic 

approaches that enable ambient pressure recovery of 

promising magnetic high-pressure phases. We 

hypothesize that incorporating Sb will allow us to access 

the optimal size ratio between the M and Bi/Sb sites to 

maintain and stabilize Sb-doped MBi2 to ambient 

pressure. Toward this end, we found novel reactivity 

between MnSb and Bi, forming a new ternary phase 

(Figure 5) whose structure and properties we are in the 

process of investigating. 

Future Plans 

Quantum sensing may enable in situ measurements of solid-state materials thereby allowing us to 

precisely target functional materials. We are pursuing generalizing this technique beyond a few 

proof-of-concept experiments performed by others. Leveraging quantum sensing technology with 

high-pressure expertise will allow for rapid screening of more complicated high-pressure materials 

– and might serve as a screen for desired products of ternary reactions. In addition, as has been 

noted by others, high pressure magnetometry is an excellent way to determine whether a 

superconductor has been formed at high pressure.  

Through shockwave experiments at DOE national facilities, we aim to study structures with 

millisecond time resolution to gain insight into structure formation dynamics at high-pressure. As 

MnBi2 readily forms upon compression with low temperature annealing, this is an ideal material 

for these investigations. Further the structural relationship between MnBi and MnBi2 offers a 

unique opportunity to investigate the dynamics of phase transformations with pressure. We have 

submitted a beamline proposal to perform these experiments at the Advanced Photon Source and 

are awaiting the results of its review. Such studies will propel the field of solid-state chemistry 

toward a mechanistic understanding of structure formation, enabling the rational designing of new 

magnetic materials. 

 

Figure 5: Powder X-ray diffraction patterns 

collected during laser heating of MnSb and Bi 

at 9 GPa. During the reaction, new peaks 

grew in (green), while Bi(V) peaks (purple) 

decreased in intensity, suggesting the 

formation of a new ternary phase. 
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Program Scope 

 Two-dimensional (2D) materials have attracted much attention owing to their potential to 

host functional properties that differ markedly from their bulk counterparts. In 2011, a large family 

of 2D transition metal carbides and nitrides (Ti3C2, Ti2C, V2C, Mo2C, etc.), so called MXenes, was 

discovered at Drexel University. These 2D solids host a unique combination of physical attributes 

including metallic conductivity, hydrophilicity, and ability to intercalate a host of ions and small 

organic molecules, that in turn lead to outstanding performance in energy storage, harvesting, 

electrocatalysis, sensing, communication devices and electromagnetic interference (EMI) 

shielding. More than 30 different stoichiometric MXenes and more than 20 solid solutions have 

been reported and the properties of numerous other MXenes have been theoretically studied.[1] 

 This project focused on the synthesis and characterization of double-M (where M is a 

transition metal) MXenes with the aim of the understanding how this flexibility of the M-site 

chemistry impacts their electronic, magnetic, and optical properties. We hypothesized that the 

different arrangement of transitions metal atoms, surface terminations (denoted Tx), and 

intercalated species can be used to control the properties of the ordered multi-element MXenes. 

Synthesis efforts have targeted stabilizing new multi-elemental MXenes, where the transition 

metal chemistry is systematically varied in both the surface and sub-surface layers. Using these 

multi-M MXenes, we investigated how the electronic and magnetic properties depend on the 

surface groups, intercalants, and the composition and ordering of the M-site atoms. 

Recent Progress  

Electronic contributions of surface and sub-surface M-site atoms: With earlier work on the project 

highlighting the important role of surface terminations on electrical conductivity and work 

functions,[2, 3] we aimed to understand the length scales associated with electronic interactions 

between the Tx surface groups and electronic bands derived from transition metals. Using soft X-

ray absorption spectroscopy carried out at Brookhaven National Laboratory and Lawrence 

Berkeley National Laboratory, we have distinguished the electronic contributions of the surface 

and sub-surface M-sites in ordered multi-element MXenes revealing that surface groups 

disproportionately impact band derived from surface M-sites.[4] This work exploited the different 

M-site locations of Ti atoms in different MXenes (Figure 1a) to understand the Tx-M interactions. 

The Ti L-edge spectral features are significantly modified upon conversion from the MAX parent 

* Current affiliation: Indiana University Purdue University – Indianapolis (IUPUI) 
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phase in MXenes with Ti in the surface sites 

(Figure 1b,c). In contrast, the Ti spectra 

from the ordered double-M MXenes are 

very similar to that of their parent MAX 

phases, indicating that the bands derived 

from the sub-surface Ti atoms are not 

strongly modified by the surface 

termination. This result is consistent with 

our interpretation that the sub-surface Ti 

atoms have much weaker interactions with 

the Tx groups than surface Ti, which 

suggests that the surface groups have 

limited impact on the sub-surface M-sites. 

In all cases, d-electron count per Ti atom, 

obtained from the branching ratio of the 

absorption spectra, decreases upon 

conversion of MAX to MXenes. 

Additionally, elementally resolved partial 

density of states calculations were used to 

further support our interpretation of the X-

ray absorption spectra and confirm the 

trends in the Ti d electron count obtained 

from the branching ratios. These results 

indicate that the electronic implications of 

the Tx groups are largely accommodated 

within the surface-most M-site layers and 

have more limited impact on sub-surface M-

site atoms. With these new insights, we 

proposed a general design strategy to 

stabilize surface invariant properties in 

ordered double-M MXenes, wherein the 

interior M-site atoms are selected to host the 

desired electronic, magnetic, and 

topological functionalities. 

Magnetic interactions between M-sites: In a detailed study of Cr2TiC2Tx, we provided the first 

direct experimental evidence of a magnetic transition within a MXene material.[5] Previous 

theoretical work predicted that Cr2TiC2Tx could host an antiferromagnetic ground state in the case 

of a uniform -F or -OH surface termination.[6] Motivated by previous ground state 

antiferromagnetism predictions on uniform -F or -OH surface terminated Cr2TiC2Tx, we produced 

atomically thin flakes of Cr2TiC2Tx and characterized their magnetic properties through a 

combination of dc magnetometry, ac susceptibility and magnetotransport experiments. As shown 

in Figure 2a, Cr2TiC2Tx exhibits a clear bifurcation between zero-field-cooled (ZFC) and field-

Figure 1. (a) Schematics of Ti2CTx and Cr2TiC2Tx MXenes 

illustrating the difference in surface versus sub-surface 

position of the Ti atoms (represented by blue spheres); Tx 

atoms are represented by red spheres. (b) Ti L-edge X-ray 

absorption spectra of Ti2CTx, Ti3C2Tx, Mo2TiC2Tx, and 

Cr2TiC2Tx compared to their respective MAX phase 

precursors, Ti2AlC, Ti3AlC2, Mo2TiAlC2, and Cr2TiAlC2. 

(c) The difference between the MAX spectra and the 

MXene spectra. Cr2TiC2Tx MXenes illustrating the 

difference in surface versus sub-surface position of the Ti 

atoms (represented by blue spheres); Tx atoms are 

represented by red spheres. 
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cooled (FC) curves between 25-40 K, which 

is evidence of a magnetic transition as such 

behavior is inconsistent with 

paramagnetism. At low temperature, 

nonlinearity in the magnetization as a 

function of field is visible (Figure 2b), 

which is not observed in the Cr2TiAlC2 

MAX phase. Furthermore, the in-phase 

component of the ac susceptibility has a 

slight frequency dependence and a time-

dependent decay of the remanent 

magnetization suggesting a spin freezing 

transition to a glassy state (Figure 2c). The 

inhomogeneous nature of the surface 

species inherent to these MXenes likely 

inhibits long-range magnetic order, 

resulting in the observed glassy state. 

Moreover, additional magnetic disorder 

could arise from the flake-to-flake coupling 

of the randomly oriented flakes inevitably 

present in the samples studied. Further 

confirmation of a magnetic transition was 

obtained through temperature dependent 

resistivity and magnetoresistance 

measurements. A significant increase in magnetoresistance that is negative, linear, and non-

saturating up to 90 kOe was found below the magnetic transition temperature (Tf), coincide with 

the divergence of the ZFC-FC magnetization (Figure 2d), which is attributed to a reduction of 

spin-dependent scattering as the field aligns the moments. Additionally, angular-dependent 

longitudinal magnetoresistance shows a clear difference between that measured above and below 

Tf. Finally, in temperature dependent resistivity measurements, we find an inflection point in the 

reduced activation energy at around 25-30 K, further indicating a coupling between electronic 

properties and Cr-hosted magnetic interactions of this MXene.  

Physical properties of multi-M solid solution MXenes. Besides the ordered double-M MXenes, the 

synthesis of multi-M solid-solutions offers another route for tuning properties. Three interrelated 

binary solid-solution MXene systems were synthesized and characterized, based on Ti, Nb, and/or 

V at the M-site in the M2XTx structure (Figure 3a).[7] All three MXene systems (Ti2-yNbyCTx, Ti2-

yVyCTx, and V2-yNbyCTx) show complete solubility and random distribution of metal elements in 

the M-site sublattice. The temperature-dependent resistivity (Figure 3b,c) increases with the 

increasing Nb concentration in both Ti2-yNbyCTx and V2-yNbyCTx from 10-300 K. For the Ti2-

yVyCTx system, all resistivity values are within the same order of magnitude, while a slight increase 

in ρ coincides with increased V concentration. To better understand the role of M-site composition 

on the electronic structure of these MXenes, soft XAS was collected at room temperature. For Ti 

and V, the relative d-electron count per atom was obtained from the L2,3 branching ratio. Comparing 

Ti2-yVyCTx and Ti2-yNbyCTx, we find a clear M-site chemistry dependence to the branching ratio, 

indicating that the Ti band filling is influenced by its M-site counterpart. Comparing the Ti  

branching ratio in both Ti-containing MXenes, the Ti atoms in Ti2-yVyCTx have higher electron 

Figure 2. (a) Zero-field-cooled (filled squares) and field-

cooled (empty circles) magnetization from 5–45 K of 

Cr2TiC2Tx MXene. (b) Field-dependent magnetization of 

Cr2TiC2Tx MXene (black) and Cr2TiAlC2 MAX phase 

(blue) measured at 5 K. (c) Time-dependent magnetization 

measured after cooling Cr2TiC2Tx MXene from 300 K to 2 

K in 60 kOe external field. (d) A comparison between 

magnetoresistance magnitude of magnetoresistance (left 

axis, H = 70 kOe) and the difference between the field-

cooled and zero-field-cooled magnetization (right axis). 
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count compared to Ti2-yNbyCTx, as shown in Figure 3d. The difference in Ti electron count in the 

two MXene systems is also found in the Ti d-orbital-derived DOSs obtained from DFT calculations 

of unterminated MXenes. The normalized fraction of occupied states within the valence band, also 

shown in Figure 3d (brown circles), indicates that the Ti bands in Ti2-yVyC have larger fraction of 

occupied states than the equivalent bands in Ti2-yNbyC. Based on the combined electronic 

transport, XAS and DFT results, we conclude that the electronic behavior of the solid-solution 

systems is impacted by the M-site metal composition.  

 

Future Plans 

 In the remaining period of the project, 

we aim to further understand the contribution 

of intrinsic and extrinsic properties on 

macroscopic electrical conductivity in 

MXenes. These efforts include understanding 

the role of flake size and interlayer spacing on 

conductivity, decoupling the electronic 

concentration and the mobility contribution, 

and analyzing the correlations among the 

optical properties, the dielectric constants, and 

the electronic properties. We are utilizing 

scanning probe measurements to reveal 

spatial inhomogeneities in properties such as 

work functions and conductivity. Synthetic 

efforts are aimed at stabilizing uniform 

surface terminations on multi-M MXenes. 
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Program Scope 

The objective of this project is to develop a firm, in-depth understanding of the materials and 

interfacial chemistry for sustainable sodium-based batteries. Sodium-based batteries have great 

potential as next generation batteries due to their use of abundant, low-cost materials. However, 

sodium-based batteries are still in their infancy with numerous challenges to tackle, and a basic 

science investigation of the materials and interfacial chemistry is critical to make them viable. This 

project focuses on the investigation of structural, chemical, surface, and interfacial aspects of the 

cell components, including cathodes, anodes, electrolytes, and the interfaces associated with them. 

With this goal, our focus for the last two years has been on a range of new sodium-based electrode 

and electrolyte materials: cobalt-free layered oxide cathodes, rationally designed solid electrolytes, 

special electrolytes for sodium-sulfur batteries, and organosulfur cathodes. 

Recent Progress  

1. Sodium Cells with Layered Oxide Cathodes 

Layered oxide cathodes are at the forefront for sodium-

ion batteries due to their similarities with lithium-based 

layered oxides.1 However, most sodium-based layered 

oxides suffer from poor cycle life compared to their 

lithium counterparts. We have carried out a rigorous 

investigation of the effects of extended high-voltage 

cycling on a promising O3 type Na(Ni0.3Fe0.4Mn0.3)O2 

(NFM343) material. By analyzing the extended cycling 

performance in conjunction with advanced 

characterization methodologies, an irreversible high-

voltage (OP2) phase transition above 4.0 V (Figure 1) 

was found to cause Fe3+ migration to the sodium plane and rapid capacity fade during the initial 

stages of cycling. After the disappearance of the OP2 phase or in cells cycled below 4 V (i.e., 

without the OP2 phase formation), electrolyte decomposition and surface reactivity were 

recognized as the main sources of capacity fade.2  

In addition to aggressive surface reactivity with the electrolyte, most sodium layered oxides 

also suffer from poor surface stability in ambient air. To mitigate the surface instability, we have 

pursued a facile sodium phosphate coating on the surface of NFM343. By comparing different 

coating methods and phosphate contents, we found that a 1 wt.% phosphate coating forms a 

 

Figure 1. (a) Ex-situ XRD of fully charged 

NFM343 at C/5 rate, followed by a constant 

voltage step for 8 h.  
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uniform, thin layer on NFM343 surface. In 

contrast to the lithium layered oxides, in 

which the phosphate groups react with the 

residual LiOH and Li2CO3 on the cathode 

surface to form a lithium phosphate coating, 

sodium ions are pulled from the bulk of the 

sodium layered oxide NFM343 to form 

sodium phosphate. Despite the differences 

in the mechanism, the protective coating 

layer significantly improved the cycle life 

(Figure 2) of the Na/NFM343 cells and the 

stability of NFM343 in humid air.  

Unlike lithium layered oxides, sodium 

layered oxides adopt several possible 

structures, and many of them suffer from Na+-

ion ordering and transition-metal layer 

gliding, which lead to multiple plateaus in 

their voltage profiles and poor cycling 

stability. We have developed an O′3-layered 

Na3Ni1.5TeO6 (Na5/6[Na1/6Ni3/6Te2/6]O2) 

(Figure 3a), which displays an unusual 

phenomenon. The vacancies in the sodium 

layer assist in a quick gliding of the transition-

metal slabs when the material is charged, 

shifting the O′3-layer to a P′3-layer stacking and resulting in a single plateau associated with the 

Ni2+/3+ redox couple (Figure 3a). This cathode shows good capacity retention (Figure 3b) and 

rate capability as high as 2C. The structural nuances of this material can serve as a guide for 

designing high-capacity, durable sodium layered oxides.3 

To further improve the cycling stability of layered Na3Ni1.5TeO6, while also enabling a 

sodium-metal anode and improving the safety, we have developed a quasi-solid-state electrolyte 

composed of an ionic liquid 

(IL) integrated with a metal 

organic framework (MOF). 

The MOF matrix was designed 

rationally based on a UIO 

(Universitetet i Oslo) 

architecture (UIO-66), but with 

a sodium sulfonic (-SO3Na) 

group grafted within the 

structure (Figure 4a). A high Na+-ion conductivity of 3.6 × 10-4 S cm-1 was facilitated in IL-MOF 

 

Figure 3. (a) Charge-discharge profiles at a C/20 rate of 

O′3-layered Na3Ni1.5TeO6; yellow: NaO6 octahedra; cyan: 

[Na1/4Ni3/4]O6 octahedra; light purple: TeO6 octahedra. (b) 

Cyclability and coulombic efficiency of Na3Ni1.5TeO6. 

 

Figure 2. (a) TEM-EDS image of phosphate coating (green 

for phosphorous) on NFM (orange for nickel). (b) Cycling 

performances of Na/NFM343 cells with 0%, 0.5%, 1%, 2%, 

and 5% phosphate coating on NFM343 cathodes.  

 

 

Figure 4. (a) Structural schematic of the UIOSNa (UIO-66 with -SO3Na 

functional groups grafted). (b) Charge-discharge profiles at various rates and 

(c) cyclability at C/10 rate of the Na ǁ IL-UIOSNa ǁ Na3Ni1.5TeO6 cells. 
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due to both the laden Na-IL (sodium bis(trifluoromethylsulfonyl)imide (NaTFSI) in 1-n-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl) imide (Bmpyr-TFSI)) and the grafted -SO3Na 

functional group. The IL laden MOF not only suppressed sodium dendrites, but also formed a 

favorable interface between the electrodes and electrolyte with fast ion transport. The solid-state 

cell assembled with the IL-MOF electrolyte showed good cyclability, as seen in Figure 4b and c.4   

 

2. Sodium Cells with Sulfur Cathodes:  

The concerns associated with mining and cost of transition metals have 

created much interest in sulfur as it is abundant and offers an order of 

magnitude higher capacity than the oxide cathodes. Pairing sulfur with 

a sodium anode is one of the best sustainable technologies we can 

think of. However, room-temperature Na-S batteries are faced with 

two critical challenges: polysulfide shuttle and Na dendrite formation. 

Li-S and Na-S systems share these same challenges, so the Li-S 

chemistry serves as a useful model system for understanding the 

chemistry of alkali-metal polysulfides. We studied the effects of 

tellurium (Te) substitution in polysulfides and its influence on Li-

metal anode cycling efficiency. To explore this, an anode-free coin cell 

configuration with Li2S cathode and an Ni-foil current collector 

without any free Li metal was employed. As the lithium inventory is 

limited in this cell configuration, it reliably reveals the effect of 

polysulfide chemistry on Li-metal cycling.5 With Te, the lithium 

polysulfides (Li2Sy) generated during cell operation react to form 

Li2TexSy, which migrates to the anode and forms lithium thiotellurate 

(Li2TeS3) as a robust SEI, preventing further reduction of lithium polysulfides or the electrolyte. 

This dramatically improves the cycling efficiency of Li-metal anode, resulting in a 7-fold 

improvement in the cycle life of anode-free cells. Such a strategy is useful to mitigate the Na-metal 

cycling inefficiencies in Na-S batteries.6 

We have also investigated a new type 

of electrolyte for the simultaneous 

inhibition of sodium dendrite formation 

and polysulfide migration. A concentrated 

solution of 1,2-dimethoxyethane (DME) 

and sodium bis(fluorosulfonyl)imide 

(NaFSI) forms a unique solvation 

structure. The solvated species is then 

diluted with an “inert” solvent. The “inert” diluent has little effect on the solvation structure of 

cation−anion aggregates that exist in the concentrated electrolyte, leading to a localized high 

concentration electrolyte (LHCE). Compared to a high-concentration electrolyte, LHCE can 

significantly lower the sodium salt concentration, reduce the viscosity, increase the conductivity, 

 

Figure 5. Mechanism of Li-

anode stabilization.  

Figure 6. (a) Cyclability and (b) charge/discharge curves at 

C/10 rate of a Na-S cell with LHCE electrolyte.  
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and improve the wettability of the electrolyte. The donor ability of the DME molecule diminishes 

upon complexing with Na+ and consequently the ability of LHCE to dissolve sodium polysulfides 

(Na2Sm, m ≥ 4) decreases with a decrease in the molar ratio of DME. Also, the [FSI]− anion is a 

weak Lewis-base. As a result, Na2Sm is poorly solvated in the solvate ionic liquid (LHCE). More 

importantly, the sulfur reaction pathway transitions from a dissolution–precipitation process to a 

quasi-solid-state conversion process, prohibiting polysulfide shuttle. The resulting Na-S cells with 

the LHCE electrolyte show stable cycling over 100 cycles (Figure 6).  

Future Plans 

We plan to continue focusing on the stabilization of interfaces 

and cycle life of Na-ion cells with oxide cathodes. As sodium 

layered oxides suffer from poor surface stability in ambient air 

and during cycling, one approach is to reduce the surface area 

through morphological manipulation. Large, single-crystal 

particles have shown promise with lithium layered oxides by 

reducing the total surface area and improving the cyclability. 

Single-crystal morphology has yet to be explored for sodium 

layered oxides, so we intend to employ single-crystal synthesis 

techniques to improve the overall material stability and gain a 

deeper understanding of the crystallite formation process of 

sodium layered oxides. We are already in the process of successfully synthesizing single-crystal 

Na(Ni0.3Fe0.4Mn0.3)O2 with a molten-salt synthesis method, as shown in Figure 7.  

Owing to the similarities of Li and Na alkali-metal polysulfide chemistry, we hope to 

elucidate the effect of Te substitution in sodium polysulfides. LHCE-based electrolytes offer a 

stable cycling of the sulfur cathode when paired with a Na-metal anode. Therefore, the LHCE and 

the Te additive could be coupled to understand the dynamics of Na-metal cycling with Te-

substituted polytellurosulfides. On another front, the presented LHCE electrolyte is the first 

iteration of such an electrolyte. The effects of varying the salt and diluent will also be studied. 

Additives that can further stabilize Na-anode cycling will be explored and mechanistically studied. 
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Surface ligand effects on energetics, charge transfer, and stability at interfaces between 

metal halide perovskites and organic semiconductors 

 

Kenneth R. Graham, University of Kentucky 

Program Scope 

 Metal halide perovskites, HPs, are a promising class of inexpensive solution processable 

semiconductors for optoelectronic devices.  The surface chemistry of HPs exerts a major 

influence over their optical and electronic properties, stability, and performance in an 

optoelectronic devices.  The importance of HP surface chemistry is now widely recognized and 

surface passivation is regularly employed in creating high-efficiency photovoltaic (PV) devices 

with improved stability.1  This research program is focused on the surface chemistry of HPs and 

the interfaces between HPs and organic semiconductors, which are critical interfaces found 

within most HP containing optoelectronic devices.  The project is broken down into the 

following four objectives: 1) quantify ligand binding strength as a function of ligand binding 

group and perovskite composition, 2) determine how the ligand structure influences 

photoluminescence properties, energetics, and charge transfer processes, 3) identify how the 

surface ligand structure influences HP stability, and 4) develop combinations of extended π-

conjugated and non-conjugated ligands to manipulate energetics, charge transfer, and stability at 

perovskite-organic interfaces. Much of the research takes advantage of the photoelectron 

spectroscopy capabilities developed in the Graham laboratory specifically for investigating more 

damage prone materials, which include x-ray, ultraviolet, and inverse photoelectron spectroscopy 

(XPS, UPS, and IPES, respectively).  The program is currently in its fourth year, out of five, and 

the focus for the remaining 14 months will be on objectives 3 and 4, which focus on stability of 

HPs upon surface ligand treatment and the use of extended π-conjugated ligands. 

 Recent Progress  

 A large series of ligands have been applied to Pb-based and Sn-based HP thin films and 

Pb-based HP nanocrystals throughout the first four years of this research program.  We have 

found that there is not a one-size fits all ligand passivation approach.  For example, the 

reactivities of nanocrystals and thin films to different ligand binding groups can vary 

significantly and each class of ligands has their advantages and disadvantages.  Furthermore, we 

have contributed to the understanding that treatment of HPs with surface ligands is often more 

complicated than for other classes of materials, as many surface ligands can penetrate the HP and 

create new material phases where the 3D structure is split into 2D or pseudo-2D phases. 

The series of ligands depicted in Figure 1a, where both the ligand binding group and 

ligand tail are varied, were applied to methylammonium lead iodide (MAPbI3) thin films.  Here, 

using angle dependent XPS measurements combined with modeling we quantified the extent of 

ligand surface coverage and qualitatively probed whether the ligands are confined to the film 
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surface or penetrate into the MAPbI3 film.  

The XPS data shows that phosphonic acid, 

carboxylic acid, and ammonium containing 

ligands all reproducibly bind to the MAPbI3 

surface with a surface coverage that is 

readily detectable with XPS.  Thiols serve to 

passivate defect states, as evidenced by 

increased photoluminescence intensity, but 

no thiol binding is detectable with XPS.  

Through comparing photoelectron intensities 

to models of surface ligand adsorption we 

calculate near complete surface coverage for 

OPA and high surface coverage for the 

carboxylic acid containing derivatives.  

These XPS measurements also show that 

PPA and the ammonium containing ligands 

in Figure 1a penetrate into the MAPbI3 films 

to varying extents and result in the formation 

of pseudo-2D phases.  

MAPbI3 is one of the less stable HPs 

and displays a relatively low activation energy 

for ion diffusion.2  An investigation of more 

stable HP compositions, including Cs0.15FA0.85PbI3, Cs0.15FA0.85PbBr3, and K doped 

Cs0.15FA0.85PbI3 (FA: formamidinium), and five selected ligands OAI, AnI, PEAI, OPA, and PPA 

show that there is minimal difference in ligand penetration and ligand binding with perovskite 

composition across this series.  Similarly, these results are consistent with MAPbI3, indicating 

that the family of organic lead halide perovskites all show similar reactivities with ammonium 

and phosphonic acid functionalized surface ligands.  

 Ligand penetration can have a large influence on interfacial energetics, charge transfer, 

and the performance of optoelectronic devices; thus, it is important to understand the variables 

that influence ligand penetration.  The impact of the ligand tail group structure with ammonium 

binding groups was investigated as a function of extent of fluorination, maximum cross-sectional 

area of the ligand, and ligand tail length.  We find that the best means to reduce or eliminate 

ammonium ligand penetration is to increase the maximum cross-sectional area beyond what can 

be accommodated into a 2D perovskite structure, such as with 3,5 di-tert-butylanilinium iodide.  

Furthermore, ligands with larger cross-sectional areas, including those that do penetrate MAPbI3 

and result in formation of pseudo-2D phases, are found to result in the largest stability 

improvements to MAPbI3. 

Figure 1.  Surface ligands applied to MAPbI3 (a), 

angle dependent XPS spectra for PPA (b) and 

OPA (c) on MAPbI3, and a schematic showing 

ligand surface localization vs. penetration (d). 
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 Surface ligand treatment has a large 

impact on the PV performance, as 

shown in Figure 2a.  Here, 

phosphonic acids result in decreased 

PV performance, carboxylic acids 

increase the PV performance, and 

ammonium ligands show mixed 

results.  Using UPS and IPES to 

characterize the energetics, we find 

that the primary influence of the 

surface ligand on PV performance is 

in how the ligand impacts the surface 

energetics.  When the surface ligand 

introduces a barrier to charge 

extraction (Figure 2b and c), as would 

be the case when the electron affinity 

decreases in the p-i-n architecture 

devices investigated here, the power 

conversion efficiency is sharply 

reduced.  Improvements in PV performance occur when the surface ligand both passivates defect 

states and creates a favorable energy landscape for charge extraction. 

 The impact of surface 

energetics on charge transfer and 

PV performance translates over to 

2D/3D device architectures, where a 

pseudo-2D phase is formed on a 3D 

HP, and extended π-conjugated 

surface ligands.  Through a 

collaboration with the Sargent 

group (University of Toronto) we 

determined that the performance of 

2D/3D perovskite PV devices is 

highly dependent on the 

dimensionality of the 2D phase, i.e., 

the thickness of the inorganic 

sheets, and the transport energetics 

of the 2D surface phase.  Here, the 

2D phase should not introduce a 

barrier to charge extraction.  For 

extended π-conjugated surface 

Figure 2.  Power conversion efficiency (PCE) of p-i-n PV 

cells as a function of the surface ligand applied (a), energetic 

schematic at the electron-extracting interface (b), and a 

comparison of the electron affinity of the various ligand 

treated MAPbI3 films showing the correlation with PCE (c). 

Figure 3.  Combined UPS and IPES spectra of HP films treated 

with extended π-conjugated surface ligands (a), resulting 

interfacial energetics (b), and PV performance for n-i-p (c) and 

p-i-n (d) devices. 
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ligands we worked with the Dou group (Purdue University) to show that the transport energetics 

of the π-conjugated surface ligands play a critical role in charge extraction and PV performance.  

As Figure 3 shows, the π-conjugated surface ligands result in significant changes to surface 

energetics.  This surface phase presents a barrier to charge extraction in the p-i-n device 

architecture, but not in the n-i-p architecture.  As a result, PV devices with the n-i-p architecture 

show high performance whereas the p-i-n devices show poor performance. 

 In the area of Sn-based perovskites we have characterized the complete interfacial energy 

landscape at the formamidinium tin iodide (FASnI3)/C60 interface both with and without surface 

ligands.  One major finding of this work is that iodide diffusion from FASnI3 into C60 occurs and 

results in n-type doping of C60.  Surface ligands can be used to reduce iodide diffusion and 

improve FASnI3 stability, such as through the use of a fluorinated ammonium ligand. 

 Metal halide perovskite nanocrystals were a major part of the first three objectives of this 

work and resulted in three publications.  Several ligands and ligand combinations were identified 

to stabilize HP nanocrystals and passivate defect states; however, application of these same 

ligands to thin films does not result in the same enhancements.  The difference in ligand impact 

on nanocrystals and thin films is attributed to the significantly different surface chemistries of the 

as-synthesized materials, with the nanocrystals consisting of much more reactive Pb-halide rich 

surfaces with weakly coordinating ligands that are easily displaced. 

Future Plans 

 The remaining work will focus primarily on extended π-conjugated ligands and stability, 

with an increased focus on the stability of Sn-based HPs.  We will synthesize extended π-

conjugated ligands with targeted energetic variations to determine how surface ligand energetics 

impact charge-transfer processes and stability.  These extended π-conjugated ligands will be 

combined with smaller ligands of varying dipole moments to provide additional control over 

interfacial energetics, aid in defect state passivation, and increase stability.  It is well known that 

Sn-based HPs are much less stable than their Pb-based counterparts and in the final year of this 

project we will determine the extent to which surface ligands can be used to enhance the stability 

of Sn-based HPs.  This investigation will include how the surface ligand binding and tail groups 

can be used to impede iodide diffusion out of the HP and how the surface ligand structure 

influences degradation reactions upon exposure to water vapor and oxygen. 
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Shaping Symmetry and Molding Morphology of Triply-Periodic Network Assemblies via 

Molecular Design of Block Copolymers 
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Program Scope 

 This project integrates theory, synthesis and advance characterization approaches to 

uncover and advance “molecular design rules” for block copolymer (BCP) assemblies of triply-

periodic network (TPN) phases.  The double-gyroid (DG) network morphology has been a prime 

target of “bottom up” approaches to nanostructured, hybrid materials, and yet, the ability to 

manipulate the ultimate morphology of TPN assemblies beyond the narrow composition window 

provided by diblock DG networks has advanced relatively little since its discovery. This project 

seeks the fundamental knowledge needed for:  i) tailorable molecular design that targets and 

achieves equilibrium assembly of TPN 

symmetries beyond canonical DG phases; and 

ii) unprecedented control over the intra-unit cell 

compositions of stable TPN (i.e. arbitrary ratios 

of channel/inter-channel domain volumes) as 

well as control of network node functionality.   

Organized under this overarching goal are the 

following collaborative efforts, including 

advancing theoretical principles of molecule-to-

morphology design of TPN; novel 

characterization and metrology of sub-domain 

morphological features of TPN assemblies; and 

synthetic approaches to create precisely defined 

and labeled BCP architectures for direct 

imaging of key nanofeatures in novel 

morphologies. 

 Recent Progress  

Quantitative and multiscale measurement of complex BCP domains. We adopted slice and view 

scanning electron microscopy (SVSEM) tomography to study well-ordered DG and double 

diamond (DD) polymer networks for the first time, both at the supra-unit cell level and sub-unit 

cell levelP1. Most critically, our work exploited the unique capability of SVSEM to access ultra-

large volumes of coherent soft crystalline order. As shown in Fig. 1, SVSEM analyses of large 

volumes of triply-periodic structure are essential for 3D Fourier diffraction (without loss of phase 

information), unambiguous information in all spatial directions, and 3D high-resolution 

 

Fig. 1(A) Schematic of SVSEM measurement of BCP 

morphology.  (B) High-resolution 3D reconstruction of 

IMDS shapes of PS-PDMS gyroid, from SVSEM. (C) 

shows measured mean and Gaussian curvature 

distribution of IMDS. 
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reconstruction of subdomain morphologic. Unlike TEM tomography, SVSEM tomography 

provides significantly arbitrarily large dimensions reconstruction in all three spatial directions, 

enabling high-resolution and statistically meaningful analysis of the morphologies at an 

unprecedented level of detail. Analysis of the sub-unit cell morphology of the polystyrene-block-

poly(dimethyl siloxane) (PS-b-PDMS) gyroid, focuses on the shape of the inter-material dividing 

surface (IMDS) and the distribution of the subdomain thicknesses. While the resolution of the raw 

SVSEM tomogram is limited by the ~ 3 nm size of image voxels, the intra-grain coherence over 

large volumes facilitates analysis of an “average” unit-cell at high resolution accomplished through 

Fourier averaging the raw SVSEM data via application of a 3D Bragg-filter. Precise measurement 

of the mean (H) and Gaussian (K) curvature distributions contrasts with existing heuristic models 

of constant mean curvature (CMC) or constant mean thickness (CMT) IMDS shapeR1,R2. More 

crucially, this analysis revealed that experimental DG crystals are distorted from the predicted 

cubic symmetry by a previously unrecognized, facilitated by a novel coupling between distortion 

of the supradomain periodicity and non-affine symmetry breaking at the subunit cell level.   

Medial metrics of subdomain morphology. 

The unprecedented range of scales and 

high-fidelity captured by SVSEM 

tomography now makes closed-loop theory 

and experimental study of the detailed 

shapes of BCP domains possible, but also 

raises challenges to define metrics of 

subdomain morphology that push beyond 

coarse descriptions based on domain 

spacing, topology and space group.   We 

have developed a novel and fully general 

approach to characterize the “thickness” of 

arbitrary BCP domains based on the medial 

surfaces (MS) of the IMDSP4. Medial 

surface analysis originated in the field of 

computational geometry.  While it was 

previously proposed as a metric of the 

inhomogeneity of lyotropic sponge 

phasesR3, our approach is the first to analyze 

the MS for TPN phases of BCP, and more 

importantly, to critically confront the 

theoretical distributions with the experimentally measured distributions based on high fidelity 

measurement of the IMDS.  We applied the medial analysis to DG domains, to address the critical 

puzzle about how the minority blocks extend into the “middle” of the tubular domain as well as 

how the majority blocks extend outwards from the IMDS (Fig. 2).   Notably, this analysis revises 

a standard picture for packing frustration in TPN phasesR4, which assumes that minority block 

Fig. 2 (A-E) Comparison between skeletal thickness and 

medial thickness of minority blocks of DG, with (F) showing 

the anatomy of the inner medial “web”.  (G) shows a medial 

SST tessellation of the network node of DG (minority = 

red/matrix = blue), with the corresponding predictions for 

free energies for linear AB diblocks in (H).  
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chains must extend 1D skeletal graphs of the network.  Instead, we find the MS of the minority 

block forms twisted web-like surfaces, suggesting that minority blocks “spread out” over a 2D 

surface that greatly lowers their extension, representing a far lower average thickness and 

corresponding lower free energy.  Medial analysis for the tubular PDMS domains in the DG 

formed in Fig. 1, suggest mean thickness falls substantially (more than 15%) below the skeletal 

estimate, a result that has key implications for thermodynamics.  Finally, we shown that medial 

analysis generalizes to all domain types without additional assumptions, and developed 

computational algorithms for medial thickness characterization based on both computational 

(SCFT) and experimental (SVSEM) data of complex BCP domains, from networks to complex 

sphere phases. 

Medial SST and the strong segregation stability of DG.  Our new insights based on MS analysis 

connect with a long-standing puzzle for BCP theory  namely, is the DG phase an equilibrium phase 

in the strong segregation limit (i.e. 𝜒𝑁 → ∞)? One on hand, seminal strong segregation theory 

(SST) predictions concluded that no window of stable TPN phase exists between lamella and 

hexagonal cylinders for diblock meltsR5,R6. This would seemingly confirm the “pinch off” 

suggested from the early SCFT calculations although more recent advances in SCFT calculationsR7 

(not to mention experiments) that push to much higher 𝜒𝑁 show that, nevertheless, equilibrium 

DG persists to, at least, very high degrees of segregation. We have developed a novel approach to 

SST based on the medial geometry of BCP domains (see Fig. 2G), which critically incorporates 

the degrees of freedom associated with “spreading” of termini of the web-like surfaces in TPN, 

allowing for space filling packings at a drastically lower entropic penalty for chain stretching. 

Fig. 2H shows that medial packing reduces the overall free energy of DG formation by more than 

3% over the previous best calculation based on the “skeletal” packing assumption. While 

seemingly small, this margin is sufficient to bring the free energy of DG just below its competitors 

in a narrow composition window between hexagonal packed cylinders and lamella, and the 

window of DG stability slightly widens (and shifts  to higher tubular domain thickness) with 

increasing elastic asymmetry (e.g. conformational or architectural) between the blocks.  Our results 

resolve the long-standing discrepancy between SST and SCFT at high 𝜒𝑁  with regard to the 

stability of bicontinuous phases and lays the groundwork to extend the medial SST to understand 

the connection between molecular features to complex morphologies, well beyond the simplest 

case of linear AB diblocks and the DG phases.  

Single molecule insertion approaches to architectural control of BCP. Novel approaches that 

combine radical polymerization in conjunction with single-molecule insertion (SMI) have led to 

considerable recent progress for sequentially and architectural-defined polymersR7.  We have 

developed and demonstrated a new SMI approach based on pentafluoro phenyl ester maleimide 

(PFPMI) at the polymer chain-endsP3.  This methodology was extended to the synthesis of discrete 

PMMA-b-PS-g-PEO block polymer architectures which lie along the unexplored and newly defied 

continuum between a 3-arm star and A-B-C linear triblock polymer, Fig. 3.  For the beginning of 

the continuum, the synthesis of a 3-arm star was performed by RAFT polymerization to prepare a  
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PMMA homopolymer. Performing the SMI with the PFPMI molecule at the chain-end of PMMA, 

followed by chain-extension using styrene, leads to the synthesis of PMMA-PFPMI-PS diblock 

polymers with an active grafting site at the junction of the two blocks. Utilizing the grafting to 

approach, an amine-terminated PEO was grafted to the diblock polymer, generating the 3-arm star 

architecture. Likewise, for the synthesis of the linear end of the continuum, a controlled radical 

polymerization of MMA 

followed by styrene leads to the 

synthesis of PMMA-b-PS, 

subsequent SMI of the PFPMI 

molecule at the active chain-end 

yields PMMA-b-PS-PFPMI.  

Grafting of amine-terminated 

PEO generates the linear triblock 

architecture PMMA-b-PS-g-

PEO. Morphological studies 

using small-angle X-ray 

scattering and conventional and 

energy-filtered transmission 

electron microscopy reveal the 

transition between lamellae, perforated lamellae, and cylindrical morphologies with systematic 

variation in the graft position, a trend attributed to the topological frustration and the associated 

repulsion between the three blocks.  This work demonstrates the versatility of the SMI technique 

which can be used to synthesize a wide variety of polymer architectures by adjusting the location 

of the SMI on the polymer backbone.   

Future Plans 

Future efforts will address the following objectives aimed at advancing the control of multi-scale 

morphologies of complex BCP networks through molecular design and processing: 

 Extend the medial SST approach to understand subdomain packing and thermodynamics 

of stability of complex phases beyond DG (e.g. perforated layer morphologies, double 

diamond, primitive, and novel network “alloy” phases, with mixed node functionalityR8). 

 Test new concepts of for tailoring sensitivity of BCP structure to targeted subdomain 

packing via synthesis, characterization and theory of “mixed graft length” stars. 

 Advance cryo-SVSEM approach to capture and characterize “mesoatomic” morphologies 

and kinetic pathways of precursors to DG (and other TPN) during solvent evaporation.  

 Experimentally characterize subdomain morphologies of complex BCP crystals beyond the 

IMDS (e.g. terminal boundaries and areal density) via 3D SVSEM reconstruction analysis 

of labeled BCP chemistries using SMI for installation at precise locations of siloxane 

labels. 

 

Fig. 3 Schematic of SMI preparative path to architectural continuum 

between ABC miktoarm stars and ABC linear triblocks. 
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Program Scope 

 This project aims to better understand and exploit the formation of cocontinuous 

nanostructures within blocky copolymer architectures containing architectural and compositional 

dispersity. Materials in which two (or more) disparate microphases with nanometer-scale domains 

simultaneously percolate in three dimensions offer promise in contexts including electrodes, 

catalysts, water purification, and stiff but tough materials. We seek to understand of how varying 

types and degrees of randomness in  blocky copolymer architectures promote the formation of 

disordered cocontinuous nanostructures. By subsequently degrading or extracting one of the 

components, interconnected porous samples can be obtained, which can be used to template a 

variety of functional nanostructured materials. 

 

 Recent Progress  

 We have made recent progress on understanding the 

behavior of two specific architectures: linear multiblock  

copolymers and randomly crosslinked copolymer networks. In the 

former case, we have prepared multiblock copolymers with 

dispersity in effective block length and number by joining 

telechelic acrylate end-functionalized polystyrene (PS) and 

poly(lactic acid) (PLA) chains with dithiol linkers using thiol-

Michael chemistry. This approach yields blocky polymers of 

random sequence and with high length dispersity. As summarized 

in Figure 1A, we developed a phase diagram in terms of the PLA 

content (weight fraction, wPLA) and the degree of immiscibility N. 

Interestingly, at low incompatibility, close to the critical value for 

microphase separation, the cocontinuous window is rather wide, 

spanning 0.25 in wPLA. However, at larger N, ordered phases form 

over a larger range, reducing the cocontinuous window to only 

0.10 in wPLA. A key advantage of this approach is that the polymer remain solution processable 

after linking, thus enabling the formation of thin membranes (Figure 1B). In the latter case, we 

Figure 1. (A) Phase diagram for 

PS-PLA linear multiblock 

polymers and (B) cross-

sectional SEM of porous thin 

film.  
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have prepared linear copolymers of PS and poly(2-vinyl pyridine), each containing a small fraction 

of allyl methacrylate comonomers containing pendent allyl functionalities that can be subsequently 

crosslinked by thiol-ene reactions with multi-functional thiol linkers. Compared to our previous 

work on randomly end-linked copolymer networks, this approach facilitates network formation, 

since the precursor polymers do not need to be prepared with well-controlled end groups. We have 

found that this approach is similarly effective at promoting formation of disordered cocontinuous 

nanostructures as randomly end-linking. 

 In addition, we have made recent progress on using these approaches to prepare functional 

nanostructured and nanoporous materials. In one example, we have studied the use of polysulfone 

(PSU) strands in place of PS, and formed both randomly end-linked copolymer networks and linear 

multi-block copolymers. Since PSU is formed by a step-growth polymerization, it is 

straightforward to achieve telechelic linear homopolymers end-capped with desired functional 

groups that can subsequently be linked together with difunctional or multifunctional linkers. We 

have found that PSU-PLA systems are similarly effective as PS-PLA systems at forming 

disordered cocontinuous nanostructures, but with greatly improved mechanical toughness thanks 

to the properties of the engineering polymer PSU. This enables the formation of interconnected 

nanoporous membranes with sufficient mechanical toughness for subsequent characterization in 

filtration applications.                   

Future Plans 

 In the future, we plan to extend our study of randomly-linked copolymers to star-like 

architectures to further elucidate the importance of dispersity in strand lengths vs. preferred 

curvature of junctions. In addition, we will further demonstrate the utility of this platform for 

assembly and templating of functional materials including nanoporous carbon and high surface 

area heterojunctions of polymerized ionic liquids.    
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Predictive coarse-grained modeling of morphologies in polymer nanocomposites with 

specific and directional intermolecular interactions  
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Program Scope 

The overarching goal of the project is to develop predictive coarse-grained (CG) models 

for investigating structure and dynamics in soft materials with chemistries that have specific and 

directional molecular interactions. The successful development of qualitatively, and in some cases 

quantitatively, accurate coarse-grained models is enabled by synergistic feedback from 

experiments via synthesis and structural characterization of these materials using x-ray scattering, 

neutron scattering and microscopy. Although past computational studies have been tremendously 

useful in understanding molecular phenomena and guiding synthesis of new macromolecular soft 

materials for a wide variety of applications, the inability to capture small scale specific and 

directional interactions alongside macromolecular length and time scales represents a key 

limitation of most studies to date. Our work in this project addresses this next grand challenge in 

computational materials chemistry, i.e., to be able to model the anisotropic, directional, and 

specific interactions that govern the behavior of many macromolecular soft matter systems of 

interest, thus, greatly expanding the predictive potential of simulations. 

Recent Progress  

The past work described in 3-year publication list at the end of this abstract was focused 

on development of new coarse-grained models [Publication #1, 3, 5, and 6] that capture hydrogen 

bonding in polymeric systems and their use in molecular simulations and PRISM theory to study 

structure and thermodynamics in polymer nanocomposites [Publication #1, 7, and 8] and solutions 

[3 and 5]. Recent progress and ongoing work are described below:  

► Impact of Composition and Placement of Hydrogen Bonding Groups along Polymer 

Chains on Blend Phase Behavior: Coarse-Grained Molecular Dynamics (MD) Simulation 

Study. We use molecular dynamics (MD) simulations to study polymer blends comprised of two 

polymer chemistries, one polymer containing 

hydrogen bonding (H-bonding) acceptor groups 

and the other containing H-bonding donor 

groups. Using a previously developed coarse-

grained (CG) model [Publication #1] capable of 

representing both, the attractive directional 

interactions between H-bonding acceptor and 

donor groups as well as the unfavorable 

isotropic polymer-polymer interactions, we 

Figure 1:  Connecting the composition and placement 

of Hydrogen bonding groups along polymer chains to 

the observed blend morphology 
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predict the morphology (i.e., two-phase, ordered/lamellar, disordered, and bicontinuous 

microemulsion or BμE) in symmetric blends of these polymer chemistries at varied composition 

(i.e., fraction of monomers containing hydrogen bonding groups along the polymer chain) and 

placement of hydrogen bonding groups along polymer chains. We validate our CGMD approach 

to describe phase behavior in H-bonding polymer blends by comparing our simulation phase 

diagrams to past theoretical phase diagram of Fredrickson and co-workers for end-associating 

polymer chains at varying H-bonding and polymer segregation strengths (h/χN and 1/ χN). 

Simulation results show that with increasing H-bonding strength, end-associating blends with short 

chain lengths transition from two-phase to BμE and finally to disordered microphase 

morphologies, while those with longer chain lengths at similar polymer segregation strengths 

transition from two-phase to ordered lamellar phases. The simulated phase diagram in 1/χN vs. 1/ 

χN space agrees with past theoretical phase diagram for end-associating polymer chains. 

 Next, we study polymer blends with center placement of a single H-bonding group in each 

polymer chain and random and regular placement of multiple H-bonding groups per polymer 

chain. With increasing H-bonding strength, regardless of number and placement of H-bonding 

groups, the fraction of associated H-bonding groups increases with the system transitioning from 

unassociated polymers to a mixture of associated copolymers and unassociated polymers and 

finally a melt of fully associated supramolecular copolymers. At intermediate strengths of H-

bonding, we observe BμE morphologies in all systems with end, center, random, and regular 

placement of H-bonding group(s).  At high strengths of H-bonding attraction, the blend 

morphology is disordered with microphase domain sizes being largest for the center case, followed 

by the end case and then regular and random placement cases. We demonstrate that these trends 

in disordered domain sizes for blends with varying composition and placement of hydrogen groups 

are linked to the supramolecular copolymer architecture formed upon association of the two 

homopolymer chemistries at high strengths of H-bonding. The center placement case forms 

miktoarm star copolymers which show smaller domain sizes compared to diblock copolymers 

formed in the end placement case at the same molecular weight, while the random and regular 

cases form non-linear copolymer architectures with dispersity in arm length and branching leading 

to larger domain sizes. Overall, our work establishes design rules for incorporating H-bonding 

functional groups along polymer chains to create blends with precisely tuned morphology and 

disordered domain sizes.   

Publications in preparation: ● A. Kulshreshtha, R. Hayward, A. Jayaraman*, Coarse-Grained 

Modeling and Simulation Study of Structure and Phase Behavior in Blends of Homopolymers with 

Hydrogen Bonding (to be submitted July 2021); ● A. Kulshreshtha, J. Ju, R. Hayward*, A. 

Jayaraman*, Effect of Composition and Placement of Hydrogen Bonding Groups along Polymer 

Chains on the Formation and Stability of Bicontinuous Microemulsions in Polymer Blends. (in 

preparation) ● A. Kulshreshtha, A. Jayaraman*, Machine Learning Guided Closures for 

Polymer Reference Interaction Site Model (PRISM) Theory Studies of Macromolecules with 

Directional Interactions. (in preparation) 
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► Coarse-Grained Molecular Dynamics (MD) Simulations of Hydrogen-bonding Induced 

Ordering among Polysulfamide Chemistries. N,N′-disubstituted sulfamides, have been 

synthesized [Ref. 1] and found use in a wide variety of applications ranging from catalysis to 

medicinal chemistry. Despite their promising properties including high thermal stability, tunable 

glass transition temperature, and potential to be recycled back to constitutive monomers via 

hydrolysis, polysulfamides are still not as commonly used as polyureas in many applications. This 

is due to insufficient fundamental understanding of how polysulfamides behave in solutions and 

blends with other materials, partly due to difficulties in synthesis, until recently via SuFEx click 

chemistry [Ref. 1], and partly due to lack of molecular models that can be used to simulate these 

materials. The latter limitation has motivated our recent computational work to address this 

knowledge gap in collaboration with Prof. Q. Michaudel at Texas A&M, whose group synthesizes 

these macromolecules.  

Inspired by past coarse-grained (CG) models [Publication #1, 3, 5, and 6] developed in our 

group within this DOE project, 

we have created a new coarse-

grained model (Figure 2) for 

various polysulfamides 

synthesized by Q. Michaudel and 

coworkers at Texas A&M. 

Donors (-NH) and acceptors (-

S=O) are embedded in the 

sulfamide CG bead and together 

they are modeled as rigid body. The groups on either side of the sulfamide bead are modeled with 

CG beads whose sizes are scaled roughly by atomistic diameters of corresponding chemistries. As 

shown in Figure 2, for modelling diphenylmethane group (left side chain in this example) we use 

a bulky CG bead and stiff angle potential; for aliphatic chains (right side chain in this example) 

we use a small CG bead and flexible chains. We are using these CG models and molecular 

dynamics simulations to correlate the choice of the two groups on either side of the sulfamide 

group in the repeating unit of the chain, specifically the two groups’ flexibilityand bulkiness, to 

the extent of crystallinity observed in experiments. So far, we have found that the bulkiness rather 

than the flexiblity of the groups on either side of the sulfamide chemistry seems to be the 

determining factor of the hydrogen bonding propensity (in our simulation) and crystallinity (in 

their experimental findings).  Bulky groups hinder hydrogen bond formation and lead to lower 

crystallinity.  

Publications in preparation: ● Z. Wu, J. W. Wu, Q. Michaudel*, A. Jayaraman*, Hydrogen 

bonding induced assembly of polysulfamides in solution: coarse-grained simulations and 

experiments (in preparation) 

 

Figure 2:  Coarse-grained models for polysulfamide chemistries to 

enable molecular simulations of assembly of polysulfamide chains. 
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Future Plans 

In the last 6 months of this project, the two graduate students supported on this grant, A. 

Kulshreshtha and Z. Wu, and PI Jayaraman will complete work on the four publications in 

preparation. Two out of the four papers are joint experiment - simulation papers, one with 

collaborator Prof. Quentin Michaudel in Texas A&M on polysulfamides and another with sub-

awardee of this DOE grant Prof. Ryan Hayward at Univ. of Colorado Boulder. For both papers, we 

still need some results from experiments to create the feedback loop with the simulations and any 

additional simulation results post-improvements to the CG models made based on the feedback 

look. 

 

References 

1. R. W. Kulow, J. W. Wu, C. Kim, and Q. Michaudel, Synthesis of unsymmetrical sulfamides 

and polysulfamides via SuFEx click chemistry, Chem. Sci., 2020,11, 7807-7812   

Publications 3-year list of publications supported by DOE-BES. 

(* denotes corresponding author, # denotes equal contributions, † denotes undergraduate 

researcher) 

1. A. Kulshreshtha, K.J. Modica†, A. Jayaraman*, Impact of Hydrogen Bonding Interactions on 

Graft−Matrix Wetting and Structure in Polymer Nanocomposites, Macromolecules, 52 (7), 

2725- 2735 (2019) 

2. T. E. Gartner, III, A. Jayaraman*, Modeling and Simulations of Polymers: A Roadmap, an 

invited perspective article for Macromolecules, 52 (3), 755–786 (2019) Invited Front Cover 

Art. Now listed in the Top 10 Most Read Articles in Macromolecules  

3. D. J. Beltran-Villegas, D. Intriago†, K. Kim, N. Behaptu, J. D. Londono, A. Jayaraman*, 

Coarse- grained molecular dynamics simulations of α-1,3-glucan, Soft Matter, 15, 4669-4681 

(2019) 

4. A. Jayaraman*, Modeling and simulation of macromolecules with hydrogen bonds: Challenges, 

successes and opportunities, an invited viewpoint in ACS Macro Letters 9, 656–665, (2020) 

5. U. Kapoor#, A, Kulshreshtha#, A. Jayaraman*, Development of Coarse-Grained Models for 

Poly(4- vinylphenol) and Poly(2 vinylpyridine): Polymer Chemistries with Hydrogen Bonding, 

Polymers, 12, 2764 (2020).  

6. Z. Wu, D. Beltran-Villegas, A. Jayaraman*, Development of a new coarse-grained model to simulate 

assembly of cellulose chains due to hydrogen bonding, Journal of Chemical Theory and 

Computation 16, 7, 4599–4614 (2020) 

7. A. Kulshreshtha, A. Jayaraman*, Dispersion and Aggregation of Polymer Grafted Particles in 

Polymer Nanocomposites Driven by the Hardness and Size of the Grafted Layer Tuned by 

Attractive Graft-Matrix Interactions, Macromolecules, 53 (4), 1302-1313 (2020) 

8. S. M. Maguire, N. M. Krook, A. Kulshreshtha, C. R. Bilchak, R. B., A-M. Pana, P. Rannou, M. 

Maréchal, K. Ohno, A. Jayaraman*, R, J. Composto*, Interfacial Compatibilization in Ternary 

Polymer Nanocomposites: Comparing Theory and Experiments, Macromolecules, 54, 2, 797-

811 (2020) 

194



9. A. Jayaraman*, A. Kulshreshtha, P. Taylor, A. Prhashanna, Coarse-Grained Modeling and 

Simulations of Thermoresponsive Biopolymers and Polymer Nanocomposites with Specific 

and Directional Interactions, in: Maginn E.J., Errington J. (eds) Foundations of Molecular 

Modeling and Simulation, Molecular Modeling and Simulation (Applications and Perspectives). 

Springer, Singapore,     37-74 (2021) 

195



Fundamental Studies of Charge Transfer in Nanoscale Heterostructures of Earth-

Abundant Semiconductors for Solar Energy Conversion  

Song Jin, John C. Wright, and Robert J. Hamers (contact PI email: jin@chem.wisc.edu) 

Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706  

Program 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. The interactions between the organic and inorganic components in hybrid 

perovskites result in “polarons”, which gives them unique physical properties that are very 

different from conventional semiconductor materials and creates more complexity for 

understanding the physical processes at heterojunctions of halide perovskites. A 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 energy 

device applications. To address these challenges, our collaborative team synergistically combines 

complementary expertise in synthesis of new materials and nanoscale heterostructures (Jin) with 

the development of new ultrafast spectroscopies (Wright) and scanning probe microscopy 

(Hamers) designed to probe complex heterostructures at the single quantum state level.  

Recent Progress  

In the current project period, we have made significant progress in the materials chemistry, 

spectroscopic studies and physical properties of two families of materials and their 

heterostructures: lead halide perovskites and layered metal chalcogenide (MX2). We have 

developed new methods for synthesizing nanostructures of halide perovskites including two-

dimensional (2D) layered perovskites and using them to create novel heterostructures. We have 

also developed fully coherent multidimensional spectroscopy (CMDS) methods for characterizing 

semiconductor materials and their nanoscale heterostructures. Some highlights include: 

Distinct Carrier Transfer Properties Across Heterostructures of 2D/3D Perovskites  

Two-dimensional-on-three-dimensional (2D/3D) halide perovskite heterostructures have 

been extensively utilized in optoelectronic devices. However, the labile nature of halide 

perovskites makes it difficult to form such heterostructures with well-defined compositions, 

orientations, and interfaces, which inhibits understanding of the carrier transfer properties across 

these heterostructures. We have developed solution growth of both horizontally and vertically 

aligned 2D perovskite (PEA)2PbBr4 (PEA = phenylethylammonium) microplates onto 3D CsPbBr3 

single crystal thin films (Fig. 1), with well-defined 

heterojunctions. Time-resolved photoluminescence 

(TRPL) transients of the heterostructures exhibit the 

monomolecular and bimolecular dynamics expected 

from exciton annihilation, dissociation, and 

recombination, as well as evidence for carrier 

transfer in these heterostructures. Two kinetic models 

based on Type-I and Type-II band alignments at the 

interface are applied to reveal a shift in balance 

between carrier transfer and recombination (Fig. 1): 

Type-I band alignment better describes the behaviors 

 

Fig. 1. Horizontally and vertically aligned 

heterostructures of 2D (PEA)2PbBr4/3D CsPbBr3 

perovskites and different carrier transfer mechanisms. 
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of heterostructures with thin 2D perovskite microplates but Type-II band alignment better 

describes those with thick 2D microplates (>150 nm). TRPL of vertically aligned 2D microplates 

is dominated by directly excite d PL and is independent of the height above the 3D film. Electrical 

measurements reveal current rectification behaviors in both heterostructures with vertical 

heterostructures showing better electrical transport. This work provides insights on the charge 

transfer mechanisms in these 2D/3D perovskite heterostructures and guidelines for designing 

better optoelectronic devices, but also leaves many unsettled questions for further study.  

Deterministic Fabrication of Arbitrary Vertical Heterostructures of RP Halide Perovskites  

We have further developed methods for creating large-area vertical or lateral heterostructures 

of Ruddlesden−Popper (RP) perovskites with the goal of precisely controlling the compositions 

and the stacking sequence of each layer. We first developed a new solution growth for synthesizing 

large nanosheets of a variety of phase-pure 2D RP lead halide perovskites (30+) with different LA 

and A cations with lateral dimensions of up to a few hundred micrometers and thicknesses of down 

to a monolayer. We have further developed the soft contact transfer methods to sequential transfers 

and physically stacking of different nanosheets to create vertical heterostructures in a deterministic 

fashion (see examples in Fig. 2). The self-assembled bilayer of LA cations can act as natural 

diffusion barrier and prevent halide migration across the adjacent perovskite layers, 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. 2). This work also 

shows that rationally designed novel 

heterostructures exhibit interesting interlayer 

properties, such as efficient interlayer energy 

transfer and reduction of photoluminescence 

line width. These RP perovskite 

heterostructures will enable the exploration of 

carrier transfer dynamics and novel exciton 

physics in the next project cycle. For 

example, we have further made suitably 

designed heterostructures with presumed 

Type II band alignment and preliminarily 

observed the evidence for interlayer excitons.  

Lateral Heterostructures of RP Halide Perovskites Formed via Anion Exchange 

We have synthesized lateral heterostructures of RP halide perovskites via halide anion 

exchange. The halide miscibility in RP perovskites decreases with perovskite layer thickness (n), 

enabling the formation of sharp halide lateral heterostructures from n = 1 and 2 RP lead iodide 

microplates via anion exchange with hydrogen bromide (HBr) vapor. In contrast, RP perovskites 

with n ≥ 3 form more diffuse lateral heterojunctions, more similar to those in 3D perovskites. The 

anion exchange behaviors show a strong dependence on the spacer and A-site cations in the RP 

perovskites. These new insights, and kinetic studies of the exchange reactions, enable the 

preparation of lateral heterostructures from various n = 2 RP perovskites that are show to be more 

stable against anion interdiffusion and degradation for potential optoelectronic device applications.  

Super-twisted Spirals of MX2 Materials enabled by Growth on non-Euclidean Surfaces  

 

Fig. 2. Various novel vertical heterostructures (a,b) and 

multiheterostructures (c) of 2D RP perovskites we fabricated. 
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Tuning the twist angles between 2D materials 

results in the formation of moiré patterns and the 

manipulation of electronic states, which have led to 

novel quantum phenomena in 2D materials, including 

unconventional superconductivity, moiré excitons, 

and tunable Mott insulators. Such twisted structures of 

layered materials have so far been fabricated by 

elaborate mechanical stacking of different layers in a 

one-off and low throughput fashion. We have 

developed a novel method to rationally produce 

twisted MX2 spiral structures with consistent twisting 

alignment between successive MX2 layers (Fig. 3). 

This is enabled by a general model describing the growth of layered materials with screw 

dislocation spirals on non-Euclidean surfaces, which leads to the rational realization of 

continuously twisted layered superstructures. We experimentally demonstrated the growth of 

twisted spirals of WS2 and WSe2 draped over nanoparticles near their centers. Microscopic 

structural analysis shows that the twist of the crystal lattice is consistent with the geometric twist 

of the layers, leading to moiré superlattices between the atomic layers.  

Dynamics of 2D RP Perovskite Charge Carrier with Steady-State Carrier Control 

Our previous work developed a new TRPL approach to 

study and quantitatively characterize the charge carrier 

dynamics of a 3D hybrid perovskite by creating and 

controling a steady-state concentration of excited carriers and 

considering a complete model of carrier kinetics, in the form 

of rate equations. We recently developed a new modeling 

approach that controls the steady state carrier concentration 

by the pulse repetition rate to study a series of RP perovskite 

(PEA)2(CH3NH3)n-1PbnI3n+1 (PEA = phenethylammonium, n 

= 1, 2, 3, 4, and infinity) single crystals where the PL is 

dominated by excitonic recombination. Transient excitation 

created variations of the total photoexcited carrier density 

over the timescale of the measurement (105 – 108 cm-2 layer-

1), allowing us to probe the carrier dynamics at both exciton-

dominated (at high density) and free-carrier-dominated (at 

low density) regimes, as expected from the Saha equilibrium. 

Thus, despite only measuring excitonic emission, we can 

analyze the dynamic and steady-state dynamics of the TRPL transients while also resolving the 

free carrier  dynamics. We obtained an Arrhenius-like relationship between the exciton 

dissociation rate constant and the exciton binding energy (determined by the quantum well 

thickness, n) for all values of n as well as the dependence of the exciton annihilation and the 

electron-hole recombination rate constants. Moreover, we examined the influence of excitation 

power and trap filling on the observed value of each parameter. We developed a computational 

framework called KinetiKit for fitting time-resolved data, which will serve as a general framework 

for understanding the mechanisms of carrier dynamics. We have also developed a 

multidimensional harmonic generation method to eliminate the complications from multiphoton 

PL to accurately determine the second harmonic generation (SHG) of RP perovskites. 

 

Fig. 4. Systematic TRPL and kinetic 

modeling studies of 2D RP perovskites with 

different n value to differentiate the 

excitonic vs. free-carrier photophysics. 

 

Fig. 3. Super-twisted spirals of MX2 materials due to 

non-Euclidean Surfaces. 
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Development of New Spectroscopic Methods and Investigations of New Materials.  

The primary goal for our fully coherent ultrafast spectroscopy program is the development 

of methods that can characterize complex nanostructures. Current ultrafast methods work well for 

simple material systems but fail when the materials become more complex because they lack the 

spectral resolution required to probe interactions between multiple parts of a complex 

nanostructure. We have developed Triple Sum Frequency (TSF) fully coherent spectroscopy to 

entangle multiple quantum states and isolate the interactions between states. Even more 

importantly, TSF provides an instantaneous snapshot in time of the quantum states and their 

coupling to each other that is free from any relaxation effects. This capability is the result of the 

quantum Zeno effect where the coherence of the quantum states is maintained by the 

electromagnetic field driving the sample. Fig. 5 shows a pump-fully coherent probe spectroscopy 

for a WS2/MoS2 lateral 

heterostructure and its 

ability to resolve both the 

coherent and population 

relaxation dynamics. Note 

the differences in the 

spectral line shapes at the 

bottom and how they 

depend on the delay times. 

There are important 

quantum mechanical 

interference effects 

between the excitons that 

control the line shapes.  

Future Plans 

We will continue to 

synthesize heterostructures of 2D perovskites and spectroscopically study them to not only 

understand carrier transfer across heterojunctions but also the fundamental polaron mechanisms 

underlying the unique physical properties of hybrid perovskites. We will directly synthesize or 

stack arbitrary 2D perovskite layers and create several novel types of high quality heterostructures 

of 2D or 2D/3D halide perovskites with well-defined interfaces. A wide range of structural 

characterization and conventional time-resolved spectroscopic methods will be employed to 

correlate the properties of these heterostructures with their structures. We will further develop new 

CDMS methods that take advantage of quantum mechanical effects to spectrally, temporally, and 

spatially resolve the electronic and vibrational states and the coupling between them in 

heterostructures of halide perovskites at specific instants in time, toward the goal of fully 

understanding the complex charge transfer mechanisms in various model heterostructures of halide 

perovskites. The fundamental insights provided by this project promises to accelerate the creation 

of new and rationally designed heterostructures of halide perovskites with optimized properties for 

energy applications. It also promises to highlight how the new ultrafast spectroscopic technology 

can provide the same guidance to the global materials research community. 

References (see the next section) 

  

Fig. 5. Confocal Raman and PL image of the monolayer WS2-MoS2 lateral 

heterostructures. Pump-TSF probe spectra of a WS2/MoS2 lateral heterostructure showing 

dynamics of MoS2 A and B excitons and WS2 A exciton. 1a) coherent evolution of MoS2 

A exciton. Note absence of WS2 exciton. 1b) Emergence of WS2 A exciton while being 

coherently driven. 1c) Population dynamics as the WS2 A exciton relative to MoS2. 
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Program Scope 

 The current program builds on results obtained from static charge storage experiments on 

blended and attached small electroactive molecules in organic transistor gate dielectric polymers 

based on polystyrene backbones.  The key innovation in the present work is to design and 

investigate electroactive organic crystallites, rather than individual molecules, as the charge-

storing subunits.  The crystallites show broad electronic capabilities, e.g. polarizability, memory 

effects and transport capabilities, and can be deployed in more intricate self-assembled 

morphologies.  The key project tasks are synthesis, heterostructure formation, x-ray scattering, 

spectroscopy, and multiscale electronic characterization within different device architectures for 

enhancements in energy storage, utilization, and conversion based on organic materials. 

 Recent Progress  

 Highly dilute small molecule phenylenediamine donors.  We incorporated two strong 

phenylenediamine electron donors, N,N’-diphenyl-N,N’-di-p-tolylbenzene-1,4-diamine (MPDA, 

1) and 4-anilinotriphenylamine (PATPA, 2) (Figure 1), into polystyrene (PS) gate dielectrics in 

pentacene transistors.  We found that the effect of these molecules on transistor characteristics 

after static charging extended to additive mole fractions as low as 3 x 10-4.  At the lowest mole 

fractions, there was a stable enhancement to the charge stored in the system.  On the other hand, 

there was an inverse relationship between the amount of charge that could be stored, assessed 

from the threshold voltage shift (ΔVth) of the transistors, and the stability of the shifts at larger 

mole fractions near 10-2, where inter-additive molecule distances became comparable to their 

 

Figure 1.  Phenylenediamines MPDA (1), PATPA (2), and tethered PATPA (3); plots of excess threshold 

voltage shift ΔVth,e vs. mole fraction of additive χ for OFETs with PATPA and MPDA blend dielectrics, above 

that of co-fabricated devices with pure PS dielectrics, and fraction fret of post-charge threshold voltage shift 

retained at the end of characterization plotted against the average molecule separation ⟨𝑟⟩𝑠𝑒𝑝 . 
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size (~1 nm) and hopping transport becomes possible, suggesting that suggest that the average 

intermolecular separation is a key determinant of charge storage stability in blended dielectrics.    

 Highly branched, nearly interconnected phenylenediamine donors.  We synthesized a 

much larger, highly branched electron donating phenylenediamine oligomer 4, as well as a 

polymethoxylated triphenylamine donor 5, and attached them to 2% of the monomer units in PS 

gate dielectrics (Figure 2).  This appeared to be the   maximum combination of molecular charge 

stabilizing activity and side chain concentration that still allowed gate dielectric function.    We 

determined the effect of modifying the highly branched oligomer by mixing coordinating, 

electron-donating ZnO nanoparticles and attaching an electron withdrawing tricyanovinyl group 

by reaction with tetracyanoethylene (TCNE) as verified using visible and near-infrared 

spectroscopy.  We used three architectures: with substituted PS as a single layer dielectric 

(barely functional as a gate, insignificant charge storage), on top of a crosslinked PS layer but in 

contact with the pentacene (bilayers), and sandwiched between two PS layers in trilayers (Figure 

3). Particularly large bias stress effects 

and ΔVth, larger than the hexamethoxy 

and previously studied dimethoxy 

analogs, were observed in the second 

case and the effects increased with the 

increasing electron donating properties 

of the modified side chains.  The 

highest ΔVth was consistent with most 

of the side chains stabilizing trapped 

charge.  Trilayer devices showed 

decreased charge storage capability 

compared to previous work in which we 

used less donating side chains but in 

higher concentrations.  The ZnO and 

TCNE modifications resulted in slightly more and less negative ΔVth, respectively.  A trend of 

 

Figure 2.  Synthetic chemistry and intermediates for highly branched phenylenediamine donors. 

 

Figure 3.  Device structures and representative transfer 

curves.  Top: bilayer showing transfer curve affected by bias 

stress followed by additional ΔVth from charging.  Bottom: 

trilayer showing transfer curves before and after charging. 

203



increased negative ΔVth with increasing electron donating ability was observed among the 

differently modified side chain-substituted polymers, verifying the side chain controlling of ΔVth 

and indicating that charge storage was directly associated with the attached molecules. 

 Conjugated small molecule crystallites.  We hypothesize that charge storage by 

conjugated molecule crystallites in dielectrics will be distinct from that of small, nonaggregating 

molecules, and will lead to percolated charge transport at high enough crystallite number density.  

We began by studying α-quaterthiophene (α-4T) in PS.    α-4T is marginally soluble in PS and in 

solvents for PS, and thus readily precipitates after spincoating and thermal annealing.  

Crystallites in PS are observed by laser optical and scanning electron microscopy, and are 

identified compositionally by energy-dispersive x-ray analysis showing sulfur, and by x-ray 

diffraction peaks matching α-4T.  Figure 4 illustrates α-4T crystallite formation in PS.  

 Crystallite-PS composites with >5 wt. % α4T display measurable concentration-

dependent conductance that increases further with oxidizing vapor doping.  Lower 

concentrations, ~1%, show charge storage in pentacene transistors where two spin-coated 

composite layers serve as gate dielectric.  When charged in the accumulation mode, the 

transistors show stabilization against bias stress.  Depletion mode charging shows stepwise 

output current increases that can be reversed in stages (neuromorphic-like behavior) (Figure 5).    

A preliminary scanning Kelvin probe characterization of the crystallites shows localized positive 

charge coincident with crystallite locations.  

   

Figure 4.  Crystallites (~1 μm), α-4T structure, sulfur peak in EDX of crystallite (red), and powder x-ray peaks. 

    

Figure 5.  Two-terminal conductance vs α4T concentration, transistor configuration with 1% α4T in gate 

dielectric, and bias stress stabilization (1→2) and stepwise transistor current increases (2→3 and 3→4) and 

decreases (far right transfer curves, 1→2→…7). 
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 Density functional theory (DFT) calculations were performed on 5-hexyl-α4T to model 

α4T as an aggregated polymer side chain.  Increasing aggregation number (cluster sizes) from 1-

4 resulted in decreased ionization energy (increased hole stability) of about 0.8 eV in vacuum 

and PS surroundings.  Aggregation did not significantly affect electron affinity.  This is in 

contrast to an electron-accepting pyromellitic diimide (PyDI) derivative, the 2-molecule 

aggregate showing slightly increased electron affinity compared to the monomer (Figure 6). 

Polystyrene copolymers promoting crystallites.  For greater morphology control, we 

are synthesizing diblock styrene copolymers in which aggregates of defined size and spacing will 

form.  One block, containing highly conjugated and barely soluble side chains, is expected to 

phase separate and cause side chain aggregation. The first such side chain, anthracenamine, has 

been attached (Figure 7).  For an initial n-type copolymer, chemistry for C60 attachment to PS is 

available from prior work(O.Alley). 

 Future Plans 

 More electroactive and n-type molecules 

will be grown in and attached to polymers.  

Theoretical calculations of conjugated molecule 

solubility (related to crystallizability) in polymers 

will be carried out. The materials will be studied 

in additional configurations such as capacitors, 

memristors, and diodes.  Connections to energy storage, information storage, and lighting will be 

pursued.  More detailed morphology studies will be performed using x-ray reflectivity.  

Spectroscopic signatures of charged aggregates will be determined.  Seebeck characterization of 

percolated aggregates will be done to determine carrier energy level distributions. 

 References 

 Earlier relevant papers supported under this program Alley, O.J.; et al. Macromolecules 49, 

3478-3489 2016 (heterostructures, C60 attachemnt) and Yeh, M.L. et al., J. Mat. Chem. C, 3, 3029-

3037 2015 (PyDI derivatives). 

 

Figure 6.  Result of DFT calculations on α4T aggregates (left) and PyDI monomer(M.L.Yeh) and dimer (right). 

 

Figure 7.  Anthracenamine side chain. 
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Multi-length Scale Synthesis of Silicon Materials 

Rebekka S. Klausen, PI, Johns Hopkins University, Baltimore, MD, 21218 

Program Scope 

 Hierarchical materials are forms of matter with defined levels of organization at multiple 

length scales. Hierarchical materials are also a unique approach to harnessing complex 

functionality across multiple length scales, allowing the emergence of unique properties not 

accessible from the individual components. While nature has perfected the multi-length scale 

synthesis and assembly of biological macromolecules such as proteins and nucleic acids, control 

of energy-relevant synthetic inorganic and organic hierarchical materials remains an enormous 

challenge for energy science.  

This project describes strategies enabling the design and preparation of silicon-based 

hybrid materials across multiple length scales. Silicon is a transformative energy-relevant 

material and the technical and cultural revolutions arising from silicon microelectronics and 

silicon solar cells cannot be understated. Critical energy-relevant semiconductor properties such 

as light absorption and emission, electron transport, and stability are length-dependent. The 

preparation of well-defined hierarchical silicon materials is largely unexplored. 

Recent Progress 

Polymers based on main group elements find application as solution-processable 

precursors to ceramics (polymer-derived ceramics, PDCs). To understand microstructure-

dependent polycyclosilane pyrolysis, three distinct polymer architectures P1-3 were synthesized 

(Figure 1). Linear P1 and cyclic P2 were synthesized under a prior DOE award (DE- 

SC0013906), while P3 is a new linear polymer of 1,3Si6.  

 

 

The thermal decomposition of P1-3 was studied by thermogravimetric analysis (TGA, 

Figure 2). TGA curves of derivative weight change reveal two main phases of weight loss when 

samples are heated from 40 to 600 ˚C in argon flow. When temperature increased to 500 °C, 

about 50% weight loss is observed in all three samples. Then, the weight became constant above 

550 ˚C. A black solid residue remained in the sample pan after the TGA measurement. These 

Figure 1. Linear and cyclic polymers of the cyclosilane building blocks 1,3Si6 and 1,4Si6. 
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observations are consistent with ceramization, although the ceramic will be characterized in 

future studies. 

 

Some differences between the polymer systems were also apparent between 200 to 400 

°C. P1 and P3 both showed similar derivative weight change in this region, with a peak value 

greater than 0.6, while for P2 the peak value was lower than 0.5. Both linear polymers lost 

approximately 45% of their weight in this phase, while only 33% for cyclic P2. This indicates 

that linear P1 and P3 decomposed more rapidly than P2 in this temperature range.  

Computational studies indicated that the Si–Si bond between cyclosilane repeat units is 

the weakest bond in polycyclosilanes. These data suggest that the Si-Si bonds between 

monomers homolyse first in polycyclosilane thermolysis. Small, volatile silanes generated from 

homolysis near an end group in linear P1 and P3 would result in a significant weight decrease, 

which is consistent with the major weight loss observed between 200 to 400 ˚C in TGA 

measurements. In cyclic P2, without end groups, fewer volatile products may be formed as at 

least two Si–Si bond rupture events would be required to form a volatile byproduct. This may 

account for the slower mass loss observed in P2 relative to P1 and P3.  

P1-3 were also studied by differential scanning calorimetry (DSC). Only the cyclic 

polymer P2 was found to exhibit a glass transition temperature at 108 °C. No phase transitions 

were apparent for P1 and P3 in the range 60 to 200 °C, below the decomposition temperature. 

These results are rationalized in terms of the known differences between cyclic and linear 

polymers: the lack of mobile end groups in cyclic polymers results in less reptation and elevated 

glass transition temperatures relative to linear systems. 

Figure 2. Thermogravimetric analysis of P1-3 shows lower mass loss in cyclic P2. 
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 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. This characterization tool will be 

particularly impactful in the context of materials that are semicrystalline or amorphous.  

 

In this study, we stereoselectively synthesized both diastereomers of mixed methyl- and 

hydro-substituted cyclosilane possessing cis/trans relative configuration (Figure 5). Each 

diastereomer of 1 possessed distinct symmetry elements (cis-1: Cs-symmetric; trans-1: C2-

symmetric). Cyclosilane 1 exhibited configuration- and conformation-dependent long-range 

proton–proton coupling. Extensive NMR spectroscopic characterization, including one-

dimensional 1H NMR and 29Si DEPT and INEPT+ spectra and two-dimensional 1H–29Si and 1H–
1H correlated spectroscopy (HSQC, HMBC, COSY). On the basis of these experiments, 

molecular connectivity consistent with four-bond 1H–1H coupling was confirmed. A “W-

conformation” seen in the cis diastereomer is optimal for long-range coupling and allows for the 

cis and trans isomers to be distinguished by 1H NMR. 

Future Plans 

 Future work focuses on the synthesis of hybrid materials containing both cyclosilane and 

organic moieties, with a particular focus on catalytic methods affording high structural precision. 

Figure 4. Stereoselective synthesis of either diastereomer of a mixed hydro- and methyl-

substituted cyclosilane. 

Figure 3. DSC curves for P1-3: only cyclic P2 exhibits a glass transition. 
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Supporting these efforts are additional studies on new cyclosilane building blocks and polymers, 

such as copolymers. 

Publications Supported by This Award 

1. Ferguson, J. T.; Jiang, Q.; Marro, E. A.; Siegler, M. A.; Klausen, R. S. Long-range Coupling 

in Cyclic Silanes, Dalton Trans., 2020, 49, 14951-14961. 

2. Jiang, Q.; Klausen, R. S. Effect of Polycyclosilane Microstructure on Thermal Properties, 

Polymer Chemistry, 2021, Advance Article, doi.org/10.1039/D1PY00383F 
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Crystal Growth and Quantum Phases of Frustrated Rare Earth Oxides 

 

Joseph W. Kolis, Department of Chemistry, Clemson University, 

Kate Ross, Department of Physics, Colorado State University 

 

 

Program Scope 

 

This project is a collaborative effort between Joseph Kolis in the Department of Chemistry at 

Clemson University and Kate Ross in the Department of Physics at Colorado State University. 

The goal is to grow high quality crystals containing three-dimensional trigonal symmetry, having 

magnetic ions with effective spin values of ½ within the lattice. The physical and magnetic 

properties of these materials are studied in detail using cryomagnetic and neutron scattering 

methods. Ideally, these materials will be subject to strong spin frustration with massively 

degenerate low temperature states. Frustrated geometries such as the ones we study here, combined 

with low spins, are ripe for emergent nonclassical behaviors such as quantum spin liquids. Most 

previous work on such effects has focused on 1-D systems like sawtooth chains, and 2-D layers 

like Kagome lattices. Work on 3-D systems is much more limited. This project targets two general 

classes of 3-D solids with trigonal symmetry, namely the pyrochlores and the cubic double 

perovskites.  

 

Pyrochlores display considerable potential for emergent quantum behavior, particularly RE2B2O7, 

where RE is a magnetic rare earth ion with Seff =1/2, like Yb, Er or Pr, and B is a nonmagnetic 

tetravalent ion like Ti, Sn, or Ge. This is a potentially very rich class of materials with considerable 

experimental and theoretical background. The cubic double perovskites A2BB’O6 with rock salt 

B/B’ site ordering are not well unexplored experimentally, but some early theoretical work is 

extremely promising. Some examples like Ba2RESbO6 are predicted to host strong Kitaev 

exchange which leads to unusual many-body quantum phenomena. There are two significant 

practical limitations to these investigations. One is the tendency to form atomic disorder over the 

A and B sites both in the pyrochlores and perovskites. The other problem is the formation of oxide 

defects in the lattice due to “stuffing”, redox changes, or other related effects. Both issues can 

occur to a significant degree and cause problems in identifying new quantum behavior. We think 

we can overcome these problems using the precision synthesis methodology in the Kolis lab. This 

will provide samples with well-ordered sites and minimal lattice defects, which enable the Ross 

lab to perform low temperature magnetic and inelastic neutron scattering (INS) studies to begin to 

identify new emergent quantum phenomena such as quantum spin liquid behavior caused by spin 

frustration at low temperatures.  

 

The Kolis lab employs a hydrothermal technology to grow refractory oxide materials at the 

relatively low temperatures of 600-750˚C in high pressure aqueous fluids. These relatively low 

temperatures and sealed reactor conditions lead to well-ordered A/B sites and relatively few lattice 

defects. In many cases large high-quality single crystals can also be grown as opposed to just 

powders. The single crystals are particularly useful for oriented studies in applied magnetic fields 

or for single crystal INS measurements, again including in external magnetic fields in some cases.  

The Ross lab is well equipped to perform cryogenic physical property measurements (≥ 50mK) 

including heat capacity measurements, magnetic profiling, and heat capacity measurements in an 
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applied magnetic field. In addition, Ross has extensive experience performing detailed INS 

measurements including studies in ultra-low temperatures and applied magnetic fields at user 

facilities such as Oak Ridge National Laboratory’s Spallation Neutron Source and High Flux 

Isotope Reactor. Finally, Ross has a rich network of theoretical collaborators to help interpret and 

clarify results. This collaborative approach is an excellent route to the designed preparation of new 

quantum materials.  

 

Recent Progress 

 

Our initial approach focused on the RE2B2O7 pyrochlores where RE = Er, Yb and B = Sn, Ge). 

These types of materials already showed considerable promise as potential emergent quantum 

phases but were also somewhat hindered by the factors described above. We were fortunate to be 

able to prepare single crystals of Er2Ge2O7 and Yb2Ge2O7 in the desired cubic phase. It is ordinarily 

difficult to access these germanates in the cubic phase as the smaller Ge ion tends to stabilize a 

lower symmetry tetragonal phase and extremely high pressures are normally required to stabilize 

the cubic phase. Using suitable hydrothermal conditions (ca.700˚C/200MPa in 10M CsOH) we 

were able to grow well ordered high quality single crystals of the cubic phases for detailed INS 

and magnetic studies. We were able to apply these conditions to the corresponding tin analogs and 

found that all the lanthanide pyrochlores can be grown as large high quality single crystals in the 

cubic phase. To our knowledge this is the only tetravalent B ion than allows all the rare earth 

analogs to form. Detailed work with neutron, magnetic and heat capacity measurements Er2Sn2O7 

and Yb2Sn2O7 were undertaken for direct comparison with the germanate analogs (see below).  A 

particularly interesting system is Ce2Sn2O7 since it is theoretically predicted to display unique 

dipole-octupole QSL behavior. Like many Ce3+ compounds it presents a number of synthetic 

challenges, but we recently optimized a hydrothermal approach that allows scaleup of pure 

crystals. (Fig. 1) We performed some detailed X-ray diffraction experiments to indicate the purity 

and site ordering of the material. Since Ce is a weak neutron scatterer, we had to prepare a fairly 

large quantity of very pure material for neutron scattering. These experiments are now underway. 

 

We recently turned our attention to the ordered double perovskites A2BB’O6. In the rock salt 

ordered phase the cubic symmetry is retained along the corresponding 3-D trigonal symmetry. We 

prepared single crystals of Rb2NaYbF6 and Ba2ErSbO6 and demonstrated that they are cubic with 

complete B/B’ site ordering. In the case of Rb2NaYbF6 however, we were unable to observe any 

magnetic coupling even down to 50mK, the lowest possible measuring temperature for our 

instruments. This is attributed to the long through-space coupling distances (≥7Å) between the 

weakly coupling rare earth ions. In an attempt to increase the coupling constant between the 

magnetic centers in these double perovskites we synthesized large single crystals of Ba2CoWO6. 

We demonstrated that the large single crystals are again cubic and well site ordered. Magnetic 

measurements are underway on these materials. Initial magnetic studies indicate that these 

compounds order at 17K despite having interaction distances similar to those in Rb2NaYbF6, 

showing that these Seff = ½ Co2+ ions may display coupling magnitudes suitable for experimental 

observation of frustration and other quantum magnetic behavior in the double perovskites. 

Synthetic and magnetic work on these systems is continuing.  

 

The results to date obtained from Ross’ group on crystals grown in the Kolis lab include: 1) an 

INS study of spin waves in Yb2Ge2O7, which enabled the quantitative determination of interactions 
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between quantum spins on the Yb ions and thereby provided an explanation for the strange 

magnetic behavior seen across multiple Yb pyrochlores, 2) observation of “reentrance” in the 

magnetic field vs. temperature phase diagram of Er2Sn2O7, which can be explained via a new 

mechanism of reentrance, (Fig. 2) and 3) an unusually clear example of the existence of pseudo-

spins with no magnetic moment in certain directions, resulting from a neutron diffraction 

experiment on the triangular lattice material K3ErV2O8.  

 

Future Plans 

 

Our most immediate plans include heat capacity measurements and detailed neutron scattering 

investigation of Ce2Sn2O7. At present we are performing neutron scattering experiments on a 

powder sample. The next step will be experiments in an applied magnetic field. If warranted, future 

neutron scattering experiments will employ oriented single crystals. Subsequent work may involve 

other Ce3+ pyrochlores such as Ce2Zr2O7 and Ces2Hf2O7. Other Seff = ½ pyrochlores may be 

targeted such as Yb2Pt2O7. The double perovskites also show a great deal of early promise, 

especially those containing the Seff = ½ Co2+ ion. They show an appropriate degree of through 

space magnetic coupling across the double perovskite distance to suggest further investigation. 

 

         
         Figure 1. Crystals of Ce2Sn2O7 (1-2mm) 

 

 

 

 

 Figure 2. B-T phase diagrams of Er2Sn2O7 in the (a) [100], (b) [110] and (c) [111] field directions, comparing 

experimental data with sharp and smooth heat-capacity peaks  
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Novel 2D Materials and Structures via Janus Manipulation 

Jing Kong, Massachusetts Institute of Technology 

Program Scope 

 This project aims at developing a variety of novel 2D materials and structures via our 

Janus manipulation technique, in the following three areas: (1) synthesis of Janus TMDs such as 

MoSSe, WSSe, WSTe, etc and investigate their intriguing properties; (2) development of 

heterostructures (vertical or lateral) based on Janus TMDs to enable a wide range of energy 

related applications; (3) novel synthetic route and materials discovery, including developing 

novel synthetic route for existing 2D materials, or synthesizing novel 2D materials that has been 

theoretically speculated but have not been obtained up to now. 

 Recent Progress  

 Under the support of this project, during the past two and half years, we have made the 

following progress:  

1. At the time of starting this project, we discovered that our Janus conversion can be 

carried out at room temperature. During the past couple of years, we have greatly utilized this 

fact and developed a variety of novel structures that have never been realized before (please see 

section 2 with details). In addition, through our collaborations with Prof. Ting Cao’s group in U. 

of Washington, we have obtained understanding why this process can occur, basically the 

reaction path is steered in a way that only very small barriers are involved, this is in contrast to 

typical methods[1,2] when the metal-chalcogen bond is broken first by high temperature or other 

means, as illustrated in Figure 1 (our method is labeled at RT-ALS: room-temperature atomic 

layer substitution). This could inspire the formation of other novel structures.  

 

 

 

 

 

 

 

2. Because we were able to carry out the Janus conversion at room temperature, we can 

combine lithography patterning and flip transfer technique to obtain programmable in-plane 

patterns with different out-of-plane crystal symmetry and electric polarization (as shown in 

Figure 1. (A) Schematic illustration of our Janus 

conversion process. (B) Schematics of the five key 

reaction steps (cartons from left to right): before H 

adsorption, 2 H adsorption and diffusion to the same 

S, formation of H2S, desorption of H2S, and Se 

occupation of the S vacancy. (C) Free energy of each 

steps in (B), relative to that of the first step. (D) 

Comparison of activation energy barrier between our 

method (red) and the conventional high-temperature 

substitution (blue). In RT-ALS process, the largest 

energy barrier occurs at a critical distance where H2S 

starts to form. In the high-temperature pathway, the 

largest energy barrier corresponds to when S and Se 

are both disconnect with Mo. 

216



Figure 2). This enables us to obtain a completely new class of monolayer lateral heterostructures 

and multi-heterostructures with dipole/non-dipole structures, and the vertical dipole can be either 

pointing up or pointing down the 2D plane. Unusual physical properties and unprecedented 

functionality could be possible on such a platform, ranging from nonlinear optics, electronic 

band engineering, nanoscale origami, to electrochemical catalysis, all of which can be modulated 

by different electrostatic forces (currently we are trying to set up different collaborations to 

explore their properties)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Up to now, we have successfully carried out the following conversions: (1) from 2H 

MoS2 to 2H MoSSe, then to 2H MoSe2; (2) from 2H MoSe2 to 2H MoSeS, then to 2H MoS2; (3) 

from 2H WS2 to WSSe, then to WSe2; (4) from 2H WSe2 to WSeS, then to WS2; in addition to 

the 2H TMD monolayer, we have also investigated the conversion (5) from 1T’ MoS2 to 1T’ 

MoSSe, these indicate the universality of our method. We have been having challenges to obtain 

MoSTe starting from MoS2, but in the coming year we are planning to using monolayer 2H and 

1T’ MoTe2 as starting material for this investigation (please see future plans). 

4. In terms of characterization of these Janus TMD materials, we have carried out 

collaborations with Prof. Shengxi Huang’s group at PennState University regarding how the 

vertical dipole and strain in the Janus TMD affect the interlayer interaction between Janus TMD 

layer and normal TMD layer. We have found out that these features strongly enhance the vdW 

interlayer coupling by as much as 13.2% when forming MoSSe/MoS2 heterostructure as 

compared to the pristine MoS2 counterparts. For this work we used noncontact ultralow-

frequency Raman spectroscopy for the characterization. We also worked with Prof. Efthimios 

Kaxiras’ group at Harvard University to carried out theoretical understanding on this 

Figure 2. (A-C) Schematic illustration of novel structures enabled by combining lithography and flip-transfer 

with our Janus conversion (D) SEM images of monolayer Janus MoSSe-MoS2 stripe patterns with different 

widths. (E) Spatially resolved PL mapping for a MIT mascot “Tim the beaver” pattern (Janus MoSSe) on a 

monolayer MoS2 canvas (F) Optical microscope image of monolayer multi-junction composed with MoS2-

Janus MoSSe-Janus MoSeS-MoSe2. (G) Spatially resolved Raman mapping for A1g mode intensity of 

monolayer multi-heterostructures based on MoS2-Janus MoSSe-Janus MoSeS-MoSe2. The red area 

represents MoS2 region, the blue one represents Janus region and the green one represents MoSe2 region. and 

the conventional high-temperature substitution (blue).  
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phenonmenon. Based on our linear chain model and density functional theory calculations, the 

enhancement is confirmed and the origins could be understood as charge redistribution in Janus 

MoSSe and reduced interlayer distance. These results uncover the potential of tuning interlayer 

coupling strength through Janus heterostacking. Our manuscript has been published in JACS. 

5. We have carried out collaborations 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. 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. This manuscript 

has been published in npj Computational Materials.    

6. During the course of this project, Dr. Yunfan Guo and Dr. Nannan Mao (who are 

supported by this project) have also carried out collaborations within our own group or outside 

our group. 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 

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 

planning to collaborate with Prof. Xiaodong Xu’s group at University of Washington to study the 

properties of MoSSe and WSSe, their excitons, exciton binding energies, etc. 

3. Previously interesting single photon emission (SPE) behaviors were found in WSe2 

monolayers [3, 4]. Researchers have also identified that by straining the TMD lattice, SPE can be 

controllably introduced [5]. Since intrinsic strains were introduced into the WSSe lattice, we are 

planning to investigate SPEs in these WSSe structures. 

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. In the 

coming year we are planning to using 1T’ MoTe2 as a starting material, to obtain 1T’ MoSTe.  
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Unraveling the links between molecular structure, microstructure, delocalization and 

charge transport in new high-performance semiconducting polymers 

Christine K. Luscombe, University of Washington; Alberto Salleo, Stanford University; 

Frank C. Spano, Temple University 

Program Scope 

 -Conjugated polymers have received significant research attention for use in a number 

of applications including organic light emitting diodes (OLEDs), organic photovoltaics (OPVs), 

and more recently in the area of bioelectronics. All these applications rely on an important 

intrinsic property of the semiconductor: its ability to transport charge efficiently. In this award, 

the Salleo (characterization), Spano (theory), and Luscombe (synthesis) groups are working 

together to understand in greater detail how short-range vs. long-range order affects charge 

transport in these polymers. As a starting point of this work, we are focusing on donor-acceptor 

copolymers that have high charge mobilities but one where the polymer is known to have a level 

of crystallinity (i.e. have long range order, specifically diflourobenzothiadiazole (F2BT) and 

diketopyrrolopyrrole (DPP)-based polymers) and be highly disordered (i.e. have short range 

order, specifically, indacenothiophene (IDT)-based polymers).  

Recent Progress  

The Salleo group has used 

spectroscopic and microstructural 

characterization techniques, 

coupled with the Spano group 

analysis on materials made by the 

Luscombe group1 in order to 

elucidate how molecular 

conformation and microstructure 

couple in governing charge 

delocalization and transport. As 

far as materials system, we 

focused on indacenodithiophene-

co-benzothiadiazole (IDT-BT) 

for several reasons: (1) it is a co-

polymer allowing us to test the 

D-A extension of the theory by 

Spano; (2) it has been proven to 

have exceptional charge transport 

characteristics conventionally 

attributed to low energetic 

disorder; (3) it has a disordered 

microstructure with weak and 

broad X-ray diffraction peaks. As a result, this material is interesting as it presents a paradox 

whereby structural disorder is not coupled to energetic disorder and typically ensuing poor 

charge transport.2 Furthermore, structural disorder makes it challenging to characterize allowing 

us to refine our methods. For structural characterization we used a combination of cryo-high-

Figure 1: GIWAXS pattern of IDT-BT showing a backbone peak 

(001) on the qz=0 axis and lamellar (200) and p-stacking (010) peaks 

on the qxy=0 axis (a). HRTEM image showing examples of windows 

where the Fourier transforms are calculated and the backbone peaks in 

those windows (b). Reconstructed microstructure with aligned 

nanocrystalline domains (c). 

221



resolution TEM (HRTEM) and synchrotron-based x-ray diffraction.3 Cryo capabilities are 

needed to avoid beam damage and sample wandering, nevertheless correction algorithms were 

developed specifically to eliminate sample wandering, which would create an alignment artifact 

in the images, creating the illusion that the polymer is more aligned than it is in reality. 

While this polymer is often described as 

quasi-amorphous, a sharp diffraction peak 

attributed to periodicity along the backbone 

direction is visible at q~0.4Å-1 with a coherence 

length of approximately 9 D-A repeat units (Fig. 

1a). Such long coherence length is due to the 

relative high rigidity of the polymer. In addition 

to the backbone peak, the X-ray diffraction 

pattern displays both a broad -stacking peak 

and a sharper lamellar peak along the qxy=0 axis. 

The texture of the polymer appears thus a mix of 

edge-on and face-on polymer, not allowing us to 

exclude that -stacking and interchain 

delocalization might play a role in in-plane 

transport processes. In order to characterize the 

material by HRTEM, we set the defocus to 

maximize the contrast transfer function at the 

backbone spatial frequency. HRTEM 

micrographs were sectioned into smaller 

windows to calculate local Fourier transforms 

that allow us to map the backbone direction everywhere in the field of view (Fig. 1b). This 

method reveals that the microstructure of IDT-BT is far from being quasi amorphous, as 

medium-range order with domain sizes on the order of ~20 nm, where the polymer backbones 

are approximately parallel to each other, is clearly visible (Fig. 1c). The rigidity and planarity of 

the backbone enable this microstructure while the side-chains prevent the formation of a truly 

semicrystalline microstructure (i.e. order in more than one crystallographic direction) due to 

steric hindrance. Because the only diffracting direction is along the backbone, we are unable to 

tell whether there is -stacking in those nanocrystalline domains, which may allow 2D 

delocalization of the charges. 

The Salleo group used charge-modulation spectroscopy (CMS) to char acterize the mid-

IR (500 cm-1 to 3,000 cm-1) absorption of polarons and the Spano group model for copolymers to 

gain more insight into their delocalization (Fig. 2). The spectrum is characterized by a sharp “A” 

low-energy peak (<600 cm-1) and a broader, higher energy “B” peak (~3000 cm-1). According to 

the model, these peaks strongly suggest that charges are located on a single chain. Thus we 

conclude that even if -stacking occurs, it is inconsequential from the standpoint of transport. 

Furthermore, the A peak can be attributed to polarons strongly delocalized into ~7 repeat units 

while the B peak corresponds to polarons delocalized over a smaller distance of ~4 repeat units. 

Thus, we find that in IDT-BT the polarons have an “ordered” and a “disordered” signature, 

suggesting two different site populations in the polymer. Preliminary experiments indicate that 

the ordered signature can be entirely suppressed by replacing the benzothiadiazole monomer 

with benzopyrrolodione (IDT-BPD), which induces conformational torsion along the backbone 

of the polymer. Thus, we demonstrate that the combination of designer polymers, advanced 

Figure 2: CMS spectrum of an IDT-BT film 

showing a high-intensity, low-energy A peak due to 

highly delocalized charges and a low-intensity, 

high-energy B peak due to charges localized in 

disordered regions of the polymer. 
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multi-modal characterization and theory is a 

powerful way to understand how materials 

properties at multiple scales, from molecular to 

mesoscale, affect charge transport.  

In order to the advance the theory, the 

Spano group have focused attention on the 

photophysics of neutral (i.e. undoped) donor-

acceptor copolymers containing donor-acceptor-

donor (DAD) repeat units. These include 

polymers such as PCE11,4 having bithiophene 

donors and difluorbenzothiadiazole acceptors, as 

shown in Figure 1.  A vibronic exciton model 

based on the Frenkel-CT Holstein Hamiltonian 

was developed to account for the UV-Vis 

absorption spectral features of (DAD)N 

oligomers and polymers.5 Single chains were 

found to behave just like J-aggregates due to the 

head-to-tail orientation of the interacting 

transition dipole moments corresponding to 

donor and acceptor fragments (Figure 3b), as 

well as the in-phase relationship between the 

electron and hole transfer integrals connecting 

neighboring donor and acceptor HOMO and LUMO orbitals shown in Figure 3c. The J-behavior 

is evidenced by an increased red-shift in the low-energy absorption band along with a heightened 

A1/A2 peak ratio, where  A1 and A2 are the oscillator strengths of the first two vibronic peaks in 

the progression sourced by the symmetric quinoidal-aromatic vibration.6 Figure 4 shows a 

comparison between theory and experiment.5  

We further investigated -stacks of (DAD)N oligomers.7 Within such stacks J-aggregate-

promoting intrac hain interactions compete with H-

aggregate-promoting interchain interactions. The 

latter includes 1) Coulombic coupling, which arises 

from “side-by-side” fragment transition dipole 

moments and 2) intermolecular charge transfer 

(ICT), which is enhanced in geometries with 

substantial overlap between donors on one chain and 

acceptors on a neighboring chain.  Interchain 

Coulomb interactions result in an attenuated A1/A2 

vibronic peak ratio, similar to what has been 

established in H-aggregates of homopolymers like 

P3HT.8,9 An attenuated A1/A2 ratio is also caused by 

H-promoting ICT when the electron and hole transfer 

integrals are out-of-phase. In this case, the A1 peak is 

also significantly red-shifted, as shown in Figure 5, 

in contrast to the blue-shift characteristic of 

conventional Kasha H-aggregates. With slight 

modifications, the ratio formula derived previously 

Figure 3 a) Molecular structure of PCE11. b) 

Minimized geometry showing fragment transition 

dipole moments (red arrows) and nearest-neighbor 

Coulombic couplings, J1 and J2. c) Fragment HOMO 

and LUMO levels for a (DAD)N  chain. 
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Figure 4  Absorption spectrum of PffBT4-2DT 

(red) in dichlorobenzene at 25°C from ref. 3 

along with our simulation (black). The gray 

curve is the same simulation, but with all line 

widths reduced by a factor of five and intensity 

by a factor of two. CT (D+A
- )-and Frenkel-

exciton  (D*, A*) admixtures are also 

indicated.  
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for P3HT aggregates9 was shown to apply to (DAD)N aggregates as well, allowing one to 

determine the effective free-exciton interchain coupling from A1/A2.  Applications were made to 

polymers based on 2T-DPP-2T and 2T-BT-2T repeat units, where the importance of the 

admixture of the excited acceptor state in the lowest energy band was emphasized. 

Future Plans 

  In the next funding period we will 

work to extend the IDT-BT work by studying IDT-

BPD in more detail as well as random copolymers of 

these two polymers made by the Luscombe groups. 

These co-polymers will allow us to tune the amount 

of backbone disorder, which will in turn allow us to 

determine how it affects the microstructure, as 

studied by HRTEM, as well as charge delocalization 

as studied by CMS. These model materials will 

allow us to map out the effect of torsion and chain 

rigidity. Furthermore, we will continue developing 

CMS, and in particular a step-scan variant of it, 

which will allow us to study the spectrum as a 

function of charge density. We will apply the vibronic exciton model to understand the 

photophysics of polymers such as IDT-BT which have very similar UV-Vis spectra to PCE11 

shown in Figure 3. The goal here is to look for signatures of extended intrachain exciton 

coherence in IDT-BT, which is believed to account for the high mobilities despite significant 

interchain disorder.10 In conjunction with these studies we will refine the polaron model to 

describe the mid-IR line shape. We are also working on models to describe bipolarons and trions, 

with particular emphasis on spectral signatures which distinguish polarons, bipolarons and trions. 

These studies combined will elucidate whether there really are two distinct populations of sites, 

as suggested by the CMS spectra, as well as how they are separated energetically in the density-

of-states. 

Finally, the Salleo group will start a study of the DPP-based polymers described by 

Spano and synthesized by Luscombe, and in particular, we will control the degree of aggregation 

by using different solvents and characterize the films structurally (mainly by synchrotron-based 

X-ray scattering) in order to correlate degree of aggregation to spectral features predicted by the 

model. 
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Diffusion and Kinetics in Organic Radical Polymers 

 

Jodie L. Lutkenhaus, Texas A&M University 

 

Program Scope 

Organic radical polymers are rapidly growing in interest due to their unusual electronic 

nature and their wide breadth of potential applications.1 This is exemplified by the intense interest 

in organic radical batteries, which offer fast charging, high power, and excellent rate capability. 

Because it is an organic material, radical polymers can be potentially derived from biomass or 

other natural resources, and its availability is more secure than other electrode materials that are 

comprised of rare or toxic metals. The current major challenges for organic radical batteries are a 

lack of a quantitative understanding of electron and ion transport, addressing swelling effects 

arising from favorable polymer-solvent interactions, and the development of polymer batteries 

using degradable materials. Accordingly, there is a need to develop a fundamental understanding 

of the diffusion and kinetics of the redox reaction for organic radical polymers. This proposed 

experimental project will uncover how electron and ion transport influence the kinetics of the redox 

reaction, and how these connect to battery performance. The main focuses of the project so far are 

to investigate internal electron transfer in conjugated radical polymers, determine the ion-solvent 

coupled transport that occurs during the redox of organic radical polymers, and finally, develop a 

degradable battery that utilizes degradable organic 

radical polymers. The knowledge gained from these 

projects will highlight the important design criteria for 

next generation polymer-based batteries. 

Recent Progress  

To understand that nature of electron transfer in 

conjugated radical polymers (CRPs), a series of 

polythiophenes loaded with 0, 25, or 100% nitroxide 

radicals (2,2,6,6-tetramethyl-1 piperidinyloxy 

[TEMPO], denoted as P3HT-TEMPO-X where X is 

the TEMPO functionalization) were examined.2 One 

might expect that capacity or electron transfer might 

improve due to the conjugated backbone, but this 

study revealed that the performance is in fact reduced. 

P3HT-TEMPO-100 exhibits a charge-discharge 

profile similar to PTMA (the polymer analog 

containing a non-conjugated backbone in place of P3HT). P3HT-TEMPO-25 shows hybrid 

Figure 1. Galvanic charging to various 

potential cutoffs for (a) P3HT-TEMPO-25, 

and (b) P3HT-TEMPO-100. Normalized 

specific capacities of (c) P3HT-TEMPO-25 

and (d) P3HT-TEMPO-100. 
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behavior. To isolate the contributions of the nitroxide group and the polythiophene backbone, the 

TEMPO-loaded CRPs were charged to various potential cutoffs and the charging capacity was 

calculated (Figure 1). P3HT-TEMPO-25 does not show a clear nitroxide radical plateau during 

charging, and the capacity contribution from the nitroxide radical was negligible. For P3HT-

TEMPO-100, there is a clear nitroxide radical plateau around 3.6-3.7 V dominating the charge 

storage process, comprising about 85% of the total charging capacity. The polythiophene backbone 

only contributes to about 15% of the total capacity from 3.7 V to 4.2 V. Electrochemical quartz 

crystal microbalance with dissipation monitoring (EQCM-D) was used to measure the in situ mass 

change occurring during charging and discharging; it was found that about one solvent molecule 

transferred per anion. Taken together, these results confirm that internal charge transfer occurs due 

to the different redox potentials of the TEMPO radical group and the P3HT backbone. Further, 

these findings confirm the underlying reasons for these CRP’s generally low conductivity and 

capacity. On the other hand, the feature of internal charge transfer might be leveraged to mitigate 

voltage excursions when used as an electrode additive.  

Polymer-based batteries 

can be made “greener” by 

moving to aqueous-based 

electrolytes, but the design 

features for polymer-electrolyte 

pairs is not clear. A series of 

TEMPO-substituted non-

conjugated polymers with 

varying polymer-water 

interactions were explored by 

changing the polymer chain and 

linker group, Figure 2a.3 In situ 

EQCM-D was employed to 

observe the simultaneous mass 

change of each polymer 

electrode during cycling. By 

quantifying the redox kinetics 

and real-time mass and charge 

transfer of these polymers in 

water-based, metal free 

electrolyte (0.5 M TEABF4), a 

universal design strategy for 

polymer-based metal-free 

aqueous batteries  was 

demonstrated. Namely, the 

polymer should have favorable 

Figure 2. a) Molecular structure and redox mechanism of PTAm, 

PTVE and PTMA. b) Schematic diagram of doping mechanism with 

different degrees of water participation and their relationship between 

polymer-water interaction and kinetics. c) Electrochemical properties 

comparation of PTAm, PTVE and PTMA electrodes in 1 M 

TEABF4/H2O electrolyte.  
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interactions with water, but not so favorable as to lead to dissolution. The degree of water 

participation, the effect on charge storage behavior with mass transport, and the apparent molecular 

weight profile of the transferred species were correlated to the polymer-water affinity using 

solubility parameters, Figure 2b. Specifically, improved polymer-water interactions manifest in 

accelerated kinetics, which promote capacity retention at higher discharge rates. The most 

hydrophilic polymer, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm), yielded a 

capacity of 115 mAh/g, or 97% of its theoretical value, at 0.05 mA/cm2. At 5 mA/cm2, the PTAm 

capacity remained relatively high at 50 mAh/g, whereas comparable polymer capacities were much 

lower, Figure 2c. Similarly, PTAm (the most hydrophilic polymer) swelled the most with water 

(3.1 vol%), which favorably led to reduced water transfer with the anion during cycling (only one 

water molecule per anion). This marks the first time that mixed water-ion transfer in radical 

polymers has been studied in such detail. By doing so, it is revealed that polymer-solvent 

interactions are key drivers in electrochemical performance for non-conjugated radical polymers. 

Previous work investigating fully polymeric-based batteries have utilized chemistries that 

were designed without end-of-life considerations.1,4,5 By accounting for end-of-life degradation, 

Lutkenhaus and Wooley developed novel redox-active polypeptides, with degradable backbones 

and linker groups.6 The redox activity and backbone stability were confirmed using 

electrochemical methods and were utilized to produce a fully-polypeptide based metal-free 

battery.6 This marks the first report of a polypeptide-based battery that degrades on command. 

Specifically, α-Helix polypeptides poly(g-propargyl-l-glutamate)-g-TEMPO or biTEMPO 

polypeptide and poly((6-iodo)-l-glutamate)-g-methyl viologen or viologen polypeptide, for short, 

were investigated. 

Wooley’s synthetic efforts 

were separately funded 

through her lab (NSF 

DMR-1507429), and the 

Lutkenhaus lab’s 

electrochemical 

characterization was 

supported by this present 

DOE grant. Figure 3 

shows the redox reactions 

associated with the “all 

polypeptide” metal-free 

battery with composite 

polypeptide electrodes. 

The assembled battery 

exhibited two redox peaks 

at E1/2 = 3.64 V and 2.52 V, 

as seen in both Figure 3a 

Figure 3. Redox-active polypeptides are used to create an all-polypeptide 

battery. a) CV, b) charge-discharge, and c) cycling stability for a full battery 

with a biTEMPO composite cathode and viologen composite cathode as thin 

films on ITO-coated glass.  
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and b. The initial capacity was 37.8 mA⋅h⋅g-1 which faded to 7.5 mA⋅h⋅g-1 after 250 cycles charge-

discharge cycles at 1 C (Figure 3c). The main source of capacity fade was dissolution of 

polypeptides into the liquid electrolyte, as seen by the low Coulombic efficiency and steep early 

capacity fade. The cyclic voltammograms and charge-discharge curves indicate that the redox 

activity of the groups is retained even in this α-helix conformation and the lack of additional peaks 

confirm the stability of the degradable functionalities.  

Future Plans 

Future plans will be to investigate the role of ion type on the redox process and diffusion 

control of the polymer-based aqueous dual-ion batteries. To study the effect of ion type, ions have 

been selected that have varying hydration energy and charge density. These ions will be used for 

in situ EQCM-D studies of PTAm and poly(benzimidazobenzophenanthroline) with the hopes of 

developing aqueous electrolytes that enhance coupled ion-electron transport. Additionally, a series 

of viologen-based polypeptides will be used to consider how the helical backbone of the 

polypeptides modulates the diffusion coupled electron transfer in organic radical polymers.  
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Converting Metal–Organic Liquids into Microporous Glasses via Non-Equilibrium 

Syntheses 

 

Jarad A. Mason, Department of Chemistry and Chemical Biology, Harvard University 

 

Program Scope 

Glasses are critical to many of the technologies that support our modern lifestyle, and new 

types of glassy materials will play an important role in addressing a wide range of global 

challenges. Despite their importance, the compositional and structural diversity of glasses that 

have been designed, synthesized, and studied to date pales in comparison to other classes of 

materials. The realization of new types of glasses is complicated by the intrinsic non-equilibrium 

nature of all glass phases. This project seeks to apply coordination chemistry principles to direct 

the formation of metal–organic framework glasses by quenching equilibrium molten phases. These 

materials will serve as a platform for manipulating glass structure across multiple length scales 

and establishing new structure-property relationships. Moreover, these materials will provide 

access to longer-range structural ordering than observed in conventional inorganic glasses—given 

the increased length of organic bridging ligands—and to glass phases with accessible 

microporosity. Currently, there are extremely few examples of extended (one-, two-, or three-

dimensional) coordination solids that undergo melting transitions to form stable liquid phases. As 

such, we have first worked to establish generalizable strategies to design new classes of melt-

quenched metal–organic glasses by manipulating non-equilibrium synthesis pathways. These 

design principles will be applied to expand the library of metal–organic frameworks with 

accessible glass phases, to better understand non-equilibrium synthesis pathways, and to establish 

robust structural-property relationships.  

Recent Progress  

This project aims to explore how the structure and composition of metal–organic glasses can 

be controlled in a predictable fashion by cooling liquid phases of extended coordination networks 

under non-equilibrium conditions. Towards this end, our laboratory has developed generalizable 

thermodynamic strategies to promote reversible, low-temperature melting transitions and 

successfully discovered several new series of two- and three-dimensional metal–bis(acetamide) 

frameworks that undergo melting transitions to form stable liquid phases at record low 

temperatures. The low melting temperatures of these compounds are the result of weak 

coordination bonds, conformationally flexible bridging ligands, and weak electrostatic interactions 

between spatially separated cations and anions, which collectively reduce the enthalpy and 

increase the entropy of fusion. 
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During the last reporting period, we designed and synthesized the series of three-dimensional 

networks M(bba)3[M′Cl4] (bba = N, N’-1,4-butylenebisacetamide; M = Mn, Fe, Co; M = Mn, M′ 

= Zn; M = Mg, M′ = Co, Zn), which undergo reversible melting transitions from 124 to 260 °C  

(Figure 1). All frameworks form stable liquid phases, many of which can be quenched to form 

metal–organic glasses. The amorphous nature of the glassy state is confirmed by PXRD, with 

samples prepared either by recollecting powders from DSC pan or melt quenching inside 

capillaries. Bulk, cm-sized glass films with uniform thickness were also successfully prepared by 

a melt-press method (Figure 2). Interestingly, shortening the polymethylene bridge in 

bis(acetamide) ligands leads to an increase in Tg to above 298 K, allowing us to obtain stable 

glasses at ambient temperature (Figure 3). This is consistent with shorter ligands with limited 

flexibility restricting structural relaxation in the supercooled liquids, therefore promoting glass 

formation at higher temperatures. 

We further characterized the liquid structure of the lowest melting 3-D network, 

Co(bba)3[CoCl4], with both extended X-ray fine structure (EXAFS) and pair distribution function 

(PDF) analysis. The EXAFS spectrum of molten Co(bba)3[CoCl4] could be well-modeled with 

half of the Co centers in the melt coordinated to 4 Cl atoms—consistent with the persistence of 

[CoCl4]
2– anions in the melt—and half of the Co centers coordinated to 4.8(7) O atoms of bba 

ligands (Figure 4a). The average coordination number of 4.8(7) is well above the bond percolation 

threshold of 2.4 for a three-dimensional aperiodic network, indicating that metal–ligand 

coordination is persistent in the melt to provide extended connectivity spanning the entire liquid. 

PDF analysis, conducted in collaboration with the Billinge Group at Columbia, also reveals sharp, 

well-retained local-range features, consistent with limited changes to coordination environment 

around Co centers upon melting. Beyond the local coordination environment, the PDF of molten 

Co(bba)3[CoCl4] contains oscillations at r > 20 Å that provide evidence of extended-range 

 

Figure 1. (a) Crystal structure of M(bba)3[M′Cl4]. Purple, red, gray, blue, green spheres represent M, O, C, N, and 

Cl atoms, respectively; H atoms have been omitted for clarity. (b) Representative differential scanning calorimetry 

(DSC) heating traces of the isostructural series of M(bba)3[M′Cl4] compounds illustrating a wide range of melting 

temperatures.  
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structural correlations (Figure 4b). This represents, to the best of our knowledge, the first evidence 

of extended-range order in the liquid phase of a metal–organic framework.  

Combined viscosity and variable ramp-rate DSC measurements allow the dynamics of metal–

organic liquids to be probed. A strong correlation is found between high molten phase viscosity 

and facile glass formation, consistent with high viscosity reducing recrystallization kinetics and 

slowing down relaxation dynamics. As supercooled liquids approach the glass transition, viscosity 

increases significantly, and we are able to study dynamics in this region by fitting higher 

temperature viscosity data with theoretical models or deriving fragility index (m, defined as the 

change in viscosity at T→Tg) via evaluating 

the scan-rate dependence of Tg with DSC. 

With improved control over non-

equilibrium synthesis and a broader diversity 

of structural composition, metal–organic 

glasses will have highly tunable properties—

such as free volume, mechanical, optical, and 

thermal properties—and provide access to 

new functions. To begin understanding free 

volume in metal–organic glasses, we have 

measured the density of the glass phase of 

Co(hmba)3[CoBr4] through He pycnometry. 

The measured density of the glass phase, 1.49 

g/cm3, is 6% lower than the density of its 

crystalline state (1.58 g/cm3). This result 

 

Figure 2.  (a) Powder X-ray diffraction patterns of crystalline and glassy phases of Co(hmba)3[CoBr4]. Diffraction 

pattern of the glass was measured on powders recollected from a bulk melt-quenched sample. Inset: An example of 

an even-thickness, cm-sized, transparent melt-pressed glass film. (b) Powder X-ray diffraction patterns of crystalline 

and glassy phases of Mn(eba)3[MnCl4]. Diffraction pattern of the glass was collected on samples directly melt-

quenched inside a capillary. Inset: An example of transparent glassy sample inside a capillary.  

 

Figure 3. Correlation between increased glass transition 

temperature (Tg) and decreased polymethylene chain length 

(n). The dotted line is included as a visual guide.   
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indicates that glass transitions in metal–

organic frameworks can lead to increased 

free volume, similar to conventional glass 

formers, and we are working to understand 

the distribution and accessibility of such free 

volume. 

Future Plans 

Towards further enhancing the diversity 

of metal–organic liquids, we will be working 

to implement new ligand design strategies, 

such as varying the length and rigidity of 

bis(acetamide) ligands, covalently attaching 

anionic groups to eliminate space-filling 

uncoordinated anions, and exploring 

additional weakly coordinating functional 

groups (such as sulfonates and nitriles) to 

vary the binding mode. In addition, given the non-equilibrium nature of the glass transition, the 

structure and dynamics of metal–organic glasses will also be impacted by the conditions under 

which they are formed. As such, we will explore how different non-equilibrium synthesis 

parameters impact glass formation.  

To further probe structure and dynamics of molten and supercooled metal–organic liquids, we 

will perform EXAFS and PDF measurements with variable temperature programs in order to probe 

changes in liquid and glass structure in response to different quenching conditions. On the 

dynamics front, inelastic neutron scattering (INS) experiments, which resolve both the energy and 

momentum of neutrons after they are scattered by a sample, can provide information about 

dynamics occurring on timescales ranging from 10-14 s to 10-8 s, such as molecular vibrations, 

rotations, and diffusion.  

Given their unique connectivity, bonding modes and bonding strengths compared to common 

inorganic and polymer glass formers, metal–organic glasses are expected to have distinct stiffness, 

hardness, and failure modes. To directly investigate mechanical properties, we will characterize 

metal–organic glasses with nanoindentation experiments. Finally, glass transitions followed by 

reversible cold crystallization and a detectable property change across the glass and crystalline 

states are of interest for phase-change memory and data storage, as well as certain nanoswitches. 

As such, we aim to better understand reversible glass–crystal transitions with tunable glass 

transition temperature and crystallization kinetics in our systems, as well as to measure optical and 

thermal properties across the glass-crystalline transitions.  

 

 

Figure 4. (a) Extended x-ray fine structure of 

Co(bba)3[CoCl4] in the liquid phase above the melting 

temperature. (b) Pair distribution functions of 

Co(bba)3[CoCl4] in the crystalline solid phase just below the 

melting temperature (black) and in the liquid phase above the 

melting temperature (red).  
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Program 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. The work is guided by the assumption that MOFs can only 

be viable sorbents for large-scale gas storage and separations tasks if there is a path to produce 

them from readily available feedstocks using processes that are not energy intensive. From a 

materials synthesis standpoint, there is an emphasis on using simple and scalable approaches that 

rely on fundamental reactivity considerations yet can yield materials with high levels of function. 

The process of material activation is one aspect of these studies that we have been continuously 

engaged in; more recent studies exploit the dynamics of reagent diffusion and reactivity to create 

MOFs with hierarchical structure.  

 

 Recent Progress  

1. Reagent reactivity and solvent choice determine metalorganic framework microstructure 

during postsynthetic modification 

 Postsynthetic modification (PSM) is one of the primary methods used to install new 

functionality into metalorganic frameworks (MOFs) due to the diversity of functional groups it 

can incorporate as well as its ability to alter the physical and chemical properties of the resultant 

MOF.1 PSM is accomplished by placing an already assembled MOF into a solution containing a 

reagent which will react with the linker and produce the desired MOF. This method for adding 

chemical diversity to MOFs is widely used, but the effects of its use on framework microstructure 

were not well understood. MOF microstructure is expected to affect guest interactions within the 

MOF and impact MOF applications. Another commonly used postsynthetic method, postsynthetic 

exchange, has already been demonstrated by our group to result in coreshell microstructures in 

multiple MOF systems.2 Additionally, the design of MOFs with sophisticated microstructures is 

an active area of research, and the development of higher order forms is seen as a means to obtain 

materials with advanced functionality in fields such as chromatography, chemical sensing, and 

catalysis.  

To investigate the microstructure of MOFs after PSM, a method has been developed using 

scanning electron microscopy (SEM) in conjunction with energy-dispersive X-ray spectroscopy 

(EDS) to detect the spatial distribution of chlorine-tagged substituents added to the MOF. PSM 

experiments were performed using chloroacetyl isocyanate and 2-chloroethyl isocyanate to react 

with 2-aminoterepthalate linkers in IRMOF-3 (Figure 1a). These isocyanates were chosen due to 

237



their differences in reactivity which we 

expected would give rise to different 

microstructures. Additionally, isocyanates 

were chosen because they do not produce side 

products which can become trapped within the 

MOF and complicate SEM-EDS analysis. 

PSM was also performed in either toluene or 

chloroform to probe the effect of changing 

solvent polarity on the resultant MOF 

microstructure. Time points for the PSM 

reactions at room temperature were taken at 3, 

6, 9, and 24 hours to monitor the progression 

of new substituent addition over time. 

Regardless of whether chloroform or toluene 

is used, SEM-EDS mapping of the sectioned 

crystal shows that, during PSM with chloroacetyl isocyanate, a coreshell microstructure is 

produced (Figure 1b), while PSM with 2-chloroethyl isocyanate produces a more uniformly 

distributed microstructure (Figure 1c).  

  The effect of solvent choice on microstructure was investigated using 4-bromophenyl 

isocyanate as a reagent having intermediate reactivity to 2-chloroethyl isocyanate and chloroacetyl 

isocyanate. The hypothesis was that increased polarity of the solvent would result in increased 

coreshell character after PSM by stabilizing the polar transition state leading to functionalization. 

PSM was performed under dry conditions in toluene, chloroform, and a mixture of the two. SEM-

EDS linescans show that PSM of 4-bromophenyl isocyanate in toluene results in a uniform 

distribution of new functionality (Figure 2a) whereas PSM in chloroform shows microstructure 

with increased coreshell character (Figure 2b). PSM in the 1:1 mixture of toluene and chloroform 

displays increased coreshell character relative to toluene and reduced overall reactivity compared 

to chloroform (Figure 2c). Additional experiments wherein a 1:5 ratio of anhydrous DMF to 

toluene was used show that adding anhydrous 

DMF to toluene increases the coreshell 

character of the resultant MOF while 

suppressing core functionalization (Figure 

2d). Collectively, the above results support 

the hypothesis that altering the solvent used 

for PSM is a viable method to influence the 

resultant microstructure of the functionalized 

MOF, which is best viewed as a sliding scale 

between uniform distribution and coreshell.  

  To demonstrate the utility of 

understanding the dynamics of PSM, a one-

pot coreshell MOF was generated through 

PSM with a mixture of chloroacetyl 

isocyanate and 4-bromophenyl isocyanate 

Figure 1. a) PSM scheme. b) Characteristic EDS 

mapping data for PSM of IRMOF-3 with 

chloroacetyl isocyanate and c) chloroethyl 

isocyanate. Chlorine is marked green for EDS 

mapping data. 

Figure 2. SEM-EDS linescan of IRMOF-3 cross 

sections after PSM with 4-bromophenyl isocyanate in a) 

toluene, b) chloroform, c) a 1:1 mixture of toluene and 

chloroform, and d) a 1:5 mixture of DMF and toluene. 
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(Figure 3a). The result is dramatic, because the 

demarcation between the chloroacetyl 

isocyanate-functionalized zone (shell) and the 

4-bromophenyl isocyanate-functionalized zone 

(core) is sharp. Using stepwise 

functionalization, a triple functionalized MOF 

was generated in two PSM steps, forming a 

Matryoshka microstructure MOF (Figure 3b). 

With these results, it has been shown that 

controlling the degree and spatial distribution 

of functionalization by adjusting the reagent 

reactivity and the solvent used can increase 

MOF complexity and open the door for 

complex applications in sequential catalysis, 

chromatography, and chemical sensing.   

 

2. Resolvation-induced MOF collapse 

MOF activation involves the removal of solvent and other guests from MOF pores by a set 

of “activation" conditions tailored to their specific solvent compatibilities and structural stabilities. 

Improperly performed, MOF activation has well-documented destructive potential. When MOFs 

are used in liquid phase applications, particularly in the area of catalysis, they are often activated 

according to best practices, but subsequently submerged in high surface tension solvents. From a 

practical standpoint, it is important to understand the limits of these materials in this use condition. 

As an example, if structural reorganization were to occur during resolvation of a catalytically 

active framework, it could compromise the access of reactants to the catalytic centers leading to 

lower apparent activity than would be observed with pristine materials. Similar concerns are 

present when applying MOFs in liquid phase adsorption applications such as fuel desulfurization 

and wastewater cleanup.    

The destructive potential of MOF resolvation was assessed across a range of model 

systems, including highly stable UiO-66, intermediate stability IRMOF-3 and UMCM-9, and 

fragile FJI-1. Samples were characterized before and after resolvation and reactivation using two-

dimensional powder X-ray diffraction (2D-PXRD), which shows changes in sample crystallinity 

and mosaicity, and surface area analysis, which gives information about the ability of the 

framework to accommodate molecular guests. While UiO-66 was found to be insensitive to 

resolvation with all solvents tested, the other frameworks showed sensitivity to resolvation, 

particularly when using high surface tension solvents such as N,N-dimethylformamide (DMF) and 

dimethylsulfoxide. No functional differences were noted between samples degraded due to 

resolvation and those subject to activation-induced MOF collapse, suggesting that the same 

physical phenomena are responsible for both processes. 

Figure 3. SEM-EDS maps and linescans of cross 

sections of IRMOF-3 after PSM with a) chloroacetyl 

isocyanate and bromophenyl isocyanate (coreshell) 

and b) trifluoroacetyl isocyanate, chloroacetyl 

isocyanate, and 4-bromophenyl isocyanate 

(Matryoshka). 
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To mitigate the effects of MOF 

resolvation, an approach termed reverse solvent 

exchange (RSE) was developed (Figure 4). RSE 

involves resolvation with a low surface tension 

solvent followed by exchange into the desired 

higher surface tension solvent, and is a much 

less destructive route than direct resolvation 

with high surface tension solvents. For example, 

while resolvation of activated UMCM-9 with 

DMF leads to a 78% decrease in accessible 

sample surface area, resolvation with hexane 

followed by solvent exchange into DMF causes 

only a 14% decrease in surface area. This substantial retention of surface area is associated with 

greater sample crystallinity, as confirmed by 2D-PXRD.  

This stepwise approach to resolvation was successful even for the most fragile framework 

tested, FJI-1. When FJI-1 is activated, best-in-class approaches such as activation from 

perfluorohexane or supercritical CO2 must be taken, or the framework will collapse. Even 

activation from hexane gives a product with negligible crystallinity and nearly zero accessible 

surface area. When the MOF is activated according to best practices, direct resolvation with DMF 

gives a 66% decrease in surface area whereas resolvation with hexane leads to less than a 1% loss 

in surface area. This compatibility with hexane resolvation allows RSE resolvation with DMF to 

occur with negligible loss in sample surface area. 

This research informs best practices for MOF handling in applications involving catalysis, 

environmental remediation/pollutant capture, separations, and chemical sensing. While optimized 

procedures should be developed on a system-by-system basis, this work provides a rationally 

implementable protocol from which to begin this optimization. Paying attention to the role of 

resolvation offers the distinct benefit of ensuring MOF function is maximized for a given material 

in a particular solvent system and that performance results are not convoluted by solvation-induced 

framework damage.  

Future Plans 

 Work pertaining to the activation of MOFs containing coordinatively unsaturated metal 

sites is accelerating. With postsynthetic modification studies finished, we are turning attention to 

testing function as well as phase selection by seeding.  
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Polymer Macrocycles: A novel topology to control dynamics of rubbery materials 

Gregory B. McKenna, Department of Chemical Engineering, Texas Tech University 

Judit E. Puskas, Department of Food, Agricultural and Biological Engineering, The Ohio 

State University 

Julia A. Kornfield, Division of Chemistry and Chemical Engineering, California Institute 

of Technology 

i) Program Scope 

 Understanding the dynamics of polymers of different topologies is an important field of 

study and one of the most important unanswered questions in this field is "how do circular 

polymers move," particularly in the melt state. The work performed here tackles this subject 

through a collaboration in which specialists in polymer synthesis, polymer physics and polymer 

rheology work together to investigate the thermophysical behavior of circular macromolecules. 

The project goals are to use a novel synthesis method of "green" oxidative polymerization to 

produce high purity macrocycles that would be highly entangled were they linear chains and to 

investigate their linear viscoelastic behavior as a function of molecular weight. Such 

measurements can provide the measure of the dynamics of circular macromolecules to sizes that 

correspond to linear molecule entanglement densities higher than previously obtainable with 

synthetic polymers and permit comparisons with the known behavior of other molecular 

architectures, especially that of linear chains. Chemical chain end characterization and critical 

edge fractionation methods are being used with the purpose of quantifying the numbers of 

circular and linear molecules in each sample. Nonlinear viscoelastic measurements, including 

extensional viscosity, are also being made. 

ii) Recent Progress  

a. Ring Purity from Linear Chains 

 It is very important to know the purity of the rings in the sense of their freedom from 

linear chain contamination.  The present state of the problem has been complicated by two 

different issues. One is the contamination by the presence of linear chains in the putative ring 

samples and the other is the fact that even if the rings were pure, they have been limited in 

molecular weight to fewer than about 15 entanglement equivalents for the linear counterpart. 

How this affects properties and the ability to judge actual material behavior and compare it with 

that predicted by theory can be ascertained from the data1-6 shown in Figures 1a and 1b.  Because 

of the need for such understanding we have been characterizing the chains from the Reversible 

Radical Recombination Polymerization (R3P) using three methods. We used Liquid 

Chromatography at Critical Conditions (LCCC)8,9, 800 MHz NMR for chain end analysis, and a 

novel chemical reaction technique devised by the CalTech group.  We summarize the results  
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from these investigations next. 

 
 In the LCCC work, it is important to know the sensitivity of the method to finding linear 

polymers, both for systems that are freshly synthesized, viz., not fractionated, and for systems 

that have been fractionated.  In the present work, because the R3P synthesis should give high 

quality rings, we began our study by characterizing the sensitivity of the LCCC to detect known 

additions of linear chains to a cyclic counterpart.  By adding a known amount of linear chain and 

using UV absorption measurements we were able to obtain a calibration line as shown in Figure 

2 where we see that the UV absorption increases linearly 

with addition of the linear counterpart.  Furthermore, as 

shown in Figure 3, we can see in the UV detection traces 

for the GPC output of the ring/linear mixtures that those at 

0% added linear chain and 6% added linear chain are 

indistinguishable. These results provide an estimate of the 

LCCC as a means of obtaining pure rings to be limited by 

the detection sensitivity to about 6%. Thus, for the 

systems we have looked at one can say with some 

confidence that they have no more than 6% linear 

contaminant.10 They could have less, but the LCCC 

method cannot distinguish better than this for the 

polyDODT (poly(3,6-dioxa-1,8-octanedithiol)) polymers 

studied here.  It is also of interest that we ran LCCC on 

samples of ring polyDODT of Mn=366,700 g/mol, 77,800 g/mol, and 75,300 g/mol in addition to 

the Mn=27,400 g/mol sample just referred to and there was no evidence of linear contamination 

in the UV intensity vs. elution time, thus telling us that the samples are at least 94% rings.  

Figure 1. a) Zero shear rate viscosity of rings normalized to that of the linear counterpart showing the strong 

effect of linear contamination on the viscosity as well as the differences among reports from different groups.  

b) Viscosity of polystyrene rings vs. molecular weight for measurements from different groups for rings that 

were thought to be free of linear chains at the times of the measurements. Data from references 1-7. Figure a) 

from PI McKenna. Figure b) from Kong et al ref. 8. 

Figure 2. UV absorbance vs 

concentration of added linear chain for 

a 1300 g/mol polyDODT sample as a 

function of wt. concentration showing 

linear dependence of intensity with 

concentration. After reference 10. 
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 In addition to the LCCC work we have also used 

800 MHz NMR and found that for one sample of 

Mn=35,800 g/mol the linear chain limit of detection, based 

on signal strength of the chemical shift for the chain end 

was 1.5%. However, since the sensitivity scales 

approximately linearly with the molecular weight, the 

sensitivity limits of the NMR are not very good beyond 

about 70,000 g/mol (≈ 3%).  Thus another more sensitive 

method is necessary.   

 To this end, the group at CalTech had the insight to 

postulate that the R3P system offers a very sensitive 

qualitative method to ascertain the purity of cyclic 

polyDODT: catalytic stability testing11. Even traces of 

linear polymer or monomer residues with thiol end groups 

will react with the disulfide bonds, that would be 

accelerated by a catalyst such as TEA. A thiolate anion in 

equilibrium with covalently bonded thiols is a strong 

nucleophile, displacing a sulfur atom of the disulfide via an 

SN2 mechanism as shown in Figure 412. This “shuffle” can 

lead to either degradation or molecular weight increase. To 

test this theory, first the cyclic 

sample that did not show color 

change was dissolved in THF 

and mixed with TEA only 

(sample with Mn=35,800 g/mol). After 3 days the SEC trace matched exactly that of the original 

trace, indicating that no degradation took place. Since TEA would deprotonate any thiols present, 

we concluded that the sample investigated contained no linear contaminants with thiol end 

groups. When the same sample was mixed with DODT monomer, after 3 days the molecular 

weights decreased, with substantial increase in dimer content. The largest decrease was observed 

when both DODT and TEA was added to the polymer. This work is on-going but the preliminary 

results suggest that we can detect reactivity at additions of TEA equivalent to fewer than 1% 

linear chain ends in the highest molecular weight samples being investigated (Mn=366,700 

g/mol). This method is being deployed to further examine the quality of the samples.  

b. Rheological properties 

Linear rheology has been performed on samples both in the melt state and in concentrated 

solution12. The use of solutions in addition to melts was necessary to work at low entanglement 

densities because it is very difficult to make low molecular weight polymer by R3P synthesis.  

The results of the viscosity vs. entanglement number Z are shown in Figure 5 along with a 

Figure 3. UV absorbance vs ekuiton 

time in GPC traces of mixtures of 

linear chain (1300 g/mol) into a 

27,400 g/mol ring sample showing 

that the sensitivity is limited to 

detecting linear contamination of the 

rings above 6% by weight.nce of 

intensity with concentration. After 

reference 10. 

Figure 4. Scheme of Thiol-disulfide exchange. After reference 12. 

244



comparison for lower molecular weight cycles taken from the literature as well as the 

comparison with linear chain behavior.  Two things are clear from these data. First, the region of 

low viscosity dependence on entanglement number goes 

to much higher Z-values than do the linear chains.  

Second, once "entanglement coupling" sets in, the 

scaling of the dependence on Z approaches a value of 6, 

which is significantly greater than the value of 3.4 

obtained from linear chains. Since the materials of 

highest molecular weight, but in solution, fall on the 

same scaling with the melt of the lower molecular 

weight rings we are confident that these results represent 

the behavior of entangled rings and this to several 

hundred entanglements vs. the prior reported values of 

approximately 15 entanglements for the largest rings 

studied. 

iii) Future plans 

The project is nearly completed but we are continuing work to establish with more certainty 

the quality of the ring samples. This includes further work with LCCC and catalytic stability 

testing. In addition, there is significant interest in these molecules as they are potentially able to 

reduce hysteretic loss due to, e.g., the Payne effect, in tires due to their lack of chain ends. We 

are pursuing work in this direction as it plays a direct role in fuel efficiency of vehicles using 

rubber tires. 

iv) References 

1. J. Roovers, Macromolecules 1988, 21 (5), 1517-1521. 

2. R. Pasquino et al, ACS Macro Letters 2013, 2 (10), 874-878. 

3. Y. Doi et al, Macromolecules 2015, 48 (9), 3140-3147. 

4. Y. Doi et al, Rheologica Acta 2017, 56 (6), 567-581. 

5. J. Roovers, Macromolecules 1985, 18 (6), 1359-1361. 

6. M. Kapnistos et al, Nature Materials 2008, 7 (12), 997-1002. 

7. G.B. McKenna et al, Macromolecules 1987, 20 (3), 498-512. 

8. D. Kong et al, in preparation. 

9. K. Molnar et al, Paper B37, Rubber Division 198th Annual Meeting, Oct. 2020 (virtual). 

10. K. Molnar et al, Journal of Molecular Liquids 2021, 322, 114956,  

11. K. Molnar et al, in preparation. 

12. M. Putzu et al, Phys. Chem. Chem. Phys. 2018, 20 (23), 16222–16230. 

13. D. Chen, et al. in preparation. 

  

Figure 5. Reduced viscosity vs. 

entanglement number for rings and 

linear polymers from the literature 

compared to the results for the 

polyDODT samples from both melt 

and solution determinations.  From 

Chen et al reference 13. Literature 

data from references 2-7. 
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Design and Validation of Defect‐Resistant Multinary Chalcogenide Semiconductors for 

Energy Conversion 

David B. Mitzi, Duke University (Principal Investigator) 

Volker Blum, Duke University (Co-Investigator) 
 

Program Scope 

The use of complex, multinary (comprising three or more elements) semiconductors has 

enabled high-performance energy conversion devices based on a range of different physical 

processes, including photovoltaic/photoelectrochemical, light emission and thermoelectric effects. 

However, despite increased chemical/electronic tunability, as more elements are combined into a 

specific material, the relationships between the crystal structure, chemistry and device-related 

properties become more complex. In addition to structure and chemistry, materials defects (e.g., 

missing atoms, atoms swapping places) play a major role in the properties of energy conversion 

devices and can even limit the advancement of a technology. For example, in the case of 

Cu2ZnSn(S,Se)4 (CZTSSe)—a heavily studied solar cell material because of non-toxic and 

abundant component elements—intrinsic defects limit the solar cell performance to roughly half 

that of commercial technologies. The goal of the current program is to assess/broaden a new class 

of promising multinary semiconductors based on related I2-II-IV-X4 and I2-I’-V-X4 (where I = Li, 

Cu, Ag; II = Sr, Ba, Pb; I’ = K, Rb; IV = Si, Ge, Sn, Ti, Zr; V = P, As, Sb, Nb, V, Ta; X = S, Se, 

Te) stoichiometries, providing 243 possible elemental combinations (32 were reported prior to the 

program start). Previous research has indicated properties that strongly depend on crystal structure 

and that these compounds may have reduced concentrations of device-limiting defects. This 

project will predict novel semiconducting materials/structures within this family—using a newly 

proposed approach based on crystal packing consideration—and validate these predictions using 

computational, synthesis and characterization techniques. The program therefore targets a 

paradigm for designing new defect-resistant semiconductors and provides insight into the potential 

of these novel materials for sustainable energy conversion through 4 thrusts: (1) structure 

rationalization/prediction, (2) compositional tuning, (3) alloying, and (4) defect exploration.   

Recent Progress  

Fig. 1.  Selected crystallographic 

views of (a) Cu2BaSnS4 (P31), (b) 

Ag2BaGeS4 (I-42m), (c) 

Ag2BaSnSe4 (I222), (d) Cu2BaSnSe4 

(Ama2), and (e) Ag2PbGeS4 

(Ama2†) to illustrate connectivity of 

M−X polyhedra. Atom/polyhedra 

colors are I: gray, II: green, IV: blue, 

X: yellow. (From Ref. 1) 
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Examination of known I2‐II‐IV‐X4 

materials reveals that there are five related 

crystal structure types in which these 

compounds generally crystallize (Fig. 1)—

P31, Ama2, I‐42m, I222, and Ama2† († 

indicates a distinct crystal structure from the 

conventional Ama2 structure). Further analysis 

of these structures reveals similar connectivity 

of the metal‐chalcogen (M‐X) polyhedra. 

Using the specific bonding relationships of the 

M‐X polyhedra in the P31 / Ama2 structures 

(Fig. 2) we developed a mathematical 

relationship describing how well the polyhedra 

of a specific compound fit into this motif based 

upon the metal and chalcogen ionic radii and 

the dimensions of the idealized M‐X 

polyhedra.1 The dimensionless tolerance factors, labeled tI and tIV, can be plotted for the known 

I2‐II‐IV-X4 compounds, revealing distinct phase regions for each of the crystal structures, 

especially when employing experimental bond lengths in place of Shannon radii2 (Fig. 3). This 

tolerance factor map has formed a basis for our program to identify targeted semiconductors, with 

initial successfully synthesized and characterized new family members including Cu2PbGeS4 

(P31), Cu2SrSiS4 (P31), Ag2SrSiS4 (I‐42m), Ag2SrGeS4 (I‐42m) and Ag2BaSiS4 (I‐42m), further 

providing support for the model.1,3 From successfully synthesized powders of the new 

semiconductors, we determined bandgaps of 1.55 eV (Cu2PbGeS4), 3.4 eV (Cu2SrSiS4), 2.08 eV 

(Ag2SrSiS4), 1.73 eV (Ag2SrGeS4) and 2.2 eV (Ag2BaSiS4), in qualitative agreement with density 

functional theory (DFT) calculations (Fig. 4), which also resolved the indirect nature of the 

bandgaps.1,3 Notably, the tolerance factor approach is not able to predict the stability of these 

compounds relative to prospective binary/ternary decomposition products (i.e., as seen for 

Cu2PbSnS4, which could not be synthesized), pointing to a direction for future study.  

a

) 

b

) 

c

) 

Fig. 2.  [I-X4][II-X8][I-X4] face-sharing unit common 

to P31 and Ama2 structures (taken from Cu2BaSnSe4 

unit cell), (b) dimensions of idealized regular 

tetrahedron and uniform square antiprism, and (c) 

derived dimensionless tolerance factors, describing the 

agreement with bond distance ratios in idealized 

polyhedra, where tI and tIV are the tolerance factors for 

the I and IV atoms and rI, rII, rIV, and rX are the ionic 

radii of the associated atoms. (From Ref. 1) 

 

Fig. 3.  Tolerance factors of 

reported I2-II-IV-X4 compounds 

calculated using experimental 

bond lengths derived from single 

crystal structures (I = Ag: squares; 

Cu: circles; Li: triangles). Colors 

represent different structure types, 

as noted in the legend. Cu2EuSnS4 

has been reported in both P31 and 

Ama2 space groups. (From Ref. 1) 
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Another important direction for the 

program involves the study of defects in 

particularly interesting members from the I2-

II-IV-X4 family. Cu2BaSn(S,Se)4 (CBTSSe) 

offers a tunable quasi-direct band gap to 

values as low as 1.55 eV though varying S:Se 

ratio.4 Using solution-deposited stoichio-

metric CBTSSe films with band gap of 1.59 

eV (x ≈ 3), temperature- and excitation-

dependent photoluminescence studies reveal a 

dominant defect emission at ~1.5 eV and a 

second deep defect feature at 1.15 eV.5 From 

time-resolved terahertz measurements, we 

find a charge carrier (electron and hole sum) 

mobility of ~140 cm2 /Vs (Fig. 5)—i.e., 

comparable to values in CZTSSe—as well as 

a two-component minority carrier lifetime. A 

longer-lived lifetime component (~2 ns) 

arises from bulk recombination. However, 

strong recombination at the (bare) surface leads to a ~50 ps lifetime, inferior to state-of-the-art 

CZTSSe absorbers. This recombination issue may worsen for CBTSSe/CdS interfaces, due to a 

cliff-like band alignment with 0.6 eV band offset, as revealed by ultraviolet photoemission spectro-

scopy. A low number of charge carriers within the absorber further contributes to a high series 

resistance. Overall, the study shows that, while CBTSSe offers reduced overall defect density, 

leading to reduced band tailing, a significant deep defect concentration, coupled with low electron 

affinity and carrier density pose challenges for current-generation PV device design. CBTSSe 

surfaces appear to be Cu deficient from XPS study, possibly connecting to the noted surface 

recombination and relating to formation of a newly identified Cu2Ba3Sn2(S,Se)8 phase, found to 

be stable under S deficient con-

ditions at elevated temperature.6 

Future Plans 

The program will 

continue to probe the broad 

applicability of the tolerance 

factor approach among newly 

considered I2-II-IV-X4 and I2-I’-

V-X4 chalcogenides, as well as 

associated properties of these 

materials. Examples of particular 

Fig. 4.  Example of band structure and partial density of 

states (DOS) calculations for new multinary chalcogenide 

semiconductors, here shown for Ag2SrSiS4, which also 

has interesting non-linear optical properties. Ω is the unit 

cell volume used in the HSE06 calculations, which 

include spin-orbit coupling. (From Ref. 3) 

 

Fig. 5. a) Transient photoinduced sheet conductivity Δσs of CBTSSe 

film after exciting at 400 and 800 nm. Fast-initial decay is attributed to 

surface recombination and the long component sets a lower limit for the 

bulk lifetime. b) Sum of electron/hole mobility µΣ measured at terahertz 

frequencies and fitted by the Drude-Smith model, reflecting the DC-

mobility and pointing to partial carrier localization. (From Ref. 5) 
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interest include bandgap control in Ag2NH4AsS4 (I2-I’-V-X4) analogs and understanding how the 

I2-II3-IV2-X8 phases6 interface with the I2-II-IV-X4 systems in terms of stability. Computational 

studies on optical property changes due to rare‐earth element doping in chalcogenide 

semiconductors will be pursued. It is known that dopants such as Ce, Pr, Tm, Gd, Nd, Yb, Eu can 

be used in light‐emitting semiconductor devices. Further, some of the impacts of these dopants on 

optical properties have been experimentally studied—e.g., Eu can provide broad band emission 

peaking in the NIR (near‐infrared) region.7 However, the impacts of these dopants on I2-II-IV-X4 

materials are not broadly understood. In addition, for particular systems, the program will continue 

to explore detailed defect properties—e.g., comparing Cu2BaGe(S,Se)4 (CBGSSe) with CBTSSe. 

An underlying hypothesis for the program is that atomic size and coordination preference can be 

used to control defect formation in multinary chalcogenide systems—e.g., given the large size 

difference between Ba and Cu/Sn, we might expect CBTSSe to have less antisite disorder relative 

to CZTS. The interest in CBGSSe lies in the fact that Ge and Cu are also of significantly different 

size (unlike the Cu and Sn in CBTSSe). Therefore, the CBGSSe system provides an interesting 

point of comparison relative to CBTSSe in terms of defect formation. Properties and selected 

energy device demonstrations will also be pursued for emerging multinary chalcogenide systems. 
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Program Scope 

Hybrid inorganic-organic perovskite halides have the potential to shift the paradigm by which we 

use functional semiconducting materials for energy-conversion technologies, as the structure/ 

property relationships of hybrid perovskites follow a distinct set of rules in which the lattice and 

molecular dynamics play a large role. In this project, we elucidate the materials design principles 

behind if and how dynamic organic dipoles and disorder correlate with the paradigm-shifting 

electronic properties in hybrid inorganic-organic perovskite halides. The potential for 

transformative properties of these materials (e.g., high photovoltaic energy conversion 

efficiencies, radiation detectors, and thermoelectrics) suggests that new materials design principles 

are needed to produce materials with tailored properties that will enable the next-generation of 

energy-relevant technologies.    

Recent Progress  

Anharmonicity and inorganic-organic coupling in hybrid perovskites: Vacancy-ordered double 

perovskite halides provide a crystalline framework for understanding the organic-derived 

interactions, as the octahedra are not covalently connected.  Many attributes of the lattice dynamics 

suggest that the impact on functional properties results from the anharmonic nature of the motion 

[1].  While this anharmonicity can derive from 

the alkali [2] or main group cation sizes [3], we 

also observed the role of the organic cation 

shape and orientation.  We recently discovered 

a low-temperature, hysteretic phase transition 

of (CH(NH2)2)2SnI6, where the hysteresis 

stems from organic–inorganic coupling 

mediated by local and spontaneous strain from 

the orientations of the formamidinium cations, 

which yield a ferroelastic phase transition (Figure 1) [4].  This discovery provides evidence of 

organic-inorganic coupling and the atomistic origin and impact of anharmonic lattice dynamics on 

the charge transport properties of hybrid perovskite halide semiconductors.  

Frustration and dynamics of organic cation orientations in halide perovskites: Formamidinium-

based halide perovskites tend to exhibit unusual temperature-dependent trends in 

photoluminescence, dielectric constant, and phase behavior.  These are hypothesized to originate 

from the CH(NH2)2
+ orientations and their dynamics.  We discovered the presence of five  

 
Figure 1: The spontaneous strain generated from 

orientations of formamidinium yields a ferroelastic 

phase transition [4].    
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distinct temperature-dependent phase transitions in 

CH(NH2)2PbBr3 that produce changes in the steady-state 

photoconductivity (Figure 2) [5]. Three of these phase 

transitions do not result in any detectable 

crystallographic changes and instead relate to the degrees 

of freedom of CH(NH2)2
+ orientational dynamics, as 

evidenced by quasielastic neutron scattering [5], as well 

as later confirmation by 1H NMR and 14N NMR 

spectroscopy [6]. The crystallographically unresolvable 

phase transitions resemble ferroelastic transitions with 

the formation of nanoscale domains.  We hypothesize 

that these effects are mediated by the strain surrounding 

CH(NH2)2
+, which has a strong electrostatic quadrupolar 

moment that couples strongly to local electric field 

gradients (e.g., strain). This work demonstrates the 

importance of cation orientation and dynamics, domain 

behavior, and their interdependence in the steady-state 

optoelectronic properties of hybrid perovskites. 

Building upon these results, we identified why 

strain and chemical substitution have been vital for understanding device performance and 

stability.  We studied how Cs+ substitution in place of formamidinium in (CH(NH2)2)1–xCsxPbBr3 

suppresses four (of the five) phase transitions [6].  We proposed that organic–organic interactions 

are largely responsible the four suppressed lower-temperature phase transitions of 

CH(NH2)2PbBr3. The large quadrupolar moments of formamidinium cations yield a strain field 

owing to electrostatic interactions with the inorganic octahedra, as positive charge density on the 

cation attracts the anionic sublattice and negative charge density repulses the anionic sublattice 

(Figure 3).  This interaction creates a strong preference for the formation of a “T” shaped 

orientation between two cations; however, such local ordering cannot geometrically tile space in 

three dimensions and must therefore yield a symmetry-breaking phase transition. This symmetry 

breaking is also observed via the spontaneous stain generated by the shearing coalignment of 

formamidinium in (CH(NH2)2)2SnI6 (Figure 1, [4]), a material which displays no covalent 

connectivity between octahedra. The local compressive strain caused by Cs+ substitution, as 

evidenced by synchrotron X-ray diffraction, inelastic neutron scattering, and 79Br nuclear 

quadrupolar spectroscopy, overrides the orientation driven by the organic−organic interactions, 

disrupting the concerted changes at the low temperature phase transition.  Yet, the local 

formamidinium dynamics are retained after chemical substitution, in contrast to the substitution of 

methylammonium-based perovskites which show orientational glass behavior [7, 8].   The retained 

dynamics is thought to be advantageous for a higher dielectric permittivity associated with the 

screening of charged point defects and myriad other behaviors that we recently reviewed (e.g., 

 
Figure 2. Temperature-dependent (a) 

photoconductivity, (b) heat capacity, and (c)  

mean squared displacement from fixed 

window elastic neutron scattering of  

(CH(NH2)2)PbBr3 showing 5 entropy-

releasing phase transitions; only the 

transitions at 153 K and 266 K result in a 

change of crystallographic symmetry 

(dashed-dotted lines) [5].     

 

253



giant polarons, phonon bottlenecks, dynamic Rashba splitting) [9].  This provides a compelling 

rationalization for the primary use of formamidinium in champion devices [10].    

Organic cation orientation and dynamics in layered halide perovskite derivatives: The dynamics 

and disorder of large “spacer” cations that drive formation of 

layered halide perovskite derivatives also play an important 

functional role.  From collaborations with Prof. Wei You, we 

used crystallography to show how orientational degeneracy 

of the cations leads to poorer film formation and resulting 

photovoltaic efficiencies [11].  Along these lines, we have 

been performing quasielastic neutron scattering experiments 

to uncover the structure-dynamics-properties relationships 

that influence photoluminescence behavior in 

butylammonium, octanediammonium and γ-aminobutric acid 

based lead bromides.  The cations’ dynamics, which appear 

to correlate with their secondary structures, are largely 

responsible for their effective volume that subsequently 

influences distortions of the inorganic framework.  These 

distortions thus correlate with the optical properties [12].  We 

have also used materials chemistry, crystallography, and 

neutron scattering to understand the interplay between the 

layered geometry, octahedral tilting, and small organic cation dynamics (e.g., methylammonium) 

in the layered, Ruddlesden-Popper derived materials [13].   

Future Plans 

Our group continues to elucidate how compositional substitution and structural modification 

influences the dynamics and phase behavior of hybrid perovskites, including in cases where 

inorganic and organic dipoles couple (e.g., Sn2+).  We continue to use neutron crystallography and 

spectroscopy to provide a molecular-level understanding of what enables and influences cation 

dynamics in layered crystal structures, while deriving insight into the properties that result from 

these dynamics.    
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Understanding Novel Lewis Acid Doping Mechanisms in Organic Semiconductors 
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Program Scope 

 This program aims to understand doping mechanism in a class of conjugated polymers that 

contain Lewis basic atoms such as nitrogen and/or sulfur. The pyridine or sulfur moiety on the 

polymer provides an accessible lone-pair of electrons that can associate with the Lewis acid. 

Addition of the Lewis acid effectively tunes the optical gap and p-dopes the hole transport in the 

parent polymer, leading to increases in the free hole density and thus the charge-carrier mobility. 

The program integrates materials design, electronic characterization of thin films and a theoretical 

effort that seeks to connect bulk variables with molecular-scale interactions and thereby deliver a 

foundation for rational development of Lewis acid doping and significantly accelerate their 

applications. 

 Recent Progress   

 The ability to precisely control the equilibrium carrier concentration in traditional inorganic 

semiconductors is a fundamental underpinning of modern electronics. This importance provides 

much of the motivation behind the long-standing interest in the doped states and methods to 

achieve doping in organic semiconductors. P-doping using molecular dopants such as F4TCNQ 

relies on electron transfer from the semiconductor’s highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO) of F4TCNQ. This occurs by either matching 

the electron affinity of the dopant to the ionization energy of the organic semiconductor (p-doping), 

or by matching the ionization energy of the dopant with the electron affinity of the organic 

semiconductor (n-doping). The requirement of energy level matching thus limits the available 

dopants. F4TCNQ is a strong electron acceptor with a LUMO energy of –5.2 eV, which matches 

well with the HOMO energy of a wide range of polymeric and molecular systems.Error! Bookmark not 

defined. Thus, much of the published work on p-doping organic semiconductors has centered on the 

use of F4TCNQ. For solution-processed organic semiconductors this approach suffers from the 

differential solubilities of the dopant, the molecular anion (F4TCNQ), and of the organic 

semiconductor; limiting the ultimate processability of the blend.1  Furthermore, it is not possible 

to dope wide band gap organic semiconductors with F4TCNQ (HOMO ~ –5.8 eV). In the past few 

years, a growing body of literature has indicated that B(C6F5)3, hereafter referred to as BCF, 
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represents a promising new class (i.e. Lewis acids) of p-type dopant for organic semiconductors 

due to its excellent solubility in common organic solvents and its ability to dope organic 

semiconductors without the need for energy level matching.2 However, the doping mechanism is 

not well understood.  

 

Figure 1. (Top) Chemical structures of the conjugated polymer, BCF, and F4TCNQ used in this 

study. (Bottom) The conductivity, the doping efficiency, and the device structure used for 

conductivity measurement. 

The doping efficiency of BCF was found to be superior to that of F4TCNQ, reaching a maximum 

of 14.6% at 0.010 molar equivalents for P4 (Figure 1). The conductivity of P4 can be improved 

over 4 orders of magnitude with BCF, reaching a maximum conductivity of 8 x 10-3 S/cm with 

0.200 molar equivalents. High resolution 1D and 2D ssNMR techniques provide additional 

insights into the intermolecular interactions which underly the observed difference in doping 

efficiency between these two systems. BCF can dope the P4 host polymer with minimal disruption 

to the conjugated backbone stacking which is critical for charge transport in organic 

semiconductors. The backbone stacking between the donor and acceptor units of the polymer are 

greatly disrupted by the F4TCNQ dopant which explains a much lower doping efficiency of P4 by 

F4TCNQ as compared to doping using BCF-water complex.  

We proposed that doping of a conjugated copolymer of 4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-

b′]dithiophene (CPDT) and 2,1,3-benzothiadiazole (BT)-based (P4, see Figure 1 for the chemical 

structure) by BCF is an example of oxidation by proton. Specifically we suggested protonation of 

the CPDT moieties by the strong Brønsted acid BCF(H2O) (Step 1 in Scheme 1), followed by 

electron transfer from a neutral polymer chain segment to a protonated chain forming a neutral, 

protonated radical species [P4-H]• and a positively charged radical species [P4]•+ (a positive 

polaron or a hole). 1H NMR provided evidence for the feasibility of polymer protonation, while 

ENDOR spectroscopy was consistent with simulations of a superposition of the spectra of the two 

radicals.3 
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Neher and colleagues investigated doping of 

poly(3-hexylthiophene) (P3HT) by BCF and 

suggested that the overall reaction resulted in 

formation of H2, rather than [P3HT-H]•, as the 

final hydrogen-containing side product, with 

one possible route for H2 formation being 

reaction of two [P3HT-H]• species (Step 3 in 

Figure 4).4 DFT calculations of various 

scenarios from both mechanisms show highly 

endergonic processes (positive free energy) 

when considering the reaction of P4 and 

[BCF(OH2)] to form [P4]•+ and [BCF(OH)]–. 

However, if we consider the formation of a 

larger anion, [BCF(OH)(OH2)BCF]– (Scheme 

2), in which [BCF(OH)]- is hydrogen bonded 

to another BCF(OH2) complex, DFT 

calculations predict that the protonation 

reaction (proposed by us) and the overall H2-

forming reaction (proposed by Neher) both 

become exergonic.5 The formation of 

[BCF(OH)(OH2)BCF]-  has been observed by 

Doerrer and Green in their work on the 

oxidation of metallocenes by BCF(OH2) in 

non-aqueous solvents (including ferrocene, 

which is oxidized at similar potential to 

P3HT), in which H2 was also proposed to be 

the side product.6 Another dinuclear anion 

[BCF(OH)BCF]– has also been formed in 

protonation and oxidation reactions of various 

organometallic complexes using BCF in the 

presence of small amounts of water,7 and 

formation of this anion from the reaction of 

BCF, BCF(OH2), and P4 is also calculated to 

be exergonic.5 The formation of H2 proposed 

in these BCF oxidations of both P3HT and 

metallocenes has not, however, been observed experimentally. 

Scheme 1. Proposed doping mechanism of 

PCPDTBT by BCF. The formation of the 

BCF:H2O complex is assumed to have already 

taken place by Step 1. 
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Scheme 2. Formation of the [BCF(OH)(OH2)BCF]- anion and protonation of the neat PCPDTBT 

oligomer, which in this case yields a negative (exergonic) 𝛥𝐺0 = -21.6 kcal mol-1 (or -0.94 eV). 

Future Plans 

Our future plan is to gain insight into the mechanisms by which neutral polymers in non-

aqueous solvents are doped by Lewis acid-water complexes (Brønsted acids). Since the doping 

process is not simply an electron-transfer reaction between the filled orbitals of the semiconductor 

molecules or polymers and the empty orbitals of the “dopants”, our understanding needs to go 

considerably beyond consideration of the dopant electron affinity (EA) and semiconductor 

ionization energy (IE). We hypothesize that the driving force for p-doping is determined by the 

formation of delocalized stable anions to stabilize the positive polarons on the π–conjugated 

backbone. This, together with the release of hydrogen gas, leads to highly exergonic overall 

reaction. 
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Hydrolysis, self-assembly and supramolecular assembly of early transition metal-oxo 

clusters: MOF nodes and aqueous reaction pathways 

May Nyman, Oregon State University, Corvallis, OR 97330 

Program Scope 

 Designing aqueous syntheses of functional metal oxide materials, oxoclusters and metal-

organic frameworks (MOFs) with oxocluster nodes is an important part of a sustainable future for 

energy and the environment. The focus of this program is to design new materials and synthetic 

strategies using a metal-oxo cluster building-block approach, informed by solution-phase studies 

of reaction pathways. Materials include inorganic frameworks composed of metal-oxo clusters, 

MOFs, and metal oxide thin film coatings. In most studies, we benchmark properties of 

synthesized materials and study form-function relationships, in addition to studying solution-phase 

assembly pathways. Properties and applications include catalysis, ion exchange and metal 

separations.  

 In this meeting, time permitting, I will briefly present three ongoing studies: 1) Niobate 

oxoclusters and frameworks and controlling solution speciation with electrolytes; 2) New Zr/HfIV 

oxoclusters for cluster-based materials inspired from Zr/HfIV separations chemistry, and 3) MOFs 

from bismuth oxoclusters, controlling nuclearity. Recent results from these three systems are 

described below, preceded by more detailed introduction and motivation for each study.    

  

Recent Progress  

 Niobate oxoclusters, 

frameworks and materials (figure 1). 

Niobium (V) oxo species are 

technologically important, employed as 

base catalysts in the cluster form,1 acid 

catalysts in the solid interfacial form,2 

and supercapacitors,3 electrochromic 

materials4 and piezoelectrics as thin 

films.5 We have mapped the speciation 

of polyoxoniobates (PONb) in near 

neutral conditions (figure 1a), showing 

a decanuclear Nb10 PONb undergoes 

rearrangement to Nb24 with addition of 

any countercation or electrolyte or 

ligand that will associate with the 

cluster in solution.6 These solutions can 

be prepared at very high concentration, 

near neutral pH, and they readily gel 

upon drying, ideal for thin film 

 
Figure 1. A) Summary of PONb solution speciation as a function 

of pH, B) Disassembly-reassembly driven by metal cations and 

carbonate in water, C) controlled dimensionality of frameworks 

by heterometal linking, and D) thin film deposition from high 

concentration solutions.  
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deposition. In recent studies, we have (1) enabled crystallization of the Nb24 species (and its 

subunits) with heterometals and ligands from solution to affirm identification of solution-phase 

speciation,7,8 (2) demonstrated and compared catalytic activity (nerve agent degradation) of the 

pre-formed cluster to that of in-situ generated clusters, and (3) deposited several technologically 

important thin film materials from high concentration Nb24 solutions (figure 1d).9 On the other 

hand, Nb10 in alcohol solution is stable, and shows preferential directional bonding into 

frameworks with heterometals, based on basicity of individual oxo-ligands within the cluster 

(figure 1c).10 The dimensionality of the obtained frameworks depend on the charge and preferred 

coordination environment of the heterometal.  

 

Zr/HfIV oxoclusters for cluster-

based materials Moving one step to the 

left on the periodic table from Nb is very 

different oxocluster chemistry, featuring 

acidic polycations rather than basic 

polyanions. The [Zr/Hf6(OH)4O4]
12+-

oxocation is one of the most widely 

recognized and exploited oxocluster 

motifs in materials chemistry, featured in 

the UiO-66 MOF family (and derivatives 

thereof). Diversifying Zr/Hf-oxocluster 

chemistry as material building blocks 

requires disrupting and redirecting 

common reaction pathways. With 

peroxide, we have recognized new cluster 

motifs; an oxo-centered Zr4-tetrahedron 

and a Zr25 wheel, both containing bridging 

peroxides.11 Through studies of the 

solvent extraction chemistry used to 

separate ZrIV from HfIV for nuclear energy applications (via solution studies and crystallization, 

see figure 2), we isolate oxo-centered Zr4 and Hf4 tetrahedral clusters ligated with thiocyanate (N-

bonded), formulated [M4O(OH)6(NCS)12]
4+, as well as a large Zr48 motif. The large Zr48 offers a 

plausible explanation as to how this industrially-employed separation chemistry works. We 

surmise the hydrolysis tendencies of ZrIV are stronger than that of HfIV in the studied aqueous 

conditions. The tetrahedral clusters are ideal building blocks for novel oxocluster-based materials, 

see Future Plans section for strategies to implement these studies.  

 Bismuth oxocluster MOFs Bi(III) is one of the most insoluble and inert metal oxides, 

and there is considerable interest in Bi-MOFs, which is only in early stages of development, in 

particular targeting biological applications and catalysis.12,13 Like Zr/HfIV, BiIII has strong 

hydrolysis tendencies, even at very low pH, and also features the ubiquitous hexamer form of UiO-

66, yet the Bi6-hexamer has only been isolated once in a MOF.14 The BiIII solution phase chemistry 

 
Figure 2. Size distribution analysis of small-angle X-ray 

scattering (SAXS) of aqueous ZrIV and HfIV ammonium 

thiocyanate solutions, showing the difference between HfIV 

and ZrIV aqueous speciationy. Inset in the blue box is the oxo-

centered tetrahedral cluster, crystallized as both Hf and Zr 

analogues, and also represents the highest concentration 

species in these solutions. Green box inset shows Zr48 cluster, 

which is also abundant exclusively in the Zr-solution. (color 

code: yellow spheres are sulfur, black is carbon, blue is 

nitrogen, red is oxygen, turquoise is metals, HfIV or ZrIV).  
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is challenging to study and control due to the rapid hydrolysis reactions, in addition to the 

asymmetric coordination of BiIII, driven by the lone pair, which has hindered Bi-MOF 

development.  

Very recently, we have isolated a series of Bi-MOFs exploiting both disulfonate linkers 

and dicarboxylate linkers. 

These MOFs include the more 

common monomer, dimer, and 

1d-chain Bi-node nuclearities. 

In addition, we have isolated 

several Bi6-node MOFs, as well 

as the very large Bi38 node 

(figure 3). This series of 

compounds allows 

understanding of major 

parameters in controlling the 

node nuclearity.  

Specifically, the carboxylate 

ligands isolate smaller Bi1 and Bi2 nodes, 

while solvent is less relevant. The weaker 

bonding sulfonates favor the larger Bi38 

node, in particular with DMSO solvent, 

while DMF and water favor the more 

common monomers, dimers and chains. 

DMSO is the only solvent that allows 

complete dissolution of Bi6 and even Bi38 

at room temperature, all other solvents 

require heating, and complete dissolution 

is never observed at room temperature. 

This significantly challenges our ability to 

study reaction pathways with in-house 

techniques (see more below, Future 

Plans section). 

We compared photocatalytic H2 

evolution activity of various Bi38-node 

MOFs, ligands include 1) disodium 2,2'-[biphenyl-4,4'-diyldiethene-2,1-diyl]dibenzenesulphonate 

(DDBS, figure 4), 2) 2,6-naphthalenedisulfonate (figure 3b) and 3) 1,5-naphthalenedisulfonate 

(figure 3c). Bi38-DDBS demonstrated most efficacious H2 evolution of the three, likely owed to 

the visible light absorption of the linker. The H2 evolution reaction was observed without a co-

catalyst, with visible light irradiation in the case of Bi38-DDBS. 

 

 

Figure 3. Bi38 MOF. A) Bi38 node represented to show how the cluster 

geometry is built up around the hexamer (blue, central, polyhedral 

representation). Pink spheres are six sets of four BiIII, arranged as square 

faces of a cube centered by Bi6. Green spheres are eight BiIII on the corner 

of the same hypothetical cube. Red spheres are oxygen B) Bi38-MOF with 

2,6-napthalenedisulfonate linker. C)  Bi38-MOF with 1,5-

napthalenedisulfonate linker. 

 

 

Figure 4. Bi38-DDBS MOF. A) structural representation. 

B) UV-vis absorption of the Bi38 cluster, the DDBS linker 

and the Bi38-DDBS MOF. C) H2 evolution of different 

concentrations of Bi38-DDBS MOF. 
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Future Plans 

 Our ultimate challenge and goal that we are continuing to pursue for the niobate clusters 

and materials is to prepare a true Nb-MOF or open framework featuring Nb-POMs with robust 

framework and porosity. The hurdles are many including the tendency of Nb to form anionic 

POMs, and identifying solution conditions that accommodate both Nb hydrolysis (for polynuclear 

nodes) and coordination chemistry. One future approach is the use higher-charged anionic linkers 

(i.e. diphosphonates and disulfonates) to balance the high Nb5+ charge. We are also employing 

additional inorganic ligands such as borate, carbonate and diphosphonate to disrupt common Nb-

POM assemblies. Other approaches include combining higher-charged metal heteroatoms, Nb10 

and linkers in conditions that do NOT undergo disassembly processes to build 3-compoment 

modular systems featuring this Nb-POM that undergoes selective directional bonding.  

 To continue the Zr/Hf oxocluster materials assemblies, we will combine the Hf4 and Zr4 

tetrahedral oxoclusters (in addition to the large Zr48) with soft, thiophilic metals of different 

charges to preferentially bind the S2- of the thiocyanate group. The charge and coordination 

environments of the heterometals will define framework topologies. If successful, the resulting 

materials will represent a different type of cluster-based open framework material. Properties will 

be benchmarked that could include ion exchange, magnetism, luminescence and catalysis, 

depending on the nature of the obtained frameworks.  

 Studies of the Bi-MOFs will be continued with the major following goals. Since the DDBS 

linker provided the best visible light photocatalysis for the Bi38 family of MOFs, we endeavor to 

prepare Bi-monomer, Bi-dimer, Bi-polymer, and/or Bi-hexamer MOFs to compare the effect of 

the node on MOF stability and hole-charge separation. If possible, we would like to perform 

synchrotron X-ray scattering (or absorption) experiments to study Bi-speciation as a function of 

linker and solvent, to understand how to control this challenging solution phase chemical system.   
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Chemo-Mechanically Driven In Situ Hierarchical Structure Formation in Mixed Conductors 

Nicola H. Perry, MatSE Department, University of Illinois at Urbana-Champaign 

Program 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 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 bulk. However, conventional MIECs are processed 

at high temperatures, causing coarsening and segregation of non‐active cations, leading to sluggish 

surface exchange kineticsi. We are developing a new, low 

temperature, non‐equilibrium pulsed laser deposition (PLD) 

methodi that leverages MIEC chemo‐mechanical coupling to 

create hierarchical structures with high surface reactivity and rapid 

mixed ionic/electronic transport. Amorphous films are fabricated 

by low temperature PLD and actuated into hierarchical structures 

by chemical contractions induced by crystallization and oxidation. 

The main focus is on monitoring, understanding, and controlling 

the emerging hierarchical structure to yield high surface area, 

reactive surface chemistry, and fast bulk transport behavior.   

In phase 1, we seek to observe and understand the interplay of chemo‐mechanical coupling 

and hierarchical structure evolution; we determine how a) local ion arrangements (amorphous vs. 

crystalline), b) macroscopic density and oxygen stoichiometry, c) surface composition, and d) 

microstructure evolve. In phase 2, we seek to learn how PLD growth conditions and crystallization 

stimuli can be tuned to tailor the resulting hierarchical structure. Here we are pursuing three 

approaches: a) control the magnitude of the chemo‐mechanical coupling (via changing multivalent 

cation concentration, initial density), b) direct structure evolution by engineering initial film 

inhomogeneities, and c) modify crystallization conditions (thermal profile and/or local oxygen 

activity). In phase 3, we seek to measure and understand transport and surface reactivity changes 

during hierarchical transformation. This final task involves developing a new 2‐dimensional 

optical transmission relaxation technique for high throughput monitoring of surface catalytic 

activity and applying various methods to monitor properties in situ during structure evolution. 

Recent Progress  

 Our recent efforts have led to an in-depth understanding of the relationships between MIEC 

chemo-mechanical coupling, hierarchical structure evolution, and dramatic transformations of 

functional properties1-4. In support of this activity, we have developed an in situ simultaneous 

optical and electrical relaxation method for continuous, controlled atmosphere/temperature 

monitoring of defect chemistry, transport behavior, and surface exchange kinetics evolution2,3.  

Figure 1: Motivation for low-

temperature processing of MIECs 
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Phase 1: Chemo-Mechanical Coupling and Hierarchical Structure Evolution. Our work involves 

studies of structural changes across many length scales during crystallization of MIECs, which has 

so far not been widely investigated. We hypothesized that, contrary to many other materials 

classes, the crystallization process in MIECs involves a compositional change via interaction with 

the surrounding gas atmosphere, enabling oxidation. We posited that, similar to crystalline MIECs, 

this oxidation would correspond to a structural contraction. Along with the expected densification 

caused by crystallization, this extra chemo-mechanical coupling from oxidation would contribute 

to the transformation of monolithic amorphous films into complex hierarchical nanostructures 

during crystallization. To test the hypothesis and understand the corresponding chemical/structural 

changes, we have been applying X-ray absorption spectroscopy, optical absorption spectroscopy, 

X-ray diffraction, X-ray reflectivity, scanning probe microscopy, and high resolution transmission 

electron microscopy with spectroscopy at various stages of the crystallization process. The 

prototypical MIEC composition at the center of our studies is SrTi0.65Fe0.35O3-x perovskite.   

 A key finding from our work is that the crystallization point is also the point of onset for 

“breathing” oxygen in the films: crystallization and oxygen intake from the gas phase initiate 

together. For SrTi0.65Fe0.35O3-x, we have evidence from ex situ UV-vis spectroscopy scans. For this 

composition, our earlier workii demonstrated the linear relationship of optical absorption to hole 

and oxygen concentrations at key wavelengths. Our ex situ results suggest increased hole and 

oxygen concentrations in the crystalline vs. amorphous films. Further evidence is from in situ 

optical transmission, and optical relaxation responses to oxygen partial pressure (pO2) steps, 

during gradual annealing to induce crystallization in mixed conducting SrTi0.65Fe0.35O3-x, 

SrTi0.65Co0.35O3-x, and Sr2Ti0.65Fe0.35O4-x films1. A steep optical 

transmission drop for each composition occurs at a point 

attributed to crystallization (by additional ex situ microscopy 

studies). Prior to this point, the films do not appreciably respond 

optically to pO2 changes, whereas after this point extremely 

rapid optical responses to pO2 steps occur. These results 

indicate oxygen exchange with the gas phase takes place during 

and after crystallization, but not before. Lastly, we have 

evidence from Fe K-edge XANES (fig. 2) showing an increase 

of average Fe valence state going from amorphous to semi-

crystalline to fully crystalline films, and an increase of average 

Fe valence state over the first 10 minutes of a rapid anneal of an 

initially amorphous film in 0.21 atm O2 at 400 °C4. Therefore, 

our hypothesis that oxidation accompanies crystallization of at 

least selected MIEC compositions is confirmed. This oxidation 

process is important for both its coupling to contractive strain, 

which will contribute to microstructural transformation, and its 

impact on point defect concentrations, which dictate functional 

properties of interest for energy conversion and storage. 

amorphous

semi-
crystalline

Energy (eV)

amorphous crystalline
25  C 400  C 580  C 700  C 800  C

Figure 2: Optical and XAS evidence 

for oxidation during MIEC 

crystallization1,4 
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 The XAS studies can further provide insight into atomic-scale structural changes that have 

implications for the micro-scale structural evolution. We have observed increases in Fe-O and Ti-

O coordination numbers, increases in B-site (Fe/Ti) coordination unit symmetry, and increased 

alignment of neighboring B-site – oxygen coordination units4 in both EXAFS and pre-edge 

features during crystallization, as the films become more ordered and more cubic, with complex 

changes in bond lengths due to the variable coordination numbers and polyhedra symmetry. 

Microstructural evolution during different stages of annealing at 400 °C was observed with bright- 

and dark-field HRTEM and local FFT and selected-area diffraction assessments of symmetry4. 

The results showed initially monolithic and homogeneous amorphous films, with appearance of 

nanoscopic (~4 nm) crystallites and isolated pores after 20 min (fig. 3), and larger crystallites with 

chains of aligned nanopores after 23 h. The appearance of a 

significant volume of pores is consistent with the expected 

solid-phase contraction induced chemically by both oxidation 

and crystallization. Thus the chemical strain, along with the 

crystallite nucleation density, informs the resulting 

microstructure and appearance of new surfaces. No 

compositional inhomogeneity of the solid phase was observed 

as a result of crystallization, according to high resolution EDS. 

Indeed, we know from depth-resolved X-ray absorption 

spectroscopy1 (fig. 3) that our low-temperature-grown and in-

situ-crystallized films lack appreciable segregation of the 

larger cation (Sr), unlike our high-temperature-grown 

crystalline films. X-ray diffraction further confirms single 

phase, randomly oriented films after crystallization.  

Phase 3: Transformation of Functional Properties. We enabled continuous, in situ insights into 

property evolution through advanced technique development. For oxygen surface exchange 

coefficient (k) measurements, we developed capabilities for simultaneous optical transmission 

relaxation (OTR) and electrical conductivity relaxation (ECR) as well as simultaneous OTR with 

asymmetric-cell electrochemical ac impedance spectroscopy (AC-IS)3. We demonstrated that 

OTR and ECR provide excellent agreement and accurate assessment of k. On the other hand AC-

IS results were artificially elevated and less stable, attributed to the presence of the metal current 

collectors and the different driving force which may change the mechanism or rate-determining 

step for the surface electrochemical reaction. We see therefore that OTR is advantageous as a 

contact-free method not requiring current collectors, while results from AC-IS, widely applied in 

the community, must be treated carefully. Our invited review2 demonstrates broader use of in situ 

optical methods to determine not only interfacial kinetic parameters but also bulk diffusivities and 

point defect equilibria in a variety of oxide film compositions. 

In situ optical and electrical measurements demonstrated orders-of-magnitude increases in 

k1,3 and in-plane conductivity3,4 (σ) of films during crystallization. In addition, the k values are 

Figure 3: No Sr surface segregation1 

and nanoscopic pores in low-T MIEC4.  
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significantly higher (~2 orders of magnitude) and σ also appears higher compared to conventional 

fully crystalline MIECs prepared at high temperatures. We can explain the dramatic increase in σ 

during crystallization from the optical and XAS results: σ is the product of charge, carrier mobility, 

and carrier concentration. In the relatively oxidizing measurement conditions, the primary carriers 

are holes. We suggest that hole mobility increases, as indicated by the improved symmetry and 

alignment of neighboring B-site coordination units seen in XAS4. This alignment enables better 

overlap of the directional O-2p and Fe-3d orbitals which are hybridized at the top of the valence 

band of the crystalline material. The increase in oxygen concentration and Fe valence state 

observed by the shift of the Fe K absorption edge, increasing Fe coordination number, and sub-

gap optical absorption increase demonstrate the increase in hole concentration. As for the increase 

in k vs. both amorphous and high-temperature-grown films, we currently understand that oxygen 

exchange is much faster in the hierarchical films due to several factors: increase in in-plane 

electronic conductivity4, absence of appreciable Sr surface segregation, and exposure of new 

pristine surfaces with slight increase in surface area1. Our results show that in situ 

crystallization/oxidation and corresponding hierarchical actuation is beneficial for the key 

properties of interest: bulk electrical conductivity and surface oxygen exchange kinetics. 

Future Plans 

Future work primarily revolves around phase 2, where we seek to understand how to 

control and tailor the resulting hierarchical microstructure by varying the growth conditions and 

crystallization stimuli. We hope to incorporate advanced microscopy techniques, e.g., nanobeam 

diffraction and custom analysis algorithms, to better quantify the resulting 3D nanostructures and 

strain distributions. We also plan additional studies quantifying oxygen concentration changes 

during crystallization by Rutherford backscattering spectrometry, valence band maximum position 

changes by X-ray photoelectron spectroscopy (XPS), and surface chemistry analysis with high 

resolution (S)TEM-EDS/EELS and XPS. In tandem, we are broadening our effort to other MIEC 

compositions, particularly those with different defect chemistry and crystalline transference 

numbers that may benefit from tailoring the oxygen content through the crystallization pathway.  
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Hierarchical Hybrid Multifunctional Materials through Interface Engineering 

PI : Dr. Pierre Ferdinand Poudeu ; Department of Materials Science and Engineering, 

University of Michigan;  ppoudeup@umich.edu 

 

Co-PI: Dr. Ctirad Uher; Department of Physics, University of Michigan; cuher@umich.edu 

 

Program Scope 

The main goal of this project is to design and synthesize stimuli-responsive hybrid multifunctional 

materials. These are materials that can sense and respond to their environment. Our hypothesis is 

that such multifunctional materials could be realized by structurally integrating, at multiple length 

scales, two and more compounds that possess the desired functionalities. We have focused our 

investigation on bulk hybrid materials in which electronic and optical properties are strongly 

coupled. Such materials could be realized in bulk composite superstructures between (1) a narrow 

band gap semiconductor (NBGS) with excellent electronic properties and (2) a wider band gap 

semiconductor (WBGS) with outstanding optical properties. As model systems for the design of 

(1-x)NBGS/(x)WBGS multifunctional superstructures, we have selected one NBGS (band gap Eg 

< 0.5 eV), Cu2Se, and two families of WBGS (band gap Eg > 1.0 eV), CuMSe2 (M = Al, Ga, In). 

Cu2Se is a well-studied NBGS with excellent thermoelectric properties (high electrical 

conductivity, large thermopower, etc.) while CuInSe2 and Cu4TiSe4 are high performance solar 

absorber materials (large band gap, large absorption coefficient, etc.). Our primary objectives are 

to identify and control key material and growth parameters governing phase formation, 

microstructural evolution at various interfaces, and to understand the mechanism by which these 

changes of the internal structure modify the material’s performance. In addition, we will explore 

exciting new physical and chemical phenomena that may result from the non-equilibrium at the 

multiscale interfaces (Cu2Se/CuMSe2) arising from the proximity of very different chemistries and 

structure types in bulk (1-x)(NBGS)/(x)(WBGS) hierarchical superstructures. Multiscale 

integration of the coupling between electronic and optical properties anticipated at the interfaces 

can lead to strong electro-optic effects and novel optoelectronic properties. 

 

 Recent Progress   

We began with the investigation of (1-x)(NBGS)/(x)(WBGS) hierarchical composites based on four 

materials systems; (i)(1-x)Cu2Se/(x)CuGaSe2; (ii)(1-x)Cu2Se/(x)CuFeSe2; (iii)(1-

x)Cu2Se/(x)CuAlSe2; and (iv) (1-x)Cu2Se/(x)CuInSe2. In the first three systems, we focused our 

attention on compositions with x<0.15, which is the range within which superior thermoelectric 

materials are anticipated. Within this composition range, we focused our investigation on the 

impact of chemical composition (choice of the WBGS composition (CuMSe2), i.e., the nature of 

M, and the phase fraction, x values) on the microstructure of the resulting composites. We found 
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that the incorporation of such a small fraction of the CuMSe2 phase within the narrow band gap 

semiconducting matrix, Cu2Se, resulted in partial doping as well as the formation of unique 

microstructures depending on the chemistry (nature of M) of the inclusion phase (CuMSe2). We 

have elucidated the atomic scale interaction between the coexisting phases (Cu2Se and CuMSe2; 

M = Ga, Fe, Al) and their impact on the thermoelectric properties. Results from the first three 

projects (M = Ga, Fe and Al) were recently published.1-3  

For example, we demonstrated using the (1-x)Cu2Se/(x)CuGaSe2 (0≤x≤0.15),2 system an 

unprecedented nanoscale engineering of crystal polymorphism during the synthesis. We found 

that the incorporation of CuGaSe2 nanoseeds leads to a preferential stabilization of β-Cu2Se at 

room temperature, at the expense of the thermodynamically stable α-Cu2Se. This is attributed to 

the formation of low-energy coherent CuGaSe2/β-Cu2Se interfaces owing to the small lattice 

mismatch between β-Cu2Se (cubic) and the ab plane of tetragonal CuGaSe2 nanoseeds. This ability 

to control under ambient conditions the relative ratio between the α-Cu2Se and β-Cu2Se 

polymorphs in (x)CuGaSe2/(1-x)Cu2Se composites using CuGaSe2 nanoseeds enables modulation 

of the functional properties. For instance, we observed a remarkable decoupling of charge and heat 

transport in the resulting hierarchical microstructures, which is manifested by a breakdown of the 

Wiedemann-Franz law. 

 

Adjusting the composition of the WBGS phase from CuGaSe2 to CuAlSe2 and CuFeSe2 

led to a completely different microstructures.1, 3 For instance, we observed that the incorporation 

of CuAlSe2 inclusions leads to the formation, near the CuAlSe2/Cu2Se interface, of a high density 

of Cu-deficient -Cu2-Se nanoparticles within the -Cu2Se matrix and the formation of Cu-rich 

Cu1+yAlSe2 nanoparticles with the CuAlSe2 inclusions. The formation of such microstructure is 

facilitated by the unidirectional diffusion of Cu ions from the Cu2Se matrix to the CuAlSe2 

inclusion, which serves as a “reservoir” for Cu ions diffusing away from the Cu2Se matrix, due to 

their ability to accommodate a large fraction of excess metal atoms within their crystal lattice. This 

gives rise to a large enhancement in carrier concentration and thus electrical conductivity at 

elevated temperatures. Furthermore, the nanostructuring near the CuAlSe2/Cu2Se interface as well 

The incorporation of sub-ten nanometer CuGaSe2 

inclusions into Cu2Se matrix promotes the 

stabilization of β-Cu2Se at the expense of α-Cu2Se 

polymorph leading to a remarkable decoupling of 

charge and heat transport in the synthesized of 

(x)CuGaSe2/(1-x)Cu2Se composites. 
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as the extensive atomic disorder in the Cu2Se and CuAlSe2 phases significantly increase phonon 

scattering, leading to suppressed lattice thermal conductivity. Consequently, a significant 

improvement in ZT is observed for selected Cu2Se/CuAlSe2 composites. This work demonstrates 

the use of in-situ formed interactive secondary phases in a semiconducting matrix as an elegant 

alternative approach for further improvement of the performance of leading thermoelectric 

materials.  

 

 

 

 

 

 

 

 

 

For (1-x)Cu2Se/(x)CuFeSe2 composites,3 we observed uniform ultrafine dendritic 

structures consisting of interweaving Cu2Se and CuFeSe2 nanofibers in samples with low Fe 

content (0.05 ≤ x ≤ 0.1). Increasing the Fe content to x = 0.5 led to phase segregation into the 

Cu2Se-rich region with embedded CuFeSe2 fine structures interwoven with the CuFeSe2-rich 

region containing Cu2Se nanofibers.  

The formation of such an entwined dendritic structure is believed to arise from the 

temperature-dependent solubility of CuFeSe2 in the Cu2Se matrix. The dynamic dissolution of 

CuFeSe2 into the Cu2Se at high temperatures leads to temperature-dependent doping of the Cu2Se 

matrix, enabling drastic enhancements of thermoelectric power factor at high temperatures. Such 

a strategy is expected to be a powerful tool for property modulation in thermoelectric materials. 

CuAlSe2 precipitates extract Cu ions from a Cu2Se matrix near the 

interface, giving rise to a significant temperature-dependent doping 

effect. The doping is correlated to the degree of penetration of Cu 

ions into the CuAlSe2 precipitates. Full and partial penetration is 

observed for samples with small and large CuAlSe2 inclusions, 

respectively, resulting in two different doping efficiencies 

controlled by temperature. 

 

Poor solubility of Fe into Cu2Se lattice leads to phase 

segregation into interwoven fine structures of Cu2Se 

and CuFeSe2 phases. Increase dissolution of CuFeSe2 

into Cu2Se at high temperatures leads to enhanced 

carrier density and superior thermoelectric 

performance. 
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Future Plans 

Now that we have mastered a synthesis approach that was successfully applied to material systems, 

we will complete the synthesis of samples with compositions covering the whole range 0≤x≤1. 

These samples will enable a series of systematic studies that would provide for a better 

understanding of the intrinsic effects of various microstructures and chemistry of the WBGS phase 

on the functional behavior of the synthesized composites. In the (1-x)Cu2Se/(x)CuInSe2 system, 

for instance, we found that the functional behavior of various composites strongly depends on the 

phase ratio (x values). In an early study focused on compositions with x ≤ 0.15, we demonstrated 

that the incorporation of a small fraction (x ≤ 0.05) of CuInSe2 phase within the Cu2Se matrix leads 

to a large increase in the thermoelectric figure of merit, ZT~2.6 at 800 K for x = 0.01, along with 

enhanced chemical stability of the Cu2Se matrix.4 Expanding the investigation to higher CuInSe2 

content (increasing x values) revealed astonishing results that could not be anticipated such as a 

temperature-induced reversible p-type  to n-type electronic transition at a critical temperature, Tp-

n, which in turn depends on the phase ratio (x values).  Simultaneously, we found that these samples 

also exhibit a drastic drop in the electrical conductivity upon illumination, the so called “negative 

photoconductivity”. The magnitude of the drop also strongly depends on the phase ratio.  We will 

focus our attention on a thorough understanding of the underlying mechanism leading to the 

observed unexpected electronic behavior in various (1-x)Cu2Se/(x)WBGS hierarchical bulk 

composites, which could pave the way for rational design of a myriad of advanced multifunctional 

materials with unusual properties, such as (a) quantum metamaterials with tunable temperature-

induced p to n electronic transition; (b) metamaterials with strong photoelectronic coupling; (c) 

metamaterials with negative photoconductivity, etc. These unique properties could drastically 

advance applications in (i) quantum computing, and (ii) low power electronic devices including 

energy conversion, sensing, and detecting.  
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Program Scope 

 

The main objectives of the research are a mechanistic understanding of the reactions of main group 

element compounds with small molecules such as hydrogen, ammonia, ethylene, or carbon 

monoxide under ambient conditions. In addition, this work is undertaken with a view to developing 

catalysts for industrially important processes based on inexpensive elements such as aluminum or 

silicon. The molecules we are investigating usually feature both Lewis acidic and basic sites that 

activate the small molecules in a synergistic manner. 

    

Recent Progress 

 

:AlAriPr8 (Figure 1), an aluminum(I) alanediyl (AriPr8  = C6H -(C6H2-2,4,6-i-Pr3)2-3,5-i-Pr2 )2) with 

the first instance of a one coordinate aluminum atom, reacts with H2 and ethylene to form Al(III) 

products at room temperature and 1 atmosphere pressure (see Scheme).1 The aryldiiodide starting 

material was synthesized beginning with the alane-trimethylamine complex H3AlNMe3. 

The reaction with ethylene gives two products, one of which has been isolated and is the formal 

(2+2+2) addition product with AriPr8AlAlAriPr8 (bottom right). 

A second product identified in the 1H NMR of the reaction mixture is the (1+2+2) addition product 

with AlAriPr8 (bottom left). 

Figure 1: The molecular structure of :AlAriPr8 (AriPr8 = C6H-(C6H2-2,4,6-iPr3)2-3,5-iPr2)2), the first 

example of a one-coordinate aluminum atom. Thermal ellipsoids are shown at 50% probability. For 

clarity, hydrogen atoms are not shown. 
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Scheme. Synthesis of :AlAriPr8 (AriPr8  = C6H-C6H2-(2,4,6-i-Pr3)2-3,5-i-Pr2 )2)1 and some of its reactions with small 

molecules under ambient conditions. 

 

Future Plans 

 

The study described above represents the initial stage of a focus on low-valent aluminum  (the 

most abundant metal in the earth’s crust) compounds as possible catalysts for the activation of 

important small molecules under ambient conditions. The most immediate objectives of our future 

plans are the synthesis of a range of open-shell aluminum(I) species and a detailed investigation 

of their reactions with both saturated and unsaturated small molecules. 
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Metal-Organic frameworks: structure, function and design via hyperpolarized NMR 

spectroscopy 

Jeffrey Reimer (PI, University of California at Berkeley) 

Alexander Pines (co-PI, University of California at Berkeley) 

Carlos A. Meriles (co-PI, CUNY- City College of New York) 

Program Scope: This project articulates magnetic resonance and optical spectroscopy methods 

to investigate the spin dynamics in condensed matter systems, with special attention to using 

dynamic polarization schemes to improve nuclear magnetic resonance detection sensitivity of 

metal organic frameworks (MOF) as well as the development and application of new MOF 

structures to quantum information science.  

Recent Progress: Throughout our first project year, we conducted various activities connected 

to (i) developing the necessary infrastructure for our DNP experiments in MOFs, (ii) 

characterizing some candidate systems through magnetic resonance and fluorescence 

microscopy, and (iii) introducing new conceptual approaches to DNP. For concreteness, this 

presentation will center on the latter, specifically, we will describe a new protocol where nuclear 

spins polarize efficiently under a cycle that combines alternating thermal jumps and radio-

frequency pulses connecting hybrid states with opposite nuclear and electronic spin alignment. 

Central to this process is the difference between the spin-lattice relaxation times of either 

electron spin species, transiently driving the electronic spin bath out of equilibrium after each 

thermal jump. Without the need for microwave excitation, this route to enhanced nuclear 

polarization may prove convenient, particularly if the molecule serving as the polarizing agent is 

designed to feature electronic level anti-crossings at high magnetic fields. 

Future Plans: On the experimental front, we plan to complete the physical setups under 

construction and conduct initial proof-of-principle DNP experiments in MOFs featuring linkers 

that can be optically spin pumped. On related lines, we want to pursue experiments aimed at 

demonstrating microwave free DNP as proposed by us recently; we also plan to characterize the 

optical and spin response of candidate rare-earth ions, ideally embedded in MOF structures. On 

the theory front, we will continue our exploration of non-Hermitian spin dynamics in molecular 

complexes, this time with focus on exploiting the topological properties of these systems at an 

exceptional point for novel sensing applications.  
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Thin Film Platforms to Advance Scientific Frontiers in Solid State Energy Storage 

Gary Rubloff, Sang Bok Lee, Paul Albertus, Alec Talin (University of Maryland) 

Program Scope 

Building upon the precision structures featured in our previous NEES EFRC, this program 

employs thin film fabricated 3D solid state battery (SSB) architectures [1][2] to understand their 

behavior and scaling and to reveal local properties that enrich modeling capabilities for such 

structures.  In investigating different architectures we explore how designs can simultaneously 

achieve high power, high energy, and stability, tightly coupled with multiphysics modeling and 

simulation to motivate the designs.  

Complementing this, we create and employ 

specially designed structures – thin film 

fabricated platforms - to extract parameters 

and scientific insights not previously 

accessible through conventional battery 

configurations, which in turn enrich our 

modeling capabilities. 

The scope of the program is reflected in its 

three thrust areas – architectures, mechanics, 

and interfaces, which together address four 

scientific goals.  Thrust A- architectures, 

seeks to understand the mesoscale science of 

3D solid state energy storage. [3][4]  This 

includes modeling and experimental 

evaluation of 3D SSB architectures to achieve 

high power, energy, and stability. Two current examples, depicted in Figure 1, reflect contrasting 

synthesis strategies and power/energy benefits as well as architectural distinctions.   

The benefits of thin film fabrication also drive the design of special platforms to extract ionic 

and electronic conductivity as a function of state of charge (SOC), as well as associated diffusion 

kinetics – fundamental information required to 

enhance modeling and simulation capabilities 

for energy storage.  Such a platform is depicted 

in Figure 2, where a patterned SSB (right side) 

enables introduction of Li into the right end of 

a strip of cathode material (V2O5 shown) while 

a voltage gradient across the strip creates a 

gradient in SOC, from which multiple 

electrodes enable local EIS measurements. 

The coupling of mechanics with 

electrochemistry is the scientific focus of 

Thrust B – mechanics.  Here we are 

developing robust models that add mechanics 

to the structure/electrochemistry models 

described above.  These efforts are complemented by nanoindentation experiments on planar and 

 
Figure 1.Exemplary 3D architectures: (a) vertical 

configuration built on high aspect ratio nanopore 

scaffold; (b) lateral multi-battery configuration 

sequentially patterned and assembled. 

 
Figure 2. Lateral diffusion platform to extract ionic 

and electronic conductivities as a function of state-of-

charge. Appropriate biasing is used to create {Li] 

gradients between left and right in the figure. 
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2D/3D structures to reveal the coupling and enhance modeling.  We are also developing 

microRaman and other techniques aimed at local measurement of stress/strain, particularly in 

2D/3D structures where local features are a source of inhomogeneity. 

Since interface behavior can significantly affect 3D-SSB behavior, Thrust C – interfaces is 

aimed at two scientific goals.  One is measurement and understanding of electrostatic (voltage) 

and chemical energetics near solid interfaces, 

particularly electrode/solid-electrolyte.  This 

work builds directly on Talin’s Kelvin probe 

force microscopy (KPFM) work measuring 

potentials across platforms made as SSB cell 

cross-sections, in continuing close collaboration 

with first-principles-informed models of Yue Qi 

(Brown U.) that reveal space charge regions and 

potential gradients.  The second goal is to address 

interfacial reactions, particularly to understand 

and mitigate dendrite evolution at solid 

electrolyte interfaces at electrodes and at grain 

boundaries, using artificial grain boundary and 

interface platforms which can be tuned by 

chemical modification or interlayer introduction.    

Recent Progress  

In Thrust A – architectures we have substantially enhanced the parameter space accessible 

for 3D-SSB synthesis in vertical AAO nanopores.  We have developed processes for patterning 

AAO regions, implementing separate contacts on bottom and top of the AAO-confined SSBs, 

and expanding AAO nanopore diameter to ~400nm (from ~125nm) to enable a larger dynamic 

range of active layer thicknesses and consequent power-energy performance.  We have also 

developed a process for sputtered LixV2O5 as a means to provide Li in each of the multiple SSBs 

synthesized on top of each other in a single process run. We are extensively using and enhancing 

multiphysics models to assess the electrochemical and related behavior of these architectures, 

from design to analysis and comparison to experiment. 

We have created new thin film electrochemical platforms to assess ionic and electronic 

conductivities as a function of SOC (Li concentration) along the 

lines of the lateral gradient (LG) platform in Figure 2 and also as 

arrays of interdigitated electrode (IDE) test structures depicted in 

Figure 4. Measurements in both configurations are in progress, 

complemented by modeling. 

In Thrust B – mechanics we continue to develop and 

improve electrochemical models that explicitly incorporate the 

role of and responses to mechanical stress/strain.  Comparison to 

experiments motivate improvements to these models. We are 

pursuing two experimental directions.  One is nanoindentation to 

allow well-controlled to be imposed on planar and 3D platforms to identify mechanics-

electrochemistry coupling.  The other is to develop local stress/strain measurements to decode 

such relationships locally in 2D/3D architectures, using Raman, QD fluorescence, and DIC 

 
Figure 3. KPFM voltage measurements across (a) 

planar and (b) 3D features in SSBs. 

 
Figure 4. Interdigitated 

electrode (IDE) platform array 
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methods. Anticipating significant stress/strain consequences in dense 3D-SSBs, we have begun a 

modeling analysis of what role a flexible interlayer might play, e.g. in the vertical AAO 3D-SSB. 

In Thrust C – interfaces we have applied operando KPFM over cross-sections of 

LCO/LiPON/Si SSBs in order to map electric potential distributions across cell components and 

their interfaces under open circuit and varying current conditions.  The largest potential drop 

occurs at the Si-anode/LiPON-electrolyte interface, accompanied by a smaller drop at the 

cathode and across the electrolyte bulk.  High current cycling irreversibly increases the voltage 

drop at the anode interface, with corresponding increase in impedance.  These results are 

consistent with a first-principles-informed model for ions and electrons, with neutron depth 

profiling (NDP) of Li concentrations through the cell, and with changes in surface height 

reflective of lithiation-induced volume change.  KPFM mapping of the cell cross-section reveals 

spatial inhomogeneities in potential parallel to the planar interfaces.  Revealing local potentials 

across the interfaces and materials in an operating SSB cell provides exceptional feedback and 

motivation for modeling the energy landscape that influences both electrons and ions. As 

indicated in Figure 3, operando mapping of 3D-SSB cross-sections, by KPFM, Raman, or other 

techniques, may offer unprecedented access to local properties that may be crucial to behavior of 

3D electrochemical architectures.  

Future Plans 

  A significant focus of Thrust A – architectures will be to complete fabrication, test and 

evaluation of the behavior of both the vertical and lateral 3D-SSB architectures, and in the longer 

run to explore other architectures.  Vertical structures will benefit from the larger dynamic range 

of electrode thicknesses now accessible with wide AAO pores, which approach the dimensions 

etched Si pores previously studied.  For both lateral and vertical structures we will focus on how 

geometry and dimensionality contribute to power and energy as well as how the 3D 

configurations introduce inhomogeneities degrade those metrics. Understanding the underlying 

mesoscale science will depend on developing methods to measure local properties (KPFM, 

Raman, etc.) in these 3D architectures, and very much on modeling the multiphysics of these 

electrochemical architectures. [5] 

In complementary fashion, we will strongly emphasize the new LG and IDE platforms for 

evaluating local electrochemical properties, particularly ionic and electronic conductivity as a 

function of SOC, together with how charge/discharge dynamics and 3D architecture complicate 

ion diffusion kinetics. This work is intimately connected to the modeling, not only in the design 

of the platforms but very much in the hope that experimental results can enrich the fidelity of the 

models, e.g. conductivities vs SOC.  

Mechanics is intrinsically crucial in electrochemical systems because of volume and material 

changes associated with ion transport. With our focus on high power-energy 3D-SSB designs, 

the mechanics and its coupling to electrochemical behavior become more complex.  

Accordingly, in Thrust B – mechanics we will continue to focus on platform designs – planar 

and 3D – which can yield fundamental relationships and parameters that govern the mechanics-

electrochemistry coupling.  We will create experimental test platforms which use both external 

forces (nanoindentation) and internal forces (ion transport in electrochemistry) in 3D as well as 

simple planar arrangements.  In addition we will explore approaches to measure local 

stress/strain distributions during charge/discharge cycling and under external forces.  Results 

from experiments will be formulated to enrich multiphysics models.  
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Future work in Thrust C – interfaces will build on the KPFM/NDP work and aim at 

understanding how electrode/electrolyte interfaces might be altered to reduce interface 

impedance through chemical or materials modifications in a model planar system. 

Complementary to other efforts aimed at local characterization, we will explore extending 

KPFM to measure voltage profiles across SSB layers at 3D architectural features such as edges 

and corners (Figure 3b).  We will also investigate the design and use of platforms to use 

XPS/UPS to observe band-bending at buried interfaces [6] such as Li/Li2CO3, Li/Li2O, and 

Li/LiPON.  We envision to produce such interfaces by adding thin layers onto in-situ sputter-

cleaned Li surfaces in UHV, using gas dosing or ALD to create ultrathin layers on the Li 

surfaces.  Both sets of experiments will be closely tied to the theoretical predictions [7][8] of 

Yue Qi’s group at Brown, continuing a long-standing, resonant theory-experiment collaboration.  

Building on our experience in creating platforms like those in Figure 2, we will design 

platforms to explicitly address grain boundary diffusion and the influence of chemical 

modifications.  With our recent ability to photolithographically pattern electrochemical materials 

(e.g., LiPON), we can create artificial grain boundaries as studied by Dudney [9] for Li dendrite 

growth. Furthermore we can produce chemical modifications or deposit additional interphase 

layers at the grain boundaries under ultraclean ambients.   
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The synthesis of metal superhydrides through extreme temperature/pressure conditions: 

towards room temperature superconductivity 

 

Ashkan Salamat, Department of Physics and Astronomy, University of Nevada, Las Vegas 

 

Program Scope 

Early metal hydride studies were unable to achieve superconducting transition temperature (Tc's) 

above 20 K, but the discovery of superconductivity in hydrogen sulfide at 203 K changed the 

notion of what might be possible for phonon-mediated superconductors.1 This has been further 

supported by our own report of room temperature superconductivity (RTSC) in a carbonaceous 

sulfur hydride.2 The resulting paradigm shift has cemented the understanding that a hydride 

compound must have a large electron-phonon coupling related to the hydrogen atoms and a high 

density of hydrogen related states at the Fermi level to have a high Tc.
3   High hydrogen content 

materials that meet those two criteria can be considered as chemically pre-compressed phases 

relative to pure hydrogen, thus lowering the pressures necessary for metallization or high-Tc 

superconductivity to more experimentally feasible conditions. Therefore, the search, synthesis, 

and structural and physical characterization of novel metal superhydrides with high 

superconducting transition temperature, and an understanding of how to access metastable 

pathways to their recovery to ambient conditions is critical for the advancement of material 

science and energy transmission technology.   

This new generation of high-Tc materials that have emerged and are predominantly hydrogen-

rich, making their characterization and thus our understanding of them difficult in a diamond 

anvil cell at high pressures. We have set out to discover new materials with similar properties, 

but more critically to build an atomistic model of these materials to improve understanding. We 

are utilizing a multidisciplinary approach to develop new probes and create new materials with a 

theoretical component to help guide synthesis and characterize materials. 

 

 Recent Progress  

The recent synthesis of yttrium superhydrides with near-ambient temperature superconductivity 

and our development of using a palladium catalyst to promote hydrogenation permits a wide 

field of possibilities and fuels the dream of loss-free transport of charge.3 Our structural 

characterization of yttrium-hydrogen compounds calls for spectroscopic techniques, as X-ray 

diffraction studies struggle with the low X-ray scattering cross-section of hydrogen. In a recent 

breakthrough article on room-temperature conductivity we called for the development of new 

spectroscopic approaches to complement diffraction-based structural investigations. 
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Consequently, we have developed two unique 

laser heating systems at the Advanced Photon 

Source at both a dedicated diffraction and 

spectroscopy beamline that will permit the 

synthesis of such materials, in situ, and to 

further build a more detailed structural 

understanding of these materials. In addition, 

single crystal capabilities under high pressure 

conditions are utilized to compliment the 

spectroscopic tools for solving the 

stoichiometry and structure of these materials.  

 

Regarding our theory work, an inspection of the 

published predicted crystal structures for the 

recently discovered room temperature 

superconductor shows a favorability for low 

dimensionality or even molecular sub-units in 

the materials. Typically, these structures exhibit strong van der Waals interactions which were 

neglected in the original searches. We find that correctly accounting for these interactions 

improves the predicted properties for these materials, and that similar materials are predicted in 

crystal structure searches. One of the major hinderances to our theoretical efforts is the computer 

power required to compute a superconducting 

transition temperature for a material, so we have 

turned to machine learning to accelerate our 

capabilities. Our first machine learned model 

that incorporates a material’s structural 

information has an out-of-sample accuracy of 

95.2%, an improvement over other recently 

developed models.4,5  

 

 

Future Plans 

  

We expect to precisely determine the first-coordination shell parameters of the high-pressure 

sequence of superconducting metal superhydrides. These parameters, metal-H coordination 

number and metal–H bond distances, are of key importance for understanding the mechanism of 

A comparison of the measured Tc for a material 

versus the one predicted by our machine 

learning model.  

Illustrations of the (A) Im-3m YH6, (B) P63/mmc 

YH9, (C) Fm-3m YH10, and (D) P63/m YH9 yttrium 

superhydride structures. The blue balls are yttrium 

and the white/gray balls are hydrogen. 
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high temperature superconductivity. The establishment of element specific spectroscopic probes 

as ideal technique to directly access the hydrogen chemical shift will be an important tool in the 

search for future, technically applicable superconducting material and to establish chemical rules 

and fine tune their composition to achieve high Tc at lower pressure, eventually ambient 

pressure. 

The theory efforts will focus on new crystal structure searches for new stoichiometries related to 

the carbonaceous sulfur hydride material. Additionally, we will further develop our machine 

learning model to improve its overall accuracy, incorporate its predicted Tc has a figure of merit 

in crystal structure searches, and extend it to rapidly predict other material properties related to 

the structure of the material. We also will reinvestigate transition metal superhydride materials to 

determine if previous studies’ treatment of the metal’s d and f electrons led to an underprediction 

of their superconducting properties to determine if they are worthwhile synthesis targets. 

 References 

1. Drozdov, A. P., Eremets, M. I., Troyan, I. A., Ksenofontov, V. & Shylin, S. I. 

Conventional superconductivity at 203 kelvin at high pressures in the sulfur hydride 

system. Nature 525, 73–76 (2015). 

2. Snider, E. et al. Room-temperature superconductivity in a carbonaceous sulfur hydride. 

Nature 586, 373–377 (2020). 

3. Snider, E. et al. Synthesis of Yttrium Superhydride Superconductor with a Transition 

Temperature up to 262 K by Catalytic Hydrogenation at High Pressures. Phys. Rev. Lett. 

126, 117003 (2021). 

4. Stanev, V. et al. Machine learning modeling of superconducting critical temperature. npj 

Comput. Mater. 4, 29 (2018). 

5. Konno, T. et al. Deep learning model for finding new superconductors. Phys. Rev. B 103, 

014509 (2021). 

 

Publications 

 

292



Additive-Assisted Preparation of Multinary Halides 

 

Bayram Saparov 

Assistant Professor, Chemistry & Biochemistry, University of Oklahoma (OU) 

 

Program Scope 

Solution processability of multinary halides including metal halide perovskite is one of their 

greatest advantages.1 However, we still have very poor knowledge and understanding of metal 

halide solutions, resulting in unpredictable outcomes of solution reactions of metal halides. This 

project aims to prepare a series of novel multinary halides through understanding and control of 

additive-assisted solution synthesis. Examples include double perovskites (MA)2AgInBr6
2 and 

(MA)2AgBiBr6 (where MA = CH3NH3),
3 which can be only in the presence of PbBr2 as an impurity 

additive. Through this project, we hope to study and understand the reaction pathways for solutions 

containing multiple metal cations and halide anions. To accomplish this ultimate goal, we have the 

following specific aims focused on the investigations of: 

(i) the solution chemistry of homometallic halides, 

(ii) solution chemistry of heterometallic halides, and 

(iii) the structure-property relationships of solution-processed metal halides obtained from (i) 

and (ii). 

Table 1. Project timeline.  

 Year 1 Year 2 Year 3 Year 4 Year 5 

Task 1: Solution chemistry of homometallic 

halides (experimental) 
X X X   

Task 2: Solution chemistry of heterometallic 

halides (experimental) 
  X X X 

Task 3: Computational studies of solutions 

chemistry of metal halides (theoretical) 
X X X X X 

Task 4: Crystal structures and optoelectronic 

properties of halide products (experimental) 
 X X X X 

Task 5: Electronic structures and excitonic 

properties of solid halide products (theoretical) 
 X X X X 
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Recent Progress  

Following our proposed 

project timeline (Table 1), 

the focus of our work in the 

first year of this project has 

been on the specific aim (i) 

– experimental and 

computational studies of 

solution chemistry of 

homometallic (i.e., 

containing a single B metal 

cation) A – B – X systems 

(A = Cs+, CH3NH3
+ (MA); 

B = In3+, Bi3+, and X = Br-, 

I-). This specific aim is 

designed to fill the fundamental gap in the knowledge of the solution chemistry of Cu, Ag, In, Sb 

and Bi halides. A total of six indium and bismuth halide systems have been investigated in the first 

year of the project. Here, we will primarily discuss the MA – In – Br system as a representative 

example and as a system in which we obtained some interesting results. 

Our results suggest that indium (In) can adopt either a tetrahedral or octahedral coordination 

geometries depending on the reactant loading compositions; this is in contrast to the typical 

behavior of most other main group metals including Bi, which tend to predominantly form 

structures based on octahedral BiBr6
3- units. Even more unusual is the fact that in some cases, 

indium can form both octahedral and tetrahedral building blocks within a single crystal structure. 

Thus, we discovered three new compounds in the ternary MA – In – Br phase diagram: (MA)InBr4, 

(MA)2InBr5 and (MA)4InBr7 (see Figure 1). The crystal structure of (MA)InBr4 is based on isolated 

anionic InBr4
- tetrahedra (Figure 

1a). Increasing the relative 

bromide content leads to the 

formation of (MA)2InBr5, which 

features both octahedral and 

tetrahedral building blocks in its 

crystal structure (Figure 1b). 

Finally, by further increasing the 

Br:In ratio, we obtained in 

(MA)4InBr7, which contains 

only indium bormide octahedral 

building blocks (Figure 1c). 

These are very interesting 

 

Figure 1. Polyhedral representations of the crystal structures of (a) (MA)InBr4, 

(b) (MA)2InBr5 and (c) (MA)4InBr7.  

 

 

Figure 2. (a) Optical absorption spectra of (MA)InBr4, (MA)2InBr5, and 

(MA)4InBr7. (b) A close view (i.e., logarithmic plot) of the absorption 

spectra to emphasize the differences in the UV region. 
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results, atypical for many metal halide systems, that simple changes of reactant loading ratios 

impact coordination polyhedra formed in the solid state. 

The present project hypothesizes 

that the formation of solid-state 

products with differing structures from 

solution synthesis can be tied to the 

contents of solution. To understand our 

results in the MA-In-Br system, we 

performed a series of experimental 

(absorbance, photoluminescence, small 

angle X-ray scattering (SAXS), 

electrospray mass spectrometry (ESI-

MS)) and computational (geometry 

optimization calculations and 

absorbance calculations) studies of 

MA-In-Br solutions used for the 

preparation of (MA)InBr4, (MA)2InBr5 

and (MA)4InBr7. To summarize, we see 

clear differences in the optical spectra 

of these solutions (Figures 2-3), which 

is indicative of the difference in the chemical contents of these solutions. For (MA)InBr4 and 

(MA)2InBr5, we observe peaks at 275 nm attributed to tetrahedral InBr4
- anions; this assignment 

is consistent with our SXRD results (Figure 1a-b) and computational results (Figure 3). Note here 

that we have performed extensive computational work focused on elucidating optical absoprtion 

spectra of various indium halide species in different solvent systems (e.g., InBr4
- tetrahedra and 

InBr6
3- octahedra in methanol, water, DMF, as well as complexes in which solvent molecules are 

in the metal coordination spheres etc.). Similarly, we note the absence of this peak for (MA)4InBr7, 

again, consistent with its structure.  

The (MA)2InBr5 structure is particularly interesting as it contains both octahedra and 

tetrahedra. Additional experiments show that upon adding excess MABr to a stoichiometric 

MA2InBr5 solution (i.e., gradually moving toward the (MA)4InBr7 composition), increase in the 

intensities of absorption bands at 360 and 500 nm can be seen (Figure 3); these absorption bands 

have been assigned to the octahedral indium bromide InBr6
3- based on our computational work. 

Our SAXS measurements (Figure 4) suggest presence of species with diameters from 4.44 to 6.7 

Å. This supports the presence of nothing larger than monomeric forms, and comparison with 

simulated scattering data of tetrahedra and octahedra indicates partial replacement of bromide with 

methanol in the coordination sphere. The presence of InBr4
- tetrahedral anions and several other 

octahedral and tetrahedral indium bromide molecules containing solvated methanol ligands in the 

solution medium is further confirmed by our ESI-MS results. 

 

Figure 3. Evolution of optical absorption plot for (MA)2InBr5 

with the addition of excess MABr. Arrows indicate DFT 

calculated absorption band positions for various solution species. 
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Importantly, the MA-In-Br has served 

as a baseline to establish procedures for 

our experimental and computational 

studies. In addition to this system, we have 

also been studying 5 other homometallic 

halide systems proposed in this project, 

which also yielded interesting results. Our 

investigation results in these systems will 

be the focus of separate publications. We 

have been successful in the computational 

studies of homometallic halide solution 

systems and can now routinely assign 

absorption bands observed in various 

systems to specific chemical species in 

these solutions (e.g., see Figures 3-4). 

With these accomplishments, we are now 

ready to tackle more complex, 

heterometallic halide solutions. 

Future Plans 

In the first year, our focus has been on indium and bismuth halides. Our exciting results in the 

MA-In-Br system will be summarized in a forthcoming publication. To complete this publication, 

we will measure the optoelectronic properties (Task 4) and calculate the electronic structures and 

excitonic properties (Task 5) of the three new compounds in the MA-In-Br system. In the next 

reporting period, a greater focus will be on Cu, Ag, and Sb halides. 

Overall, we believe that the project is off to a good start with some very interesting results on 

the homometallic halide systems. Assuming our return to normalcy, we also have plans to start 

looking at a few heterometallic halide systems, which is originally planned for Year 3 in our project 

timeline. Given our interesting results in the homometallic Bi and In halide systems, however, we 

are eager to start investigating a few heterometallic systems a little earlier than originally planned. 
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Figure 4. Particle diameter distribution data for the methanol 

solution of (MA)2InBr5 from small angle X-ray scattering 

(SAXS) measurements. 

 

296



Publications 

1. “Charge carrier mobility of halide perovskite single crystals for ionizing radiation detection” 

Zhang, Z.; Saparov, B.* Appl. Phys. Lett. 2021, under review. [Perspective Article] 

297



Energy Flow in Polymers with Mixed Conduction Pathways 

Rachel Segalman and Michael Chabinyc - University of California, Santa Barbara 

 

Program Scope 

 The simultaneous transport of ions and electrons in semiconducting polymers is essential 

for all electrochemical devices, ranging from fuel cells to batteries and supercapacitors to 

bioelectronics. However, rational design of polymeric mixed conductors is complex due to the 

need to maximize both ionic and electronic conduction, which exhibit different transport 

mechanisms across different length scales. Additionally, the degree to which these charged species 

interact throughout multiple length scales and the degree to which this interaction impacts device 

properties is unknown. Our goal in this project is to understand how ions and charge carriers 

interact at the molecular scale, mesoscale, and macroscale to design for maximal mixed conduction 

within polymeric mixed conductors and blends. Ultimately, this knowledge will provide design 

rules of mixed ion/electron conducting polymers and potentially lead to new applications for which 

mixed conductors have not been utilized. 

 Recent Progress  

 Doping of a semiconducting 

polymers requires a balance 

between steric interactions, 

electrostatic attraction, and 

structural changes. We have shown 

that the design of side chains 

controls the self-assembly and 

electronic structure of conjugated 

polymers. 10  Sidechains are also a 

structural constraint that can modify 

the position of dopants in ordered 

regions of these polymers.9 The 

relative position of the dopant ions 

with respect to the charge carriers on 

the polymer backbones have a 

profound effects on doping efficacy 

and ultimately electrical transport. 

To further uncover on the role of the interaction between charge carriers and counterions, we have 

studied an exchange procedure to efficiently switch the counterion in doped semiconducting 

polymers.3 This procedure allows us to exclusively investigate how the counterion size affects 

doping in absence of strong perturbations on the longer range morphology. From this study, we 

Figure 1: (a)  Chemical structures of semiconducting polymer and 

counterions of different diameters. Larger ion size results in a 

larger counterion—charge-carrier distance  (b)  the  electrical  

conductivity  is  insensitive  to  the  local counter-ion/polaron 

distance. The dark blue symbol represents  BF4
–, which has a lower 

conductivity due to a de-doping reaction upon ion exchange. 

 

(a) (b)

counterion

Semiconductor: PBTTT
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have shown conclusively that while counterion size affects the distance between the charge carrier 

and the counterion, this distance does not strongly affect electrical conductivity. In particular, as 

shown in Figure 1, across a counterion size of 5.2 to 8.2 Å in diameter, the counter-ion distance to 

the charge carrier varied significantly yet there was no change to the film’s electrical conductivity. 

It is posited that other factors dominate the electrical properties at larger length scales, such as the 

morphology and presence of domain boundaries. Interestingly, the temperature stability of the 

doped film can be drastically improved with the use of counter-ions containing less labile bonds. 

This platform serves as a unique way to retain the morphology of polymeric thin films while 

studying charge interactions at the local scale 

 We have found that 

gating semiconducting polymers 

with single ion conducting 

polymeric ionic liquid (PIL) 

dielectrics provides a valuable 

platform for probing the detailed 

interactions between charge 

carriers and counterions. The 

high capacitance of PILs 

provides the ability to precisely 

control the charge carrier 

concentrations by application of 

a gate bias. Using  PILs as 

electrochemical gates, we have 

found that while holes induced in 

conjugated polymers first reside in the crystalline regions of the film, the counter-ions to these 

charge carriers preferentially reside in the disordered regions, verifying that a counterion need not 

be in the same physical domain as its associated charge carrier.11 Additionally, because PILs are 

single-ion conductors, we were able to tune the spatial distribution of counterions by selectively 

tethering ions of positive or negative charge to the backbone of the PIL. This change in tethering 

will limit the counterion to reside only at the interface of the PIL and semiconducting polymer or 

allow penetration of the counterion into the semiconducting polymer. We found that interfacial 

doping, which does not require the infiltration of ions into the polymer layer, leads to a more even 

distribution of carriers between ordered and less ordered domains and promotes the formation of 

a percolated network in the film.5 Lastly, switching the mobile ion of the PIL enables control of 

the amount of charge in the counter ion. In doped semiconducting polymer films, counterions 

cause structural and morphological perturbations, induce charge traps, and affect charge carrier 

molecular configuration. Changing the charge of the counterion, while keeping the volume of the 

ion as small as possible, minimizes the required volume fraction of counterion in the film, and thus 

the effect on structural order of the semiconductor. We find that implementing a dianion as the 

counterion can increase the electronic mobility of semiconducting polymers by over an order of 

 

Figure 2: (a) Schematic representation of the gate electrochemical 

transistor structure used for transport measurements. Chemical structure 

of (b) the p-type semiconductor (P3HT), (c) the cation tethered PIL and 

(d) the anion and dianion counterions used to examine the role of the 

charge of counterions. (e) Charge carrier mobility as a function of carrier 

concentration for electrochemical devices gated with a polymeric ionic 

liquid with either an anion or a dianion. 
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magnitude when compared to singly charged counterions of similar volume (Figure 2).17 We posit 

that this large increase in carrier mobility is not only a result of the decrease in structural 

perturbation, but also the difference in the coulombic potential on the carrier. This represents an 

important insight into the effect of ion-carrier interactions on electronic transport, and it establishes 

a novel model system for tuning such interactions. 

 We have also designed 

mixed conducting polymer 

blends that have 

independently defined ion- 

and electron-conducting 

components utilizing the 

complexation phenomenon 

between two oppositely 

charged polyelectrolytes.8, 15 

This charge-mediated self-

assembly result in a polymer 

blend that can be deposited at 

high concentrations (requiring 

minimal solvent for 

processing). In particular, 

some compositions enabled 

the formation of a complex 

coacervate of a conjugated 

polyelectrolyte (CPE) and a 

PIL (Figure 3).15 This coacervate is a viscous fluid containing up to 50 wt% polymer, and can be 

readily blade-coated into solid films. Furthermore, we observed enhancement in the conjugation 

lengths of the CPEs upon coacervation. We postulate that the complexation process has reduced 

the CPE conformational disorders, leading to more delocalization of excitons along the CPE 

backbone. The polymer chain conformations appeared to be carried over to the solid state, as the 

electrical conductivity of doped solid film casted from the coacervate was twice as high as that of 

the doped CPE film despite the coacervate having much less conducting material per unit volume. 

This conductivity trend indicates faster charge carrier transport along the complexed CPE 

backbone, in agreement with the enhanced conjugation that was observed. This demonstrates the 

great potential of polyelectrolyte coacervation in processing of highly concentrated mixed 

conductive polymer blends, and with added enhancements to the optoelectronic properties of the 

electroactive component. 

Future Plans 

 The transport of counter-ions and electrons in mixed conductors are usually coupled, with 

counterion transport being the rate-limiting step. However, quantifying the coupling between ionic 

 

Figure 3: (a)  Chemical  structures  of  the  conjugated polyelectrolyte  

(CPE)  PEDOT-S  and  the  polymeric ionic liquid (PIL) PA-MPI and the 

processing route to achieve the CPE-PIL coacervate solid film. (b) Side-

view SEM image of the coacervate film upon salt and water removal. (c) 

Electronic conductivities of the CPE-PIL coacervate film and the neat CPE 

film at their optimal electrical doping states. 
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and electronic transport in single-component materials has yet to be done. In the next steps, we 

seek to understand the degree to which counterion mobility influences the electrochemical doping 

of semiconducting polymers. We will utilize our previously synthesized conjugated polymer ionic 

liquid, imidazolium substituted poly(3-alkyl thiophene), with semicrystalline ordering and 

appreciable mixed conductivity as the model system. In-situ EPR experiments will be done to 

monitor the degree of doping as a function of potential and frequency. Additionally, the ion self-

diffusion coefficient and ionic conductivity will be measured. Collectively, these will provide 

quantitative insight as to the extent anion transport in the bulk semiconductor impacts doping 

kinetics and electronic carrier mobility. 

 The infiltration of ions into the solid polymer film frequently leads to the volumetric 

expansion within the film’s ordered (and disordered) domains. We have shown that polymer 

crystallites impose constraints to the infiltration of ions into the doped semiconductor film at small 

carrier concentrations.11 Moving forward, we seek to investigate to what extent these ordered 

domains limit, or permit, infiltration of dopant ions. Ultimately, this will provide fundamental 

insights to how the self-assembly of polymers and counterions impact doping and mixed 

conduction in conjugated polymers.  

 We have demonstrated how the electrostatic assembly of ion and electron conducting 

polymers could allow for formulation of concentrated polymer blends with great advantages in 

large-scale processing. However, the design rules for optimal performance of this system are yet 

to be developed due to the lack of fundamental insights into coacervation of conjugated polymer. 

Moving forward, we will use of a random copolymer systems where the frequency of charge-

carrying moieties of the polymers can be synthetically modified. This provides an excellent 

synthetic handle for controlling the coacervate self-assembly via tuning the Coulombic interaction 

strength. By constructing a phase diagram for the coacervate that accounts for both the ion 

diffuseness and the spacing of charges, we will determine how coacervation thermodynamics 

could be controlled to access microstructure ordering within the coacervate. Combining the 

structure studies with transport measurement, we will gain insights on the coacervate’s mixed ion-

electron transport mechanism and how the structure of the coacervate could be tuned to optimize 

the simultaneous conduction of ions and electrons in this complex system.  
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Hybrid Metal Halides: Advancing Optoelectronic Materials 
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Program Scope Main‐group halide compounds with the perovskite crystal structure, particularly 

hybrid organic‐inorganic lead halides, have recently attracted immense attention for their 

remarkable optoelectronic properties, ease of preparation, and abundant constituent elements. 

Such compounds, of which methylammonium (MA) lead iodide (MAPbI3, with MA = CH3NH3
+) 

has been the most extensively studied, are strong optical absorbers, display appropriate charge‐

carrier mobilities, exhibit long exciton diffusion lengths, and demonstrate evidence of photon 

recycling in photovoltaic (PV) devices, all of which gives rise to impressive photovoltaic 

performance. Like their well‐studied oxide analogues, the halide perovskites exhibit great 

chemical flexibility, leading to diverse structure and function. Since the first application of hybrid 

lead iodides in PV devices in 2009, the scope has broadened substantially to include the pursuit of 

lead‐free materials, bromides, and mixed halides for light emission and detection applications. 

However, 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? What is 

the impact of the lone pair of electrons associated with the divalent main group cation on key 

properties? How does halide ion migration and segregation takes place in solid‐solution 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 is adopted towards understanding key questions that 

contribute to the high photovoltaic performance of hybrid halide materials. The insights gained 

from the project 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. The synthesis of hybrid metal halides and 

characterization at a fundamental level help control their diverse properties, impacting more 

applied aspects of these systems. 
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Recent Progress  

Some highlights of recent work from the past years are presented below. 

Tunable Broad Light Emission from 3D Hollow Bromide Perovskites through Defect 

Engineering: In this work, advantage was taken of the defect tolerance of hybrid halide 

perovskites to engineer a new family of 3D highly defective hollow bromide perovskites with 

general formula (FA)1–x(en)x(Pb)1–0.7x(Br)3–0.4x (FA = formamidinium, en = ethylenediammonium, 

x = 0 to 0.44) [Figure 1]. Incorporation of en cations in the 3D perovskite structure leads to 

massive Pb and Br vacancies in the 3D [PbBr3] framework. Pair distribution function (PDF) 

analysis was employed to shed light on the local structural coherence, revealing a wide distribution 

of Pb-Pb distances in the crystal structure, validating further that the corresponding materials are 

lead deficient and highly disordered. Solid 

state NMR studies suggested that en cations are 

well dispersed into the perovskite framework 

at en loadings less than 30 %, whereas two 

types of local chemical environments of en 

molecules are observed at en loadings greater 

than 30 %. By manipulating the amount of 

incorporated en, the optical properties of the 

corresponding crystals could be fine-tuned 

over a wide energy range both in terms of 

emission and absorption spectra. Above 33 % 

en inclusion, the hollow bromide perovskite 

emits strong broad light at room temperature 

that is directly correlated to the number of 

defects, increasing gradually in intensity for 42 

%, and reaching a plateau at 44% en, with 1 % 

PLQY coupled with a lifetime of 15 ns. 

Considering that the only structural difference 

between the compounds with narrow and broad 

emission is the presence of another type of 

defect above 29 % en loading, we ascribe the 

formation of the self-trapped excitons (that 

result in white-light emission) to their 

presence. The corresponding material 

maintains its strong PL emission for at least one year in air exposure. This is the first time that 

strong broad light emission from a 3D hybrid halide perovskite has been observed, while its PL 

robustness under ambient conditions is among the highest reported for halide perovskites. This 

work has been published in [1]. 

Figure 1 (a) A representation of the single crystal 

structure of the hollow materials. (b) Optical 

absorption spectra of compounds (FA)1–x(en)x(Pb)1–

0.7x(Br)3–0.4x, with increasing amount of en.  (c) Solid-

state 1H MAS NMR spectra of FAPbBr3 and hollow 

perovskites acquired of at 18.8 T (Larmor frequency of 
1H is 850.1 MHz) and at RT with 35 kHz MAS. 2D 
1H–1H DQ-SQ correlation NMR spectra of 41 % 

en/FAPbBr3. (d) PL emission spectra of compounds 

(FA)1–x(en)x(Pb)1–0.7x(Br)3–0.4x, with increasing amount 

of en. Above 33% en loading broad light emission 

tunable in intensity was observed. 
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Ferroelastic Hysteresis in Thin Films of Methylammonium Lead Iodide: Mechanical strain 

can modify the structural and electronic properties of methylammonium lead iodide MAPbI3. The 

consequences of ferroelastic hysteresis, which involves the retention of structural memory upon 

cycles of deformation, are reported for polycrystalline thin films of MAPbI3. In this work, 

repeatedly bent films were examined using grazing incidence wide-angle X-ray scattering 

(GIWAXS) to quantitatively characterize the strains and proportions of twin domains. 

Approximate locations for the coercive stress and saturation on the ferroelastic stress–strain curve 

was identified, and changes to the stress–strain curve with cyclic strain were characterized. 

Notably, it was determined that an external stress source, such as thermal stress from the substrate 

or a roll-to-roll printing setup, must apply at least + or – 50 MPa to modify the proportions of 

different twins. Long-term stability testing revealed that the domain walls are highly immobile 

over extended periods. Nucleation of new domain walls occurs for specific mechanical strains and 

correlates closely with degradation. This work has been published in [2]. 

Chemical Control of Spin-Orbit Coupling and Charge Transfer in Vacancy-Ordered 

Ruthenium (IV) Halide Perovskites: In this recompeted project, the focus on functional halides, 

beyond optoelectronic properties, has also encompassed some magnetic properties, allowing a 

convergence of these 

optoelectronic materials with 

quantum materials, and in 

particular, an understanding of 

spin-orbit coupling. Vacancy-

ordered double perovskites 

have attracted significant 

attention due to their chemical 

diversity and interesting 

optoelectronic properties. 

With a view to understanding 

both the optical and magnetic 

properties of these compounds, 

two series of RuIV halides have 

been developed: A2RuCl6 and A2RuBr6, where A is K, NH4, Rb or Cs. [Figure 2]. It has been 

established that the optical properties and spin-orbit coupling (SOC) behavior can be tuned through 

changing the A cation and the halide. Within a series, the energy of the ligand-to-metal charge 

transfer increases as the unit cell expands with the larger A cation, and the band gaps are higher 

for the respective chlorides than for the bromides. The magnetic moments of the systems are 

temperature dependent due to a non-magnetic ground state with Jeff = 0 caused by SOC. Ru–X 

covalency, and consequently, the delocalization of metal d-electrons, result in systematic trends of 

the SOC constants due to variations in the A cation and the halide anion. This work has been 

published in [3]. 

Figure 2 Single-crystal X-ray structures of (a) K2RuCl6 and (b) K2RuBr6. 

The atoms are shown as their thermal ellipsoids with 50 % probabilities. 

The ball and stick models of [RuCl6]2− and [RuBr6]2− octahedra are 

shown on the right of the respective structure. 

306



Future Plans 

Hollow perovskites: In the forthcoming year, we plan further studies on the fundamental 

understanding of the structure, stability, and properties of hollow perovskites including the 

development of new compounds. One question that is being pursued at the current time is the 

creation and characterization of layered perovskites (ie. Ruddlesden-Popper and Dion-Jacobson 

compounds) that are en substituted to create the cooperative vacancies that dictate structure and 

properties. 

Thin film materials: In the forthcoming year, we will continue to expand the repertoire of 

preparation techniques that will allow the creation of single-phase thin films of layered materials 

and a development of methods to characterize them, as well as the means to properly understand 

the role that strain plays in developing properties such as self-trapped exciton emission. The 

characterization and property measurement of hollow perovskite thin films is also commencing, 

with plans to employ a number of different tools including cathodiluminescence and impedance 

spectroscopy, and time-resolved optical and electrical measurements to better understand this 

emerging materials class. 

Perovskite-derived inorganic and hybrid transition metal halides: In the forthcoming year, we 

will continue expand on the range of hybrid halide materials based on cations such as Ru3+ and 

Ru4+ which are very interesting for their magnetism, with interesting synergies with the area of 

quantum materials. Layered materials with these ions have been prepared and will be better 

developed and understood in the coming year. Unlike Ru3+, Mo3+ is a d3 ion with no orbital angular 

momentum, and therefore provides an interesting comparison. The first Mo-containing inorganic 

and hybrid materials have been prepared and this is also a range of materials that will be developed. 

Paramagnetic NMR studies of these materials is ongoing, and magnetooptical probes of these 

materials are planned in the coming year. 
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Carbon-Based Clathrates as a New Class of sp3-Bonded Framework Materials 

Timothy A. Strobel, Earth and Planets Laboratory, Carnegie Institution for Science, 

Washington, DC 

Program 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. Goals of the program include 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 class 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  

 Following the discovery of the first carbon–boron 

clathrate, SrB3C3,
1 significant progress has been achieved 

in understanding new clathrate compositions and their 

thermodynamic stabilities and physical properties. 

SrB3C3 crystallizes in the Type-VII clathrate structure 

(bipartite sodalite) with one truncated octahedral cage 

type (Figure 1). SrB3C3 is synthesized at high pressures 

near 50 GPa, but is recoverable to ambient conditions. 

Divalent Sr2+, which is trapped in the clathrate cages, can 

transfer two electrons to the sp3 [B3C3]
3− framework, and 

thus this clathrate is one electron short of a balanced 

count and is a hole conductor. A large number of different 

ions might also stabilize the Type-VII structure, including 

those with other valences. We therefore calculated the stability of MB3C3 clathrates, where M 

represents (nearly) all elements of the periodic table, and found several additional dynamically 

stable clathrate compositions, including the possibility for a novel ferroelectric ScB3C3 stabilized 

in a lower-symmetry structure.2 Trivalent guests are of particular interest as they offer the 

possibility for a balanced electron count. 

 For the case of La3+, we predicted that LaB3C3 becomes stable relative to formation 

elements and other binary compounds at pressures near 30 GPa, which represents a ~20 GPa 

reduction compared with SrB3C3, and is attributed to the precise electron count.3 The Type-VII 

LaB3C3 clathrate in the bipartite sodalite structure was confirmed experimentally via high-pressure 

synchrotron X-ray diffraction measurements (Figure 2). Synthesis observed at 38 GPa, but not 35 

GPa, places a bound on the thermodynamic stability and confirms the calculated improvement in 

 
Figure 1. Type-VII carbon–boron clathrate 

(bipartite sodalite) structure shown along 

different crystallographic directions. 

Truncated octahedral cages formed from 

covalently bonded carbon (black) and boron 

(purple) trap metal atoms (green). 

[100] [111]

1.74 Å
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pressure compared with the divalent guest. Like SrB3C3, LaB3C3 is recoverable to ambient pressure 

while kept under an inert (dry) atmosphere. LaB3C3 also exhibits a large bulk modulus (B0 = 254(9) 

GPa) comparable with structural armors such as boron carbide. 

The additional electron in the case of LaB3C3 

allows for formal charge balance (i.e., La3+[B3C3]
3−), 

which is manifested in the electronic band structure. 

The material possesses an indirect band gap of 1.29 eV 

in the  → L direction based on hybrid density 

functional theory calculations (HSE06). Additional 

charge transfer from guest to host is also observed in 

the B–C bond distances. At 0 GPa, the LaB3C3 lattice 

is slightly expanded compared with that of SrB3C3 

where a = 4.934 Å vs. 4.868 Å, corresponding to B–C 

bond lengths of 1.74 Å and 1.72 Å, respectively. This 

expansion is somewhat surprising as the ionic radius of 

La3+ is expected to be smaller than that of Sr2+ (1.36 Å 

vs. 1.44 Å for 12-fold coordination),4 and signals 

increased charge transfer. Indeed, Bader charge 

analysis reveals an average of 1.82 e− transferred for 

the case of La whereas only 1.35 e− are transferred for 

the case of Sr. Compared with the 2D covalent lattice 

found in LaB2C2 with B–C bond lengths ranging from 

1.54–1.62 Å,5 the significantly expanded bond length found in LaB3C3 reflects the change from 

three- to four-fold coordination of the network. The demonstration of LaB3C3 clathrate highlights 

the tunable nature of the electronic structures of carbon-based clathrates (i.e., metal vs. 

semiconductor) and potential across a wide range of future applications.  

As mentioned previously, SrB3C3 is a hole 

conductor and shows an appreciable density of states 

at the Fermi energy (Figure 3). Combined with 

sufficient electron–phonon coupling as expected for 

sp3 clathrates,6 SrB3C3 could exhibit 

superconductivity at high temperature. We therefore 

performed electron–phonon coupling calculations to 

investigate potential for superconductivity. The superconducting transition temperature, Tc, was 

estimated from the Allen-Dynes modified McMillan equation.7 At ambient pressure, the calculated  

 

Figure 2. (a) Electronic band structure of 

LaB3C3 and density of states. (b) Synchrotron 

X-ray diffraction patterns before and after 

LaB3C3 synthesis with Rietveld refinement. (c) 

Experimental and calculated equation of state. 

 
Figure 3. (a) Electronic band structure of SrB3C3 

and (b) density of states. 
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Tc range is 27–43 K for Coulomb 

pseudopotential values of μ* = 0.17–0.10, 

respectively. To test these predictions, 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).8 

The refractory nature of B and C 

necessitates prolonged laser heating at very 

high temperatures, which is not needed in 

high-pressure hydride experiments that 

only require gentle pulsed heating at 

moderate temperatures <1000 K (e.g. 

LaH10),
9 or even simple exposure to visible laser irradiation.10 Our solution was to utilize two 

single crystals of sapphire (~5–10 μm thick) that rest on top of both diamond anvils and provide 

thermal insulation during heating from a tightly focused infrared laser. In this case, electrical leads 

are placed on top of one of the sapphire crystals, and we were able to synthesize SrB3C3 at 50 GPa 

and >3000 K in between the electrical probes without damaging the contacts.  

After in situ high-pressure synthesis, the 

SrB3C3 samples were placed into an open-flow 

cryostat for electrical transport measurements 

at low temperature. Upon cooling below ~20 K, 

a sharp drop in the electrical resistance was 

observed with no detectable hysteresis upon 

heating, consistent with superconductivity. In 

addition, when the pressure was decreased, the 

observed resistance drop shifted to higher 

temperature, consistent with the calculated 

trend in superconductivity when *=0.15 

(Figure 5). The results suggest that SrB3C3 may 

be a moderately high-temperature superconductor comparable to other covalent metals like MgB2. 

Future Plans 

 Future research will involve continued efforts on SrB3C3 superconductivity, including 

lower-pressure and magnetic measurements. We will continue to explore the range of possible 

compositions in the Type-VII structure (including binary guests), optimize superconducting 

transitions, and establish the pressure stability range. Additional efforts will focus on new clathrate 

structure types with a broad range of lattice and guest substituents, and the characterization of 

physical properties. 

 
Figure 4. (a) Experimental geometry to measure electrical 

transport (b) Example micrographs of sample chamber. (c) 

Radiography and X-ray diffraction map of sample showing 

~60% conversion to SrB3C3 between the Pt contacts. 

 

Figure 5. (a) Experimental Tc values (points) follow 

calculated Tc trend with *=0.15 (b) Example resistance 

drop upon cooling/heating at 54 GPa. 
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Understanding the Interplay between Nanostructured Electrode and Aqueous Electrolyte 

for Na-ion Energy Storage 

Xiaowei Teng, Department of Chemical Engineering, University of New Hampshire 

1 Program Scope: Rechargeable lithium-ion batteries (LIBs) based on intercalation chemistry in 

non-aqueous electrolytes have been widely used, while high cost and safety concerns make them 

less appealing for large-scale stationary storage. In a grid-connected stationary battery storage 

system, the cost, safety, and cycle life become more imperative than mere energy density.  The 

usage of flammable organic electrolytes and the thermal runaway hazard of reactive electrode 

materials are mainly attributed to the high safety risk of LIBs. In addition, the lithium reserve 

depletion also raises concerns over its potential price increase.  Rechargeable aqueous EES shows 

significant advantages over non-aqueous counterparts for the following reasons: water-based 

electrolytes are non-flammable and environmentally benign; besides their excellent safety, 

aqueous EES has low production cost by avoiding rigorous manufacturing conditions required in 

non-aqueous battery manufacturing.  Despite the significant advantages over the safety, cost, and 

environmental friendliness, current aqueous EES still cannot rival the energy performance of non-

aqueous LIBs, and the underlying reason is its narrow voltage window and limited storage 

capacity.  A primary theme of PI's research is to understand the charge storage mechanisms and 

optimize the interaction between electrodes and electrolytes to improve the energy performance 

and cycle life of aqueous EES systems.  The specific research goals include:    

(i) enhancement of aqueous storage capacity by designing electrode materials with a sizeable 

interstitial framework capable of hosting a large number of ions, especially the layered transition 

metal oxide (TMO) materials held together by van der Waals forces; and by introducing site 

defects (e.g., anion/cation deficiency, lattice mismatch) to electrode materials.  Therefore, such a 

modified local environment for the transition metal ions provided a lower percolation threshold 

for ionic transport so that alkali ions could diffuse quickly without directly contacting the transition 

metal framework on the atomic scale. 

(ii) Expansion of aqueous storage voltage window beyond 1.23 V. Expansion of aqueous voltage 

window has been reported previously using a "water-in-salt" electrolyte, where alleviated water 

activity minimizes the contact between Li metal and water and suppresses parasitic HER, and thus 

allow a 3.0 V voltage window for aqueous Li-ion storage.1  However, a high concentration (> 20 

M) Li salts is required.  Alternatively, the PI has been studying the formation of the hydroxylated 

interphase on the surface of mixed-valence metal oxides during the electrochemical cycling, which 

inhibits the HER/OER and thus enables a kinetically stable potential window of 2.5 V for aqueous 

Na-ion storage in a half-cell.   

2 Recent Progress: With the research goals mentioned above, the PI has developed several 

electrode materials, including Mn-based TMOs with hydroxylated interphase to offer a stable 

voltage window of 2.5 V,2-4 closed-packed NiO, and Mn3O4 nanoparticles for improved aqueous 

storage capacity,5,6 crystalline MnO2 and V2O5 layered structures for pseudocapacitive Na- and K-

ion storage,7,8 Co- and Ni-doped crystalline MnO2  with defective sites;9,10 highly disordered Na-

MnO2, V2O5, and NaV3O8 for enhanced storage capacity3,11-14.  The above research outcomes have 

been supported under the previous DOE award (Early Career, 2013- 2018)2,4,5,8,11 and current DOE 

grant (2018-2021)3,9,10,12-14.  The following is the brief description of recent progress. 

2.1 Controlling Electrode Local Structure for Improved Aqueous Na-ion Storage 
Designing electrode materials with a large interstitial framework, including nanoporous 

and layered structures, is essential to enhance storage capacity.  Introducing 2D and 3D porous 
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architectures or increasing interlayer spacing certainly improves the transport properties of charge 

carriers; however, it may compromise the host electrode's electrical conductivity. Consequently, 

conductive polymers, carbon nanotubes, and graphenes are often used as conductive additives and 

decrease the devices' volumetric performance due to their low densities.  Alternatively, doping 

ions such as Ni and Co into these open-framework electrodes could increase the electrical 

conductivity and electrochemical performance. Furthermore, these guest ions could serve as redox-

active sites for charge transfer reaction and introduce the site disorder to the electrode materials to 

improve the storage capacity. Under current DOE support, the PI has studied the effects of cobalt 

doping on the layered MnO2 birnessite.   Instead of homogeneous (Co)MnO2 layered structure, bi-

phase products formed using a co-precipitation wet-chemistry method, consisting of layered MnO2 

birnessite and CoxMn3-xO4 spinel [(Co0.83Mn0.13Va0.04)tetra(Co0.38Mn1.62)octaO3.72; tetra: tetrahedral 

sites; octa: octahedral sites; Va: vacant site]. The electrokinetics analysis showed that the MnO2 

improved the capacitive Na-ion storage process, while CoxMn3-xO4 with a predominant cation 

disorder due to cobalt insertion improved storage capacity.10 The X-ray and neutron total scattering 

and pair distribution function (PDF) analysis showed that [CoO4] tetrahedral sites were more 

disordered than [CoO6] and [MnO6] octahedral sites, evidenced by 4% of the structural vacancies 

in CoxMn3-xO4 spinel phase.   

Remarkably, a similar wet-

chemistry approach was used to 

synthesize (Ni)MnO2 layered 

birnessite, where Ni and Mn are 

homogenously mixed, under current 

DOE support.9 It suggested that 

[NiO6] octahedra might be stable and 

miscible with [MnO6] during the 

room-temperature co-precipitation 

synthetic process. Under the same 

synthetic conditions, Co-O polyhedra 

could exist in the forms of [CoO6] 

octahedra and [CoO4] tetrahedra. This 

might explain why Co-Mn-O biphase 

(layered MnO2 birnessite and 

CoxMn3-xO4 spinel) formed, while 

single-phase (Ni)MnO2 birnessite 

formed under the same synthetic 

condition.   The resulting (Ni)MnO2 

birnessite demonstrated improved rate 

and cycling performance compared 

with MnO2, exhibiting a discharge 

electrode capacity of 63 mAh/g at a 

current density of 0.2 A/g after 2000 

galvanostatic charge and discharge cycles in full-cells.  The PI used neutron total scattering and 

PDF analysis to confirm the framework doping of Ni-ion in the [MnO6] intralayer region and 

discover that [NiO6] had a highly disordered local structure while [MnO6] appeared to be ordered.  

Due to the similar electron densities of Mn and Ni, there is little difference in X-ray scattering 

patterns between Ni and Mn. However, neutron coherent scattering lengths of Ni and Mn have 

Figure 1. Neutron PDF fitting using (a) Intra-model; (b) Inter-

model and (c) Dual-model. (d) the simulated PDF based on the 

Intra-model of NiMnO2 (Purple: Mn; Blue: Ni). (e) the 

individual contribution from the atomic pairs to overall PDF.   
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distinct values and opposite signs (Ni = 10.3 × 10-15 meters; Mn = -3.73 × 10-15 meters).  Figure 1 

a-c showed the neutron PDF analyses based on three possible structure models, including intra-

model (Ni-ions substituted Mn-ions in the [MnO6] layers), inter-model (Ni-ions resided in the 

interlayer region), and dual-model (Ni-ions resided both intralayer and interlayer regions). The 

analysis results from these three models and corresponding goodness of the fittings (Rwp) showed 

that intra-model appeared the most likely structure of (Ni)MnO2 with a best Rwp value of 0.137, 

significantly lower than those of inter-model and dual-model.  Moreover, neutron PDF analysis 

based on the intra-model revealed that the Ni species within the framework of [(Ni/Mn)O6] had a 

much higher was much isotropic atomic displacement parameter (ADP) than that of Mn,9 

indicating a much disordered [NiO6] octahedral compared with [MnO6]. Figure 1d shows the 

simulated pair distribution function based on the intra-model, and Figure 1e shows the individual 

atomic pair contributions to the overall atomic pair features. The results suggested that Ni-related 

atomic pairs possessed broader and less intensive peaks than Mn-related pairs, confirming the 

disordered nature of Ni sites.   Electrokinetics analysis showed that Ni and Mn components were 

redox-active, and the disordered [NiO6] octahedra favored pseudocapacitive storage mechanism 

and enhanced capacity and rate performance of (Ni)MnO2 materials for aqueous Na-ion storage. 

2.2 Hydroxylated interphase to expand aqueous potential window   

Under previous DOE support, the PI discovered that hydroxylated interphase, formed on 

the surface of Mn5O8 (Mn2+
2Mn4+

3O8) materials during the electrochemical cycling, inhibited the 

HER and OER, and enabled a stable voltage window of 2.5 V for aqueous Na-ion storage.2,4 The 

PI has also discovered similar hydroxylated interphase from a highly disordered Na0.27MnO2 

layered birnessite due to the interaction between water and Mn3+.3  This finding has been made 

under current DOE support.  Notably, the Na-rich Na0.27MnO2 birnessite with a high concentration 

of Mn3+ was synthesized by a solid-state reaction between Mn5O8 and NaOH at high temperatures, 

where Na-ion diffusion into Mn5O8 lattice eventually converted highly crystalline layered Mn5O8 

structure into a highly disordered birnessite-type MnO2 layered structure, a process confirmed by 

ex-situ neutron scattering measurements.  The disordered structure of Na0.27MnO2 was confirmed 

by neutron PDF analysis, as shown in Figure 2a.  Unlike ordered Na-MnO2 birnessite and 

commercial -MnO2, disordered Na0.27MnO2 showed high Tafel slopes of HER and OER, 

suggesting sluggish electrokinetics for gas evolution reactions (Figure 2c). High resistance 

towards HER and OER enables Na0.27MnO2 operated under a kinetically stable potential window 

of 2.5 V for aqueous Na-ion storage (Figure 2b).   

 
Figure 2. (a) Neutron pair distribution function (PDF) analysis of Na0.27MnO2, showing a 

disordered nature with a short coherent length (distance beyond which atomic pair interaction 

disappears); (b) voltammetry of Na0.27MnO2 in 0.1 M Na2SO4, showing a 2.5V-voltage window 

(voltage window of water at pH =7 was labeled). (c) Tafel slopes of disordered Na0.27MnO2, 

ordered Na-MnO2, and commercial MnO2 materials.3 
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3. Future Plans: A renewal proposal titled "Understand and Optimize the Interplay between 

Electrode Materials and Electrolyte for Aqueous Energy Storage" has been submitted to DOE-

BES in Jan 2021 to understand the interplay between nanostructured metal oxides and aqueous 

electrolyte and to discover how such interplay contributes to the formation of the interphase and 

how such interphases work for aqueous energy storage.   
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2D-EFICACY: Control of Metastable 2D Carbide-Chalcogenide Heterolayers: Strain and 

Moiré Engineering 

Dr. Mauricio Terronesa,b,c,d,e and Dr. Susan B. Sinnotta,b,c,e 

aDepartment of Materials Science and Engineering; bCenter for 2-Dimensional and Layered 

Materials; cMaterials Research Institute; dDepartment of Physics; and eDepartment of 

Chemistry, The Pennsylvania State University, University Park, PA 16802 

Program Scope 

Two dimensional (2D) materials are 

atomically thin sheets of a layered material 

that display properties distinct from the bulk. 

Graphene, a single layer of sp2 hybridized 

carbon atoms, is the prototypical example of 

this material class. Since the discovery of 

graphene, interest in 2D materials has 

exploded, resulting in the investigation of 

numerous 2D systems and heterostructures 

for applications such as catalysis1,2 and 

quantum computing.3,4 For specific 

applications, performance may be improved 

through careful tuning of defects, 

heterojunctions, and other forms of 

interfaces. Understanding, controlling, and 

optimizing interfaces is crucial in 2D materials, where additional degrees of freedom originate 

novel interfaces, and thus material properties and functionalities are even more tunable than in 

conventional materials. 

Specifically, the weak van der Waals (vdW) coupling between layers eliminates the necessity for 

lattice matching between vertically stacked sheets. Moiré engineering in 2D materials is possible 

via the stacking of 2D layers with arbitrary twist angles and lattice parameters (Figure 1). As a 

result, new superlattices with size-tunable first Brillouin zones arise. Recent explorations of this 

approach include the discovery of superconductivity in twisted bilayer graphene5 and moiré 

excitons in twisted transition metal dichalcogenide (TMD) heterobilayers.6 Beyond these 

examples, there are many unexplored methods of engineering these interfaces, both covalent and 

vdW, and their interactions. In this context, strain engineering is also important, and therefore, by 

controlling the lattice mismatch and layer orientation, it is also possible to tune strain and moiré 

patterns, interlayer coupling, and the resulting physico-chemical properties. Our current research 

focuses on the emergent properties that arise from the integration of 2D TMDs with ultrathin 

transition metal carbides (TMCs), such as 2D-3D moiré lattices, enhanced superconductivity, and 

the stabilization of metastable TMC phases. 

 

Figure 1 Schematic of strain and moiré engineering in 

transition metal carbide (TMC) / transition metal 

dichalcogenide (TMD) heterostructures. 
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Recent Progress 

We have realized the synthesis of enhanced 

superconducting MoS2/γ’-MoCx/γ-MoC 

heterostructures with a long-range moiré 

pattern as shown in Figure 2.7 Our recent 

findings suggest that both kinetic and 

thermodynamic methods of engineering 

moiré and strained interfaces in MoCx and 

MoS2 are possible. With these results, we 

plan to synergistically determine the guiding 

principles that control the formation of 

layered heterostructures of stable or 

metastable thin TMCs and transition metal 

nitrides (TMNs) with TMD layers to 

combine interactions via moiré and strain 

engineering. 

The synthesized heterostructures of α-Mo2C 

and γ’-MoCx after 1-minute sulfurization 

exhibit superconductivity with a 70% 

increase in superconducting critical 

temperature (Tc) (6.8 K) compared to the 

pristine Mo2C (4.0 K) as shown in Figure 3.8 

Typically the γ’-phase is metastable, but 

when confined, it stabilizes under strain 

induced by the sulfurization treatment. For a 

5-minute sulfurization, a vertical 

heterostructure was formed between MoS2 

and mixed MoC1-x/ MoC (γ’/γ-phase). In this 

case, they noted a 50% increase in Tc (6.0 K). 

Finally, for a 20-minute sulfurization, an 

MoS2 and MoC (γ-phase) vertical 

heterostructure was grown. In this arrangement, superconductivity was not observed down to 1.8 

K. To understand the 70% increase in Tc after 1-minute sulfurization, we performed first-principles 

density functional theory (DFT) calculations and propose that the large epitaxial strain and 

formation of a moiré lattice increases the interfacial density of states near the Fermi level. The 

introduction of a new γ’-MoCx/ MoS2 interface provides an additional handle to tune the properties 

of this material. This pioneering work now demonstrates the stabilization and the confinement of 

thin γ-MoC and metastable γ’-MoCx, using strain and moiré engineering, and provides an 

emerging route to enhance the superconductivity via phase-transitions in thin carbide (or nitride) 

systems. 

Figure 2: Characterization of α-Mo2C and molybdenum 

carbide/disulfide heterostructures. (A) STM images of as-

grown α-Mo2C (insets depict SEM) and (B) a molybdenum 

carbide/disulfide heterostructures obtained after a 5-minute 

sulfurization of α-Mo2C; (C, D) XRD patterns, (E, F) Raman 

spectra, and (G, H) representative XPS high resolution line 

scans of Mo 3d obtained from the structures depicted in (A) 

and (B), respectively. 
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With the successful strain engineering in the 

molybdenum carbide/disulfide system, we 

have applied our novel approach to the 

tungsten carbide/disulfide system. By 

optimizing the experimental processing 

parameters for the chemical vapor deposition 

synthesis of α-Mo2C, we have successfully 

synthesized ultrathin (<50 nm thick) single-

crystal hexagonal WC flakes. Following 

transfer to SiO2/Si, we sulfurized the WC and 

analyzed cross sections to investigate the 

effect of sulfur incorporation on WC. 

Preliminary characterization indicates that the 

WC-WS2 conversion process occurs on the 

surface of WC as shown in Figure 4. Based on 

this observation, we hypothesize that the 

TMC-TMD conversion process depends on 

the type of structural defects present in the 

pristine TMC. The WC flakes are single-

crystalline and show few defects, therefore, the TMC-TMD conversion process occurs from the 

edge as opposed to stacking faults observed in the α-Mo2C flakes. 

Future Plans 

Our immediate goal is to study the parameter space 

of the WC sulfurization by tuning the sulfurization 

temperature, time, and H2S vapor pressure on the 

formation of WC/WS2, metastable tungsten carbide 

phases, and emerging moiré patterns via cross-

sectional S/TEM and STM. Using DFT, we also 

seek to understand the bonding nature of WC/WS2 

at the heterostructure interfaces. The investigation 

of changes to the superconducting nature of the 

WC/WS2 system hinges upon the formation of 

metastable superconducting WC phases which we 

will identify in our structural characterization. In 

parallel, we also are tuning the synthesis of NbC 

and MoN using similar CVD process developed for 

α-Mo2C and WC. Finally, we plan to develop a 

scalable TMC-TMD conversion process by cryo-

milling NbC powder to induce defects that facilitate 

the chalcogenization of TMCs.  

 

Figure 3: Superconductivity and phase evolution with 

increasing sulfurization time. Four-point probe resistivity 

versus temperature plots for (A) pristine α-Mo2C, (B) 5 min 

sulfurization, and (C) 20 min sulfurization. (D) Cross-

sectional HAADF-STEM images of pristine α-Mo2C. 

Cross-sectional HRTEM of molybdenum carbide/disulfide 

vertical heterostructures formed after (E) 5 minutes and (F) 

20 minutes sulfurization. Insets below (D-F) illustrate the 

structural phase transformation induced by sulfurization 

with corresponding simulated crystal structures. 

Figure 4: (a) Low and (b) medium magnification 

TEM images showing the structures grown on the 

WC surface. (c) HRTEM of single crystal WC, inset 

FFT corresponding to [11̅01̅], and (d) multilayer 

WS2. 
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Transforming Metal-Organic Frameworks into Polymer Hybrids and Biomimetic 

MetalloMOFzymes 

 

Emmanuel Theodorakis (PI), University of California, San Diego 

 

Program Scope 

 The three Specific Aims of this project are: 

SA1.  Development of polyMOFs.  Polymers ligands, which are polymers containing 

metal coordinating units such as 1,4-benzenedicarboxylic acid monomers (H2bdc), have 

been shown to self-assemble into a new class of polymer-MOF hybrids termed 

‘polyMOFs’.  The scope and structural diversity of polyMOFs is in its infancy, and this 

aim we will seek to further explore polyMOF materials and some proof-of-concept 

studies for their use in molecular separations. 

SA2.  MOF Hybrids from Postsynthetic Polymerization.  Postsynthetic 

polymerization (PSP) has been introduced as a strategy for combining MOF particles 

with polymeric binders.  In this aim, a variety of PSP reactions will be explored to 

prepare new forms of porous MOF hybrids in the form of nylon fibers and epoxy 

composites. 

SA3.  Biomimetic ‘MetalloMOFzyme’ Catalysts.  Biomimetic ‘metalloMOFzymes’ for 

reducing protons or carbon dioxide will be optimized upon integration into functionalized 

and conducting MOFs.  We seek to develop highly active and robust catalysts for these 

important, energy relevant chemical reactions. 

 

 Recent Progress  

 Precise control over the dispersion and 

alignment of metal-organic framework (MOF) particles 

over a large length scale remains a distinct challenge to 

exploiting the various properties of these materials.  In 

our most recent efforts, we have 

self-assembled MOF particles into 

large area monolayer membranes 

at the air-water interface through 

the grafting of polymer brushes to 

the particle surface.  The polymer 

Figure:  Free-standing monolayer of self-assembled UiO-

66(Zr)-PMMA.  (a) Images of the monolayer taken at different 

angles to show both clarity and iridescence.  (b) SEM image of 

the monolayer surface showing tightly packed UiO-66(Zr)-

PMMA particles.  Scale bar is 2 µm.  (c) SEM image of film 

from the side, illustrating the continuous monolayer.  Scale bar 

is 5 µm.  
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corona prevents uncontrolled particle aggregation and yields monolayers that can be transferred 

to other substrates and remain free-standing when suspended in air with an area of 38 mm2.  We 

are developing these polymer-coated MOF particles to enable simple methods that allow for 

control of the chemical and physical properties of the MOF materials and thin films.  As shown 

in the list of publications from this effort, we have also made substantial progress on the 

development of polyMOFs, polymer-MOF hybrids made from metal-coordinating polymers, as 

well as other MOF-polymer hybrids (e.g., nylon-MOF composites).  Overall, our work in this 

project has pushed the frontier in the synthesis, characterization, and understanding of MOF-

polymer combined materials. 

 

Future Plans 

 The future goals of this program are: 

FG1.  Development of polyMOFs.  Polymer ligands, which are polymers containing 

metal coordinating units such as 1,4-benzenedicarboxylic acid monomers (H2bdc), have 

been shown to self-assemble into a new class of polymer-MOF hybrids termed 

‘polyMOFs’.  polyMOFs are unique materials that we discovered during the last program 

period.  In this renewal, the scope and structural diversity of polyMOFs will be further 

explored to better understand and exploit polyMOF materials. 

FG2.  Self-assembly of MOF-polymer Nanoparticle Films.  MOF-polymer hybrid 

materials have been obtained from core-shell ‘corona’ nanoparticles (NPs) that were 

developed in the prior program period.  Using a MOF core and a polymer shell, self-

assembled films will be prepared.  This approach results in MOF-loaded films with 

densely packed NPs.  Control over the functionalization and self-assembly of these new, 

ultrathin membranes will be pursued. 
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Controlling Solid-State Conjugated Materials with Aromatic Interactions of Side Chains 

Samuel W. Thomas, Tufts University, Department of Chemistry 

Mu-Ping Nieh, Department of Chemical and Biological Eng., University of Connecticut 

Matthew Panzer, Tufts University, Department of Chemical and Biological Eng. 

Steven Wheeler, Department of Chemistry, University of Georgia 

 

Program Scope: Over the last several decades, continuous discovery of new materials, processing 

techniques, and device architectures has yielded orders-of-magnitude increases in efficiency and 

durability organic materials in solar energy, electroluminescence, and field-effect transistors. New 

-conjugated molecules and polymers propel these advances, both in more mature technologies 

such as bulk heterojunction solar cells, as well as more recent advances, such as thermally-

activated delayed fluorescence, (TADF) aggregation-induced emission, hole-transport materials 

for perovskite photovoltaics, and singlet fission photovoltaics.  

A critical barrier to sustained progress is that materials chemists are unable to design ensembles 

of molecular or polymeric materials such as in thin films or crystals.1 This challenge, due in large 

part to the shallow and complex potential energy landscapes that result from many weak non-

covalent interactions, extends to all of molecular science, such as drug discovery and coordination 

polymers. As an alternative to relying on an unpredictable and generally isotropic collection of 

interactions, a supramolecular engineering approach involving discrete and directional non-

covalent interactions such as hydrogen or chalcogen bonding can direct solid-state structural 

characteristics, such as intramolecular conformation along the conjugated backbone. 

The prevailing design paradigm for conjugated 

materials divides structure into orthogonal 

functional units: the conjugated “main chain,” 

which is responsible for the optoelectronic 

characteristics, and the non-conjugated pendant 

“side chains,” typically long alkyl substituents, 

which provide solubility.2 Our project extends 

conjugated materials beyond this paradigm and 

enables rational design of solid-state optoelectronic 

properties by integrating the directional and tunable 

cofacial “ArF-ArH” stacking of arenes and 

fluoroarenes into arylene-ethynylene-based 

materials. Specifically, stacking of fluorinated ArF 

rings within side chains with more electron rich ArH 

arenes within the main chains twists the backbones. 

Using a three-ring phenylene-ethynylene (PE) 

molecular “test bed” that comprises a central 

Figure 1. Crystal structure of a 3-ring phenylene-

ethynylene (PE) with ArF-ArH interactions 

twisting PEs and preventing their aggregation. 
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bis(pentafluorobenzyl)terephthalate, our 

earlier work revealed the following:  

- Solids with these ArF-ArH 

interactions have solid-state optical 

spectra that resemble those in solution 

through a combination of main chain 

twisting and blocking of 

intermolecular aggregation.3 

- Electrostatic complementarity of the 

ArH and ArF rings through substituent 

effects dictate whether ArF- ArH stacking and resultant twisting of PE backbone occurs. 

- Such twisted structures are mechanofluorochromic (MFC)—mechanical shear force 

bathochromically shifts optical spectra reversibly due to planarization and aggregation. 

- Alkyl chain lengths can dictate MFC: in one example (Fig. 2), longer alkyl chains cause 

recovery of hypsochromically shifted crystalline phases at lower temperatures after shearing, 

with those longer than butyl reverting at room temperature.  

This presentation will summarize recent developments since the last BES Materials Chemistry PI 

meeting, which share the following themes: i) improving fundamental understanding of how 

chemical structure influences ArF-ArH cofacial stacking interactions and resulting solid-state 

optical properties, and ii) expansion of our designs into increasingly energy-relevant chemical 

structures and properties.  

Recent Progress 1: Improved fundamental understanding of how strengths of aromatic 

interactions can influence solid-state functional properties using our 3-ring PE “test bed”. In 

two papers (Chem. Eur. J. and Chem. Mater.) we uncovered examples of how seemingly 

insignificant changes in the structures of side chains not -conjugated to the PE chromophore can 

influence solid-state packing and optical properties dramatically. Our first such discovery showed 

that switching the positions of H and F atoms in partially fluorinated side chains (going from 2,4,6-

trifluorobenzyl to 2,3,6-trifluorobenzyl on the same -conjugated PE chromophore red shifts solid 

state emission by 130 nm and also inverts the direction of MFC from bathochromic shifting to 

hyposchromic shifting. (Figure 3, left). X-ray crystal structures explain this difference: the 2,4,6-

trifluoro derivative shows ArF-ArH interactions and twisted PE backbones, while the 2,3,6-

derivative shows planar and aggregated PE backbones. Our Chem. Mater. full paper demonstrated 

consistency of these trends for related PEs with tetrafluorinated side chains (Figure 3, right), and 

that these trends also depend on electronic substituent effects to reinforce the importance of 

electrostatic complementarity in aromatic interactions. 

In related work regarding how weak competing non-covalent interactions can forces can be 

leveraged for stimuli response behavior, Co-PIs Thomas and Nieh reported on a series of seven 

Figure 2: Example of MFC of three-ring phenylene-
ethynylenes. 

331



ester-substituted PE test-bed molecules with different alkyl chain lengths (C1-C18). These 

molecules, which possess comparatively weak stacking interactions due to the electron-

withdrawing character of ester groups on the ArH rings, produce numerous polymorphs, including 

a crystal-to-crystal thermal transition of the propyl ester derivative (See Figure 4). This work, 

published in J. Mater. Chem. C, also involved acquisition of X-ray scattering data at Brookhaven 

National Laboratory to characterize the thermal transitions of polymorphs. 

Recent Progress 2: Expanding beyond our “test bed”. Beyond our three-ring test bed, we are 

expanding to more general structural approaches for installing intramolecular and intermolecular 

cofacial interactions and controlling functional properties. Our 

central hypothesis is that the ortho-pentafluorobenzyl benzoate 

unit is a generally applicable supramolecular synthon for 

introducing ArF-ArH cofacial interactions in conjugated materials 

and programming twisting along the chromophore backbone 

(Figure 4, top). Our first paper on this topic, published in J. Mater. 

Chem. C, demonstrated potential generality of this approach: six 

out of seven such molecules showed intramolecular ArF-ArH 

stacking and corresponding twisting along the conjugated 

backbone—one example containing a central biphenyl linkage is 

shown in Figure 4 (middle). Consistent with our prior work, 

substituent effects impact cofacial interactions, with electron-

donating alkoxy groups on the ArH rings favoring a larger number 

of ArF-ArH interactions. 

We have expanded the function of such designs to solid-state 

phosphors, which can be difficult to realize due to inter-

chromophore aggregation and resulting quenching of long-lived 

excited states. Installation of the pentafluorobenzyl benzoate unit 

Figure 3: Dependence of solid-state emission and MFC characteristics of three-ring phenylene-ethynylenes on 
regiochemistry of side chains not formally conjugated to the main chain. 

Figure 4: Crystal structure showing 
programmed twisting of biphenyl-
linked phenylene ethynylene 
(middle) and solid phosphorescence 
of a Pt-acetylide (bottom, center) 
using stacking supramolecular 
synthon (top).  

332



into platinum acetylide phosphors makes phosphorescence the dominant radiative relaxation 

pathway as a neat solid. Analogous solids with identical conjugated backbones but different side 

chains showed weak fluorescence as the dominant radiative pathway (Figure 4, bottom). Crystal 

structures revealed ArF-ArH cofacial stacking prevents aggregation prominent in quenched 

analogs. 

Future Directions 1: We are focusing on specific hypotheses regarding structural modifications 

that could have the greatest impact on modern organic optoelectronic materials. For example, two 

ongoing efforts involve using our test bed to test the following hypotheses: i) that the electronic 

characteristics of heteroaromatic ring systems such as thiophene, thienothiophene, and 

benzothiadiazole influence the strength of cofacial interactions and resultant solid-state assembly 

and optical properties, and ii) longer alkyl linkers to the ArF ring allows ArF-ArH stacking and 

control over optoelectronic properties. We anticipate upcoming efforts qill focus on conjugated 

structures with cutting-edge properties that rely on controlling intramolecular electronic coupling, 

such as TADF and open shell systems with relevance to quantum information science. In addition, 

we are working to understand an unexpected recent result that hydrostatic pressure reversibly shifts 

optical properties of our PE molecules in solution. 

Future Directions 2:  We are using modern density 

functional theory methods to elucidate conformational 

behavior, the nature of the non-covalent interactions 

occurring in the solid state, and the origin of observed 

shifts in UV-vis absorbance spectra. Current results 

indicate our systems exhibit six distinct classes of 

conformations (Figure 5), with the planar conformation 

12-16 kcal/mol above the lowest-lying conformer, 

consistent with observed crystal structures. We will 

identify non-covalent contacts that preferentially 

stabilize the observed packing motifs and use that 

quantitative information to predict the favored assembly 

motifs and optical properties of new materials.   
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Figure 5: Calculated relative energies of 
conformers (kcal/mol) highlighting 
stabilization through ArF-ArH interactions. 
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Fig. 1. Temperature-dependent IR spectra 

of adsorbed C2H4 band (left) and EDA 

triangular entrance to the MOF channel 

with a schematic energy profile (right). 

Understanding and Tailoring Diffusion and Co-Adsorption 

Inside the Confined Pores of Metal-Organic Frameworks 

Timo Thonhauser, Department of Physics, Wake Forest University 

Jing Li, Department of Chemistry and Chemical Biology, Rutgers University 

Kui Tan, Department of Materials Science, University of Texas at Dallas 

Program Scope 

 The aim of this project is to develop a concise understanding of the mechanisms that 

control the behavior of guest molecules in pure form and mixtures inside metal organic 

frameworks (MOFs)—leading to design/synthesis guidelines for MOFs with desired 

functionality/performance—based on a closing-the-loop approach that integrates ab initio 

modeling, in situ spectroscopy, and synthesis. We address research questions and barriers to 

progress such as: How do guest molecules in gas mixtures diffuse deep into or out of the MOF 

and how can we unambiguously characterize that? What are the factors controlling the co-

adsorption of gas mixtures in the confined pores of MOF? What role do guest molecules (pure or 

in mixture) play in the gate opening/closing of flexible MOFs? Our objectives are (1) to gain 

understanding of the gas adsorption kinetics in MOFs by uncovering diffusion mechanisms of 

single gases and mixtures; (2) to deepen the understanding of the equilibrium aspects of gas 

adsorption in MOFs by studying guest-host interactions during co-adsorption and identifying 

principles that govern the behavior of gas mixtures in nano-confined environments; and (3) to 

elucidate dynamic behaviors of flexible MOFs by studying gas adsorption and molecular 

trapping mechanisms of single gases and mixtures. Our closing-the-loop approach will lead to 

new insights into the adsorption behavior of MOFs in real-world situations where gases are 

mixed and will accelerate the development of MOFs with improved and tailored properties. 

Recent Progress  

a) Thermally Activated Adsorption in Metal–Organic 

Frameworks with a Temperature-Tunable Diffusion 

Barrier Layer [1]: Modification of the external surfaces 

of metal–organic frameworks offers a new level of 

control over their adsorption behavior. It was shown in 

our previous work [Nat. Comm. 2016, 7, 13871] that 

capping of MOFs with ethylenediamine (EDA) can 

effectively retain small gaseous molecules at room 

temperature. Our recent work reported a temperature-

induced variation in the capping-layer gate-opening 

mechanism through a combination of in situ infrared 

characterization and ab initio simulations of the capping 

layer (see Fig. 1). An atypical acceleration and increase 
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Fig. 2. Synergistic binding of acetate and co-

adsorbed water on missing-linker defect site 

of UiO-66, as verified by their signature 

bands. 

in the loading of weakly adsorbed molecules upon raising the temperature above room 

temperature is observed. These findings show the discovery of novel temperature-dependent 

kinetics that goes beyond standard kinetics and suggest a new avenue for tailoring selective 

adsorption by thermally tuning the surface barrier. This project addresses research questions in 

Objective 1. 

 

b) Porous Ti-MOF-74 Framework as a Strong-Binding Nitric Oxide Scavenger [2]: Combining 

novel synthesis, in situ IR spectroscopy, and ab initio modeling we show that the titanium-based 

porous framework Ti-MOF-74 has potential as an environmental nitric oxide (NO) scavenger, 

exhibiting an extraordinarily strong binding affinity and selectivity over other co-existing flue-

gas components that compete with NO adsorption. The robustness upon exposure to water vapor 

and high flue-gas stack temperatures suggests that this material can perform well in an industrial 

environment. In-depth analysis of the Ti−NO bond indicates that the NO forms a strong covalent 

bond with the Ti. The process of this NO-bond formation involves a reaction with the OH− 

capping groups of the Ti to form NOx groups, after which the excess NO binds to the open Ti 

metal sites. Ti-MOF-74 thus becomes the first known porous framework that binds NO 

significantly stronger than water, providing novel avenues for environmental and physiological 

scavenging applications. This project addresses research questions in Objective 2. 

 

c) Defect Termination in the UiO-66 Family of Metal-

Organic Frameworks: The Role of Water and 

Modulator [3]: The defect concentration in the 

prototypical metal-organic framework UiO-66 can be 

well controlled during synthesis, leading to precisely 

tunable physicochemical properties for this structure. 

However, there has been a long-standing debate 

regarding the nature of the compensating species 

present at the defective sites. Here, we present 

unambiguous spectroscopic evidence that the missing-

linker defect sites in an ambient environment are 

compensated with both carboxylate and co-adsorbed 

water (bound through intermolecular hydrogen 

bonding, see Fig. 2), which is further supported by ab 

initio calculations. In contrast to the prevailing assumption that the monocarboxylate groups 

(COO−) of the modulators form bidentate bonding with two Zr4+ sites, COO− is found to 

coordinate to an open Zr4+ site in an unidentate mode. The neighboring Zr4+ site is terminated 

and coordinated by a co-adsorbed H2O, which helps stabilizing the COO− group. This finding not 

only provides a new understanding of defect termination in UiO-66, but also sheds light on the 

origin of its enhanced physicochemical properties such as adsorption selectivity and catalytic 

activity. This project addresses research questions in Objective 2. 
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Fig. 3. Flexible MOF Mn(ina)2 exhibits unique 

temperature- and sorbent-dependent adsorption 

behavior for effective separations of xenon and 

krypton atomic gases.  

Fig. 4. Adsorption rates of nHEX, 3MP and 23 

DMB in Zn-adtb at 30 C. The inset shows the 

structure of Zn-adtb. 

d) Probing and Understanding Unique Adsorption 

Behavior of Noble Gases in a Flexible MOF [4]: 

Flexible MOFs hold great promise as smart 

materials for specific applications such as gas 

capture and separation. These materials undergo 

interesting structural changes in response to guest 

molecules, which is often associated with unique 

adsorption behavior not possible for rigid MOFs. 

Understanding the dynamic behavior of flexible 

MOFs is crucial yet challenging as it involves 

weak host-guest interactions and subtle structural 

transformation not only at the atomic/molecular 

level but also in a non-steady state. We carry out 

an in-depth study on the adsorbate- and 

temperature-dependent adsorption in a flexible MOF by crystallizing atomic noble gases into its 

pores. Mn(ina)2 (see Fig. 3) shows interesting temperature-dependent response toward noble 

gases. Its non-monotonic, temperature-dependent adsorption profile results in an uptake 

maximum at a temperature threshold, a phenomenon that is unusual. Full characterization of Xe 

loaded MOF structures is performed by in situ single crystal and synchrotron X-ray diffraction, 

IR spectroscopy and ab initio modeling. The X-ray diffraction analysis offers a detailed 

explanation into the dynamic structural transformation and provides a convincing rationalization 

of the unique adsorption behavior at the molecular scale. The guest- and temperature-dependence 

of the structural breathing gives rise to an intriguing reverse of Xe/Kr adsorption selectivity as a 

function of temperature. This project addresses research questions in Objective 3. 

 

e) Effective Separation of C6 Alkane Isomers by a 

Flexible Zn-MOF with a Rare scu Topology [5]: 

Adsorption-based separation by porous solids 

(adsorbents) offers an energy efficient alternative 

for the purification of important chemicals 

compared to energy intensive distillations. 

Specifically, energy-efficient separation of linear 

hexane isomers from its branched counterparts is 

crucial to produce premium grade gasoline with 

high research octane number (RON). We 

demonstrate that a new, flexible zinc-based metal-

organic framework, [Zn5(μ3-OH)2(adtb)2 (H2O)5·5 

DMA] (Zn-adtb, Figure 4) is capable of separating 

the C6 isomers nHEX, 3MP and 23DMB. The 

flexible MOF is constructed from a butterfly 
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shaped carboxylate linker with underlying 4,8-connected scu topology. The adsorbate-adsorbent 

interactions and separation mechanism are investigated through in situ FTIR, solid state NMR 

measurements and ab initio modeling. These studies reveal 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 

confirm that the linear nHEX can be efficiently separated from the mono- and di-branched 

isomers. This project addresses research questions in Objectives 1 and 3. 

Future Plans 

 In the near-term future, we plan to apply in situ spectroscopy and ab initio modelling to 

study the co-diffusion and co-adsorption mechanisms of a plethora of gas mixtures of interest to 

DOE including CO2/H2O, CO2/C2H2, C2H4/C2H2/C2H6, C3H4/C3H6/C3H8 and C6 alkane isomers 

in a variety of existing benchmark MOFs such as MFSIX and the CPM series with partitioned 

pore space. Our particular interest is to examine the dependence of molecular diffusivities on the 

co-adsorbed species and competition or cooperation behaviors among various molecules within 

the ultrasmall nanopores. We will continue to explore interesting and unique gas adsorption 

behaviors of highly flexible and robust MOF structures such as Ca(H2tcpb) and Zn(2-cim)2 and 

ZIF derivatives with a focus on enhancing their adsorption capacity and selectivity for the 

separation of abovementioned important industrial chemical species in gas and/or vapor form. 

References 

[1]  Tan, K.; Jensen, S.; Wang, H.; Feng, L.; Wei, K.; Zhou, H.-C.; Li, J.; Thonhauser, T. 

“Thermally Activated Adsorption in Metal-Organic Frameworks with a Temperature-

Tunable Diffusion Barrier Layer”, Angew. Chem. Int. Ed. 2020, 59, 18468–18472. 

[2] Jensen, S.; Tan, K.; Feng, L.; Li J.; Zhou, H.C.; Thonhauser, T. “Porous Ti-MOF-74 

Framework as a Strong-Binding Nitric Oxide Scavenger Stephanie Jensen”, J. Am. Chem. 

Soc. 2020, 142, 16562−16568  

[3] Tan, K.; Pandey, H.; Wang, H.; Velasco, E.; Wang, K.-Y.; Zhou, H.-C.; Li J.; Thonhauser, 

T. “Defect Termination in the UiO-66 Family of Metal−Organic Frameworks: The Role of 

Water and Modulator”, J. Am. Chem. Soc. 2021, 143, 6328−6332 

[4] Wang, H.; Warren, M.; Jagiello, J.; Jensen, S.; Ghose, S.K.; Tan, K.; Yu, L.; Emge, T.J.; 

Thonhauser, T.; Li, J. “Crystallizing Atomic Xenon in a Flexible MOF to Probe and 

Understand its Temperature-Dependent Breathing Behavior and Unusual Gas Adsorption 

Phenomenon”, J. Am. Chem. Soc. 2020, 142, 20088–20097. 

[5] Velasco, E.; Xian, S.K.; Wang, H.; Teat, S.J.; Olson, D.H.; Tan, K.; Ullah, S.; Popp. T.O.; 

Bernstein, A.; Oyekan, K.A.; Nieuwkoop, A.J.; Thonhauser, T.; Li, J. “A Flexible Zn-MOF 

with Rare Underlying scu Topology for Effective Separation of C6 Alkane Isomers”, ACS 

Appl. Mater. Interfaces 2021, under revision.  

338



Publications (since the beginning of this project, 09/01/19) 

[1] Zhang, G.; Tan, K.; Xian, S.; Xing, K.; Sun, H.; Hall, G.; Li, L.; Li, J. “Ultrastable 

Zirconium-Based Cationic Metal-Organic Frameworks for Perrhenate Removal from 

Wastewater”, Inorg. Chem. 2021. Just accepted.  

[2] Tan, K.; Pandey, H.; Wang, H.; Velasco, E.; Wang, K.-Y.; Zhou, H.-C.; Li, J.; Thonhauser, 

T. “Defect Termination in the UiO-66 Family of Metal-Organic Frameworks: The Role of 

Water and Modulator”, J. Am. Chem. Soc. 2021, 143, 6328–6332. 

[3] Velasco, E.; Osumi, Y.; Teat, S. J.; Jensen, S.; Tan, K.; Thonhauser, T.; Li, J. “Fluorescent 

Detection of Carbon Disulfide by a Highly Emissive and Robust Isoreticular Series of Zr-

Based Luminescent Metal Organic Frameworks (LMOFs)”, Chemistry 2021, 3, 372–337. 

[4] Hei, X.; Li, J. “All-in-one: a new approach toward robust and solution-processable copper 

halide hybrid semiconductors by integrating covalent, coordinate and ionic bonds in their 

structures”, Chem. Sci. 2021, 12, 3805–3817. 

[5] Xian, S.; Lin, Y.; Wang, H.; Li, J. “Calcium-Based Metal-Organic Frameworks and Their 

Potential Applications”, Small 2021, 17, 2005165. 

[6] Mukherjee, S.; Kumar, N.; Bezrukov, A. A.; Tan, K.; Pham, T.; Forrest, K. A.; Oyekan, K. 

A.; Qazvini, O. T.; Madden, D. G.; Space, B.; Zaworotko, M. J. “Amino-Functionalised 

Hybrid Ultramicroporous Materials that Enable Single-Step Ethylene Purification from a 

Ternary Mixture”, Angew. Chem. Int. Ed. 2021, 60, 10902–10909. 

[7] Pandey, H.; Barrett, T.; Gross, M. D.; Thonhauser, T. “Adsorption properties of acetylene, 

ethylene and ethane in UiO-66 with linker defects and NO2 functionalization”, Mater. Adv. 

2021, 2, 426–433. 

[8] Jensen, S.; Tan, K.; Feng, L.; Li, J.; Zhou, H.-C.; Thonhauser, T. “Porous Ti-MOF-74 

Framework as a Strong-Binding Nitric Oxide Scavenger”, J. Am. Chem. Soc. 2020, 142, 

16562–16568. 

[9] Tan, K.; Jensen, S.; Wang, H.; Feng, L.; Wei, K.; Zhou, H.-C.; Li, J.; Thonhauser, T. 

“Thermally Activated Adsorption in Metal-Organic Frameworks with a Temperature-

Tunable Diffusion Barrier Layer”, Angew. Chem. Int. Ed. 2020, 59, 18468–18472. 

[10] Wang, H.; Warren, M.; Jagiello, J.; Jensen, S.; Ghose, S. K.; Tan, K.; Yu, L.; Emge, T. J.; 

Thonhauser, T.; Li, J. “Crystallizing Atomic Xenon in a Flexible MOF to Probe and 

Understand Its Temperature-Dependent Breathing Behavior and Unusual Gas Adsorption 

Phenomenon”, J. Am. Chem. Soc. 2020, 142, 20088–20097. 

[11] Hei, X.; Liu, W.; Zhu, K.; Teat, S. J.; Jensen, S.; Li, M.; O’Carroll, D. M.; Wei, K.; Tan, 

K.; Cotlet, M.; Thonhauser, T.; Li, J. “Blending Ionic and Coordinate Bonds in Hybrid 

Semiconductor Materials: A General Approach toward Robust and Solution-Processable 

Covalent/Coordinate Network Structures”, J. Am. Chem. Soc. 2020, 142, 4242–4253. 

339



[12] Alahakoon, S. B.; Tan, K.; Pandey, H.; Diwakara, S. D.; McCandless, G. T.; Grinffiel, D. 

I.; Durand-Silva, A.; Thonhauser, T.; Smaldone, R. A. “2D-Covalent Organic Frameworks 

with Interlayer Hydrogen Bonding Oriented through Designed Nonplanarity”, J. Am. 

Chem. Soc. 2020, 142, 12987–12994. 

[13] Cure, J.; Cocq, K.; Nicollet, A.; Tan, K.; Hungria, T.; Assie-Souleille, S.; Vivies, S.; 

Salvagnac, L.; Quevedo-Lopez, M.; Maraval, V.; Chauvin, R.; Estève, A.; Rossi, C. “A 

Beehive Inspired Hydrogen Photocatalytic Device Integrating a Carbo-Benzene Triptych 

Material for Efficient Solar Photo-Reduction of Seawater”, Adv. Sustain. Sys. 2020, 4, 

2000121. 

[14] Li, H.-Y.; Zhao, S.-N.; Zang, S.-Q.; Li, J. “Functional metal-organic frameworks as 

effective sensors of gases and volatile compounds”, Chem. Soc. Rev. 2020, 49, 6364–6401. 

[15] Li, J.; Yuan, S.; Qin, J.-S.; Huang, L.; Bose, R.; Pang, J.; Zhang, P.; Xiao, Z.; Tan, K.; 

Malko, A. V.; Cagin, T.; Zhou, H.-C. “Fluorescence Enhancement in the Solid State by 

Isolating Perylene Fluorophores in Metal-Organic Frameworks”, ACS Appl. Mater. 

Interfaces 2020, 12, 26727–26732. 

[16] Lo, S.-H.; Feng, L.; Tan, K.; Huang, Z.; Yuan, S.; Wang, K.-Y.; Li, B.-H.; Liu, W.-L.; 

Day, G. S.; Tao, S.; Yang, C.-C.; Luo, T.-T.; Lin, C.-H.; Wang, S.-L.; Billinge, S. J. L.; Lu, 

K.-L.; Chabal, Y. J.; Zou, X.; Zhou, H.-C. “Rapid desolvation-triggered domino lattice 

rearrangement in a metal-organic framework”, Nature Chem. 2020, 12, 90–97. 

[17] Miller, J. T.; Ren, Y.; Li, S.; Tan, K.; McCandless, G.; Jacob, C.; Wu, Z.; Chu, C.-W.; Lv, 

B.; Biewer, M. C.; Stefan, M. C. “Peroxide-Templated Assembly of a Trimetal 

Neodymium Complex Single-Molecule Magnet”, Inorg. Chem. 2020, 59, 10379–10383. 

[18] Wang, H.; Liu, Y.; Li, J. “Designer Metal–Organic Frameworks for Size-Exclusion-Based 

Hydrocarbon Separations: Progress and Challenges”, Adv. Mater. 2020, 32, 2002603. 

[19] Wu, Z.-F.; Velasco, E.; Shan, C.; Tan, K.; Zhang, Z.-Z.; Hu, Q.-Q.; Xing, K.; Huang, X.-

Y.; Li, J. “Robust fluorescent calcium coordination polymers as Cu2+ sensors with high 

sensitivity and fast response”, J. Mater. Chem. C 2020, 8, 6820–6825. 

[20] Yu, L.; Dong, X.; Gong, Q.; Acharya, S. R.; Lin, Y.; Wang, H.; Han, Y.; Thonhauser, T.; 

Li, J. “Splitting Mono- and Dibranched Alkane Isomers by a Robust Aluminum-Based 

Metal-Organic Framework Material with Optimal Pore Dimensions”, J. Am. Chem. Soc. 

2020, 142, 6925–6929. 

[21] Jensen, S.; Tan, K.; Lustig, W. P.; Kilin, D. S.; Li, J.; Chabal, Y. J.; Thonhauser, T. 

“Structure-Driven Photoluminescence Enhancement in a Zn-Based Metal-Organic 

Framework”, Chem. Mater. 2019, 31, 7933–7940. 

[22] Wang, S.; Xhaferaj, N.; Wahiduzzaman, M.; Oyekan, K.; Li, X.; Wei, K.; Zheng, B.; 

Tissot, A.; Marrot, J.; Shepard, W.; Martineau-Corcos, C.; Filinchuk, Y.; Tan, K.; Maurin, 

340



G.; Serre, C. “Engineering Structural Dynamics of Zirconium Metal–Organic Frameworks 

Based on Natural C4 Linkers”, J. Am. Chem. Soc. 2019, 141, 17207–17216. 

341



Using Nanoporous and Nanostructured Materials to Understand and Optimize 

Pseudocapacitive Charge Storage 

 

Sarah Tolbert, University of California Los Angeles (UCLA), Departments of Chemistry & 

Biochemistry and Materials Science & Engineering 

Program Scope 

The need for improved electrochemical energy storage continues to grow in our modern society.  
Lithium-ion batteries are currently used for most applications because of their high energy density and 
reasonable cycle life, but long charging times impede some applications.  Electric double layer capacitors 
offer faster charging times and higher power density, but at the cost of energy density.  Pseudocapacitors 
offer an exciting alternative, combining high energy and power density through fast, faradaic near-surface 

redox reactions. Even higher energy densities can be realized through a process called intercalation 
pseudocapacitance, where fast insertion of Li+ can occur in materials that do not undergo a discontinuous 
phase transition during cycling. Li+ insertion without a phase transition can be an intrinsic materials 
property, or can be induced by nanoscale size or disorder.  In our DOE supported work on nanostructured 
electrode materials, we have followed the evolution with crystallite size from bulk battery-like kinetics to 
pseudocapacitive behavior in a range of materials.  We have also developed pseudocapacitive cathode 

materials to enable fast charging full cell devices. 
 

Recent Progress  

Many of the nanostructured materials described below are synthesized through template-directed 
methods to create porosity that allows the electrolyte to penetrate the material. Both molecular 
inorganic and nanocrystal precursors that are soluble in polar organic solvents can be template 
with micelle-forming diblock copolymers.  For precursors that are soluble in aqueous solutions, 
charged polymer colloids, such as poly(methyl methacrylate) (PMMA) nanospheres, are ideal 
templates.  Simple solvent evaporation, or freeze-drying ensures that the template and inorganic 
remain mixed during drying.  Once dry, thermal or chemical removal of the template produces the 
final porous material.1  Tuning the wall thickness is accomplished by varying the template size 
and the inorganic:template ratio. This architecture allows us to create short Li+ diffusion distances 
and channels for electrolyte, while maintaining an electrically interconnected network.   

Recent work has prioritized developing architectures with tunable size in addition to fast 
kinetics to understand the transition from battery to pseudocapacitor. We began with MoO2, a 
rutile-type tunnel structure with good ionic and electrical conductivity that suffers from poor 
kinetics in the bulk due to a sluggish first-order phase transition. By varying the size of PMMA 
nanospheres and changing the ratio of polymer to inorganic precursor, we produced crystalline 
nanoporous MoO2 powders with tunable pore wall thickness and porosity. SEM images of three 
sizes of nanoporous MoO2 are shown in Fig. 1, along with galvanostatic cycling data for each size. 
Although the 
capacities at slow 
rates are similar, 
smaller crystal-
lite sizes samples 
retain more 
capacity at higher 
rates (Fig. 1). 

To quantify 
the fraction of 
capacitive charge 

 
Fig. 1:  Scanning electron micrographs of mesoporous MoO2 powders with different crystal 
domain sizes (left) and their corresponding electrochemical cycling performance (right). 
Materials with large domain sizes show poorer rate capability more typical of battery 
materials, while nanocrystalline powders with thinner walls are capable of fast cycling.  
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storage compared, we turn to various sweep voltammetry 
methods.2,3  For a redox reaction limited by semi-infinite diffusion, 
the peak current response varies with the square root of the sweep 
rate (v1/2); for a capacitive process, it varies linearly with v.4 Using 
the equation in Fig. 2, bottom, the exponent (b) can be easily 
extracted from the slope of a plot of log current vs. log sweep rate. 
Slopes or b-values near 0.5 correspond to pure battery-like 
kinetics, while a slope approaching 1 corresponds to 
pseudocapacitive behavior.  Fig. 2 shows that the peak current for 
the largest and smallest sizes of nanoporous MoO2 vary with the 
square root of the sweep rate and near linearly with the sweep rate, 
respectively, confirming that large MoO2 is battery-like, and small 
MoO2 is dominantly pseudocapacitive.  

In Fig. 3, we show operando synchrotron XRD to probe phase 
transition dynamics during electrochemical cycling on nanoporous 
MoO2 with three different average crystal sizes. To our surprise, 
we found not two, but three distinct types of phase behavior. The 
largest size showed bulk-like behavior:  The diffraction peaks shift 
from MoO2 to LiMoO2 with a discontinuous phase transition (2-
phase coexistence), as seen in the left panel of Fig. 3. Interestingly, 
the middle-sized sample (21 nm average domain size) showed the 
exact same beginning and ending peak positions, indicating that 
the same structural changes occurred in this sample, but those 
changes occurred via a solid-solution mechanism without a 

discontinuous phase transition. Decreasing the average crystallite size further appears to involve 
another mechanistic change, as the smallest sample showed almost no structural change. This data 
clearly shows the progression from two-phase coexistence to solid-solution-type phase transition 
behavior as crystallite size decreases, and then to a mostly suppressed phase transition as crystallite 
size decreases further. These results differentiate two concepts that are often convoluted in the 
literature (phase transition suppression vs. conversion from first- to second-order transition).   

In addition to MoO2, we have also examined size effects the classic van der Waals intercalation 
host, MoS2.  We previously showed pseudocapacitive behavior in nanocrystals of MoS2, but size 
control was not possible in that system. 5  Here, nanoporous MoS2 was synthesized from 
nanoporous MoO2 similar to that shown in Fig. 1 using thermal sulfurization. By starting with 
different MoO2 pore wall thicknesses, a range of MoS2 wall thicknesses could be produced (Fig. 
4a,b) with wall thickness histograms in Fig. 4c.  The smallest sizes of MoS2 displayed very fast 
charging behavior (Fig. 4d), with 43% 
capacity retention at 100C. The sloped 
galvanostatic traces, rather than distinct 
plateaus at intercalation potential, also 
suggest a lack of first order-phase transitions 
during lithiation. By contrast, large domain 
size materials showed much slower kinetics.  

Efforts to produce new pseudocapacitive 
cathode materials have focused on 
nanoporous LiNi0.80Co0.15Al0.05O2 (NCA), 
which exhibits high capacity and a second-
order phase transition during cycling in the 
bulk. The fact that first-order phase 
transitions are intrinsically suppressed 
makes NCA a promising material that could 

 
Fig. 3:  Operando XRD on nanoporous MoO2 with different 

sizes. Three types of phase-transition behavior are observed, 

which has not been observed before in a single system.   

 

 
Fig. 2: Kinetics analysis using 
the bottom equation for two sizes 
of nanoporous MoO2. Pseudo-
capacitive (b~1) and battery-like 
(b~0.5) behavior is observed at 
small & large sizes, respectively. 
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show pseudocapacitive behavior at sizes much larger 
than materials where phase transitions are suppressed by 
finite-size effects.6  

Nanostructured NCA was synthesized using sol-gel 
methods and a colloidal PMMA template. To study the 
effect of size, two different calcination methods were 
utilized to crystallize the porous network and were 
compared to commercial bulk NCA, which has larger 
particle sizes and no nanoscale porosity (Fig. 5a). The 
first heating method is analogous to rapid thermal 
annealing (RTA), where the PMMA templated NCA 
precursor material was placed into a hot oven for a short 
amount of time (850 °C for 5 minutes). Referred to as 
PMMA/RTA, this sample had small particle sizes and 
nanoscale porosity (Fig. 5c). The NCA precursor was 
heated from room temperature to 800 °C over 1 hour, 
then held at 800 °C for 2 hours; this method is referred 
to as PMMA/no-RTA and resulted in medium particle sizes and nanoscale porosity (Fig. 5b).  

Two issues with NCA are cation mixing and air sensitivity. The former results from incomplete 
oxidation of Ni2+ to Ni3+, and the latter from reactions with CO2 and H2O at the NCA surface. 
Although PMMA/RTA has the shortest lithium-ion diffusion lengths, the PMMA/no-RTA 
materials had the best capacity retention at 64C, likely due to increased surface area and incomplete 
Ni2+ oxidation during synthesis in the PMMA/RTA. To quantify pseudocapacitive behavior, 
electrochemical kinetic analyses were performed. The PMMA/no-RTA NCA showed 
pseudocapacitive characteristics with an average b-values of 0.94 (close to 1; Fig. 5e).  

Finally, to show the practical applicability of 
these materials, the PMMA/no-RTA material 
was paired with Nb2O5, a standard 
pseudocapacitive anode, in a fast-charging full-
cell device. This full-cell was cycled 2000 times 
at 10C (charging/discharging in 6 minutes) with 
72% capacity retention (Fig. 5f).7 

The other cathode material we studied was a 
nanostructured member of a family of known 
fast charging battery materials – the metal 
phosphates.  We chose to examine LiVPO4F 
(LVPF), which is a high voltage cathode with 
good reported rate capability. 8   It is usually 
made by solid-state methods, but under DOE 
support, we developed a sol-gel colloidal 
templating route to nanoporous LVPF that uses 
fluoropolymer colloids as both the template and 
the fluorine source. Fig. 6a shows an SEM 
image that demonstrates the homogeneous 
nanoscale porosity that we have achieved.  The 
nanoporous LVPF shows excellent capacity 
retention up to 30C (Fig. 6b).  One might predict 
that nanoporous LVPF would show suppression 
of standard intercalation induced phase 
transitions and pseudocapacitive behavior, but 
this is not the case.  Electrochemical kinetics 

 
Fig. 5: (a-c) SEM images of commercial bulk, 
PMMA/no-RTA, & PMMA/RTA NCA. (d) 
Galvanostatic rate capability for the samples show in 
panels (a-c). (e) b-value analyses for PMMA/no-RTA. 
(c) Extended cycling for PMMA/no-RTA NCA paired 
with a Nb2O5 anode in a fast-charging full-cell. 
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Fig. 4:  SEM images of thin (a) and thick (b) 
walled nanoporous MoS2. Wall thickness 
distributions are quantified in (c) and thin 
walled cycling data is shown in (d). 
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studies show that lithium intercalation in LVPF is 
dominantly diffusion controlled with a b-value 
near 0.5, typical of battery materials (Fig. 6c).  
Operando diffraction show a clear first-order 
phase transition upon lithium extraction, with 
two-phase coexistence observed upon both charge 
and discharge (Fig. 6d).  This raises the question 
of why nanoporous LVPF shows such fast rate 
capabilities and brings into question the difference 
between fast batteries and pseudocapacitors.    

Future Plans 

Future work aims at clarifying our 
understanding of pseudocapacitive charge 
storage, with a focus on the relative roles of size 
and disorder in suppressing phase transitions and 
facilitating fast charging.  Nanoporous materials 
will be synthesized with controlled size and 
operando X-ray diffraction will be used to directly 
follow phase transitions during (dis)charge.  
Electrochemical studies, including multiple 
sweep-rate dependent voltametric methods, 
galvanostatic intermittent titration testing (GITT), 
and electrochemical impedance, will be used to examine the signatures of pseudocapacitive charge 
storage.  We will use temperature dependent studies to determine if phase transition suppression 
in nanostructured electrode materials is kinetic or thermodynamic in origin.  We next consider 
whether the size evolution described above is general to nanostructured pseudocapacitors, and if 
so, which transition (1st-order to 2nd-order or 2nd-order to transition suppression) is key to the onset 
of high rate charge storage.  Finally, we will explore the role of structural disorder, which has been 
shown to suppress 1st-order phase behavior in some bulk materials.  A range of materials with both 
controlled size and controlled disorder will examined to help clarify the structural and 
electrochemical signatures of pseudocapacitance. 

In parallel, we will expand the range of available pseudocapacitive materials.  For nanoporous 
NCA, we work to decreasing nanoscale domain size and stabilizing the reactive NCA surfaces.  
Concurrently, we will explore new polymer templates for scalable materials synthesis and 
nanoscale versions of other high capacity/high voltage metal oxide cathodes. Finally, we will 
continue to examine nanoporous versions of metal phosphate cathodes like LVPF.  Although Fig. 
6 shows battery-like kinetics, other methods, indicate more capacitive behavior, so the system is 
an interesting test case for better defining fast charging pseudocapacitive behavior.  
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Fig. 6:  (a) SEM image of nanoporous LVPF 
showing homogeneous nanoscale porosity and (b) 
galvanostatic cycling show excellent capacity 
retention up to 30 C. Despite this fact, the material 
is fundamentally a battery with a b-value near 0.5 
(c) and multiple first order phase transitions (d, 
transition midpoints highlighted in orange). 
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Program 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  

Our team completed three foundational 

studies relating to the inclusion of CPP molecules into 

polymer structures and to the extension of advanced 

quantum mechanical calculations related to quinoidal 

architectures that will be important considerations for 

modulating the spin properties of oligomeric or 

polymeric structures based upon CPP cores.   

Inclusion of radial conjugation into linear pi-

conjugated pathways.  The first major activity was 

the completion of a comparative study of [6] and [8] 

CPP-based conjugated small molecules and 

polymers alongside their terphenyl model variants.1  

Figure 1.  Library of materials prepared to study 

the merger of radial and linear conjugation. 
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We augmented the phenylene ethynylene polymers with models where the core CPP or terphenyl 

units were capped with two phenyl acetylene units.  The library of materials thus prepared is shown 

in Figure 1. Quantum chemical calculations were conducted on these molecular systems and on 

defined oligomers to capture the extent of orbital delocalization.   

Our key findings are summarized in 

Figure 2.  The low energy UV-vis region is 

enhanced relative to the parent CPP core, 

which was initially interpreted as being due 

to symmetry breaking that provided further 

oscillator strength to the CPP HOMO-LUMO 

transition.  However, quantum chemical 

calculations indicate that these broad low-

energy peaks are actually superpositions of 

multiple closely-spaced transitions that are 

spread over both the CPP core and the linear 

conjugated elements.  This is corroborated by the orbital coefficients of specific energy levels near 

the frontier orbitals are indeed spread over both CPP and linear conjugation pathways.  This affirms 

one of our design motivations that merging CPP radial conjugation into linear pi-conjugation will 

open up new electronic states not available to the components in isolation.   

Inclusion of radial conjugation into saturated polymer backbones. In addition to looking into 

the electronic contributions of CPPs in conjugated polymers, we sought to develop a method to 

prepare various self-assembled nanomaterials from CPPs 

in a controlled manner.2 We targeted ring-opening 

metathesis polymerization (ROMP) as a mild method to 

achieve a high degree of control, and toward that end 

synthesized CPPs of three various sizes with a 

benzonorbornadiene group embedded 

in the nanohoop backbone (Figure 3). We found that this 

controlled polymerization method gives access to 

poly(nbCPP)s with varying molecular weights which 

retain the desirable characteristics of CPPs, such as 

solubility, size-dependent fluorescence, and host-guest 

interactions. Moreover, due to the living nature of this 

polymerization, we were able to prepare block polymers 

of varying sized CPPs.  

All the poly-CPPs obtained via ROMP share the absorbance maximum around 340 nm 

found in the underivatized parent compounds (Figure 4). In terms of emission, poly[8]CPP and 

poly[10]CPP also maintain the characteristic fluorescence emission profiles of the respective sizes 

of CPPs. For the copolymers, results differed based on polymer sequence. Poly[10]CPP-block-

Figure 3. ROMP as a method for “living” 

polymerization of cycloparaphenylenes 

into new types of carbon nanomaterials. 

Figure 2.  Spectral comparison of CPP (red dotted line) 

and poly arylene ethynylene (blue dotted line) to the 

hybrid structure (purple solid line) and a representative 

HOMO orbital distribution showing extended 

delocalization.  

348



poly[8]CPP shows overlapping but clear emission peaks from both monomer types, similar to the 

emission profile obtained by blending samples 

of poly[8]CPP and poly[10]CPP. On the other 

hand, poly[8]CPP-random-[10]CPP has an 

emission profile which closely resembles that of 

[8]CPP. This unexpected emission from 

poly[8]CPP-random-[10]CPP is attributed to 

energy transfer between the hoop sizes, similar 

to what is observed in concatenated nanohoops 

of differing sizes. The fact that intermixing the 

two hoop sizes in a statistical polymer gives rise 

to energy transfer whereas linking [8]CPP and 

[10]CPP units in a block copolymer does not 

suggests that physical proximity is a critical 

factor for this effect. We  further examined the fluorescence quenching of various poly-CPPs by 

the addition of fullerene C60. We observed differential degrees of [8] and [10] CPP quenching 

depending on the block architecture which suggests that both sizes of hoop units are involved in 

the observed fluorescence quenching regardless of polymer sequence.  

Quantum chemical exploration of quinonoid repeat units.  With the purpose of engineering the 

band gap of conjugated polymers, we have computationally explored the space of more than two 

dozen heteroaromatic molecules as repeat units of potential quinonoid ground state polymers based 

on monomers that are synthetically accessible 

(Figure 5).3 We have identified eight polymers 

with quinonoid ground states (Q) that are 

energetically more stable than their aromatic 

isomeric structures (A) using density functional 

theory. The quinonoid ground states were further 

characterized using inter-ring rC-C bond lengths. 

Not all, but some also possess relatively small 

energy gaps. Although no common trend for 

preference of quinonoid ground state was 

observed with these systems under study, 

polymers with 5-membered rings in their 

backbones tended to prefer Q ground states more 

than those with 6-membered rings. Diradical character, expressed as the singlet-triplet splitting 

and the y0 index related to the effectively unpaired electrons, is explored as an unusual electronic 

structure characteristic for quinonoid-linked conjugated polymers and mixed A/Q polymers. This 

study provides a foundation to explore the more elaborate CPP-based quinonoidal structures.  

Copolymerizing the presented Q ground state systems with these A ground state CPPs will be the 

Figure 4. UV-vis and photoluminescence of 

poly(nb[x]CPP) homopolymers and block 

copolymers.  

 

Figure 5.  A selection of polymers assessed for 

ground-state quinonoidal preferences with the 

strongest quinonoidal trend found for the oligomers 

and polymers of TPz, IBF, FPz, PPD, and FPD.  
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next step with the expectation that some of these combinations will result in Q state polymers with 

very low band gaps and highly delocalized electronic structures.  

Future Plans 

 Our plans for future research entail the exploration of other linear CPP polymers that might 

foster even more degrees of delocalization, in addition to continuing studies of so-called “disjoint” 

CPPs whereby two different phenyl groups of the CPP radial structure participate in the pi-

extension of the linearly conjugated polymer.  This “disjoint” isomer necessarily requires or 

invokes the full radial conjugation in order to effectively delocalize along the polymer backbone 

in contrast to our “linear” isomer that in principle could maintain linear delocalization without 

necessarily engaging the entire radial conjugation path.  We will seek out block copolymers from 

nbCPPs, which pose exciting prospects for synthesis of organic light-emitters with tunable and 

perhaps even white light emission.  We will explore acyclic diene metathesis (ADMET) on CPPs 

now that we have experience with metathesis reactions.  We also expect to push further with 

mechanically bonded CPPs to explore through space electronic delocalization.  Finally, 

computational work will continue to support the spectroscopic characterization of oligomers and 

polymers in this project by assessing preferred conformations, and predicting and analyzing optical 

absorption and NMR chemical shifts. Analysis of rotaxanes by computational modeling revealed 

preferred configurations which will be used in future design strategies. 
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Expanding iClick to Link Metal Ions in Multidimensional Metallopolymers and Materials 

Synthesis 
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Program Scope 

 Metallopolymers have the potential to be next-generation materials for the energy sector, 

information storage, and materials synthesis. Uniquely, transition metal chemistry marries 

polymer science in these hybrid materials wherein the metal ion imparts new properties 

unimaginable for organic polymers alone. These materials can harvest light in next-generation 

photovoltaics or act as electrochromic components in displays by incorporating the well-defined 

photophysical properties of metal ions into a conductive polymer backbone. This project centers 

on new strategies to construct well-defined and rationally-designed metallopolymers. To achieve 

these goals this project takes advantage of iClick to construct new materials via cycloaddition 

reactions.  

 

 

 

 

 

 

 

iClick reactions and their application in metallopolymer synthesis. 
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Recent Progress  

 Recent progress on the project centers on expanding iClick to other classes of reactions. 

Originally formulated as the reaction of a metal-azide with a metal-acetylide, the goal of the 

current work is to expand this functionality to include cyclooctyne reagents (Figure 2). This 

opens a new area of iClick involving “strain-promoted azide-alkyne cycloaddition” (SPAAC). 

This aspect of the project was recently accomplished, and the results submitted for publication. 

  

 

 

Figure 3 summarizes the key finding that only steric factors influence the outcome of the iClick 

reaction and the calculated % buried volume (%Vbur) is the sole predictor. This study establishes 

an approach for the rapid computational pre-screening of metal azides for reactivity with 

cyclooctynes. The simplicity of the single computational descriptor, i.e. a %Vbur less than 50% 

will greatly accelerate and narrow the search for metal-azides that participate in SPAAC iClick 

Future Plans 

 After several years of elucidating the fundamental principles of iClick chemistry we are 

now able to exploit that chemistry in new materials applications. We plan to develop new porous 

material, stimuli responsive materials, and sensing materials. Each of these breakthrough 

materials areas relies on a fundamental principle discovered over the previous project years and 

we are in a unique position to exploit that knowledge. One of the applications centers on the 

synthesis and characterization of Pt-metallopolymers featuring NHC ligands. The goal for this 

work is to prepare metallopolymers of the general formula depicted in Figure 4. Initial studies 

have focused on small molecule additions to the Pt-acetylides and future work will center on 

progress to the metallopolymers.  

Figure 2. iClick reactions between metal-

azides and cyclooctyne. 
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polymerization. 
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Pi-Extended Porphyrins Fused with Five- and Six-Membered Rings: Synthesis, 

Characterization and Property Studies 
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Program Scope 

 Largely -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 -extended multichromophoric systems is especially attractive as 

the resulted largely -extended systems are reminiscent of “nanographenes” doped with 

heteroatoms.1, 2 

-Extended porphyrins have been known for decades.3, 4 However, due to the limited 

availability of synthetic methods, only the simplest symmetrical -extended porphyrins could be 

obtained in low and poorly reproducible yields. The Wang group has been engaged in developing 

concise and versatile synthetic and functionalization methods for -extended porphyrins. The 

availability of these methods has opened the door to access a large number of -extended 

porphyrins with novel functionalities.5-9 The purpose of this proposed project is threefold. First, 

we will develop concise and versatile synthetic methods to further extend the porphyrin -system. 

Second, we will use these methods to design and access different types of PAH-fused porphyrins 

including extended PAH-fused, acene-fused, and cyclooctatetraene-fused -extended porphyrins. 

Third, we will study the optical-, electronic-, and photophysical properties of these compounds 

using DFT calculations, UV-Vis/fluorescence spectroscopy, electrochemistry and 

spectroelectrochemistry, femto- and nanosecond transient absorption spectroscopy. 

 Recent Progress  

 We have developed several new synthetic methods to fuse different type of aromatic rings 

to the porphyrin periphery at the , -positions in the past two years. Using these methods, we 

have designed and prepared a number of novel -extended porphyrin systems with fused 5- and 6-

membered rings including pentacene-, pentaquinone-, acenaphtho[1,2-b]pentacene- and 12H-

benzo[f]benzo[4,5]imidazo[2,1-a]isoindole-fused porphyrins.8, 10-12 Nickel porphyrin-fused 

pentacenes demonstrated unusual stability. Investigation of the abnormal stability using 

femtosecond transient absorption technique suggested nickel porphyrin centered photo-events 

leading to a short-lived intermediate charge transfer state, consequently blocking the 

photodegradation pathways of pentacene.10  Unsymmetrical pentacene-fused molecular systems 

exhibited broad and intense near-IR absorptions in the 1800-2200 nm range for both radical cation 

and radical anions, illustrating the exceptional ability of these pentacene-fused systems to 

accommodate both positive and negative charges.11 These largely -extended molecular systems 
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displayed unusual UV-Vis absorption patterns and rich redox chemistry with up to 8 observable 

redox states. 

 

 

Future Plans 

1. We will continue to work on methodology development to incorporate 8-member rings 

into the conjugated systems.   

2. We will design and synthesize new cross-conjugated molecular systems incorporating 

larger pieces of polycyclic aromatic hydrocarbons.  

3. We will study the electronic and photophysical properties of these compounds using UV-

Vis spectroscopy, time-resolved and steady state fluorescence spectroscopy, transient 

spectroscopy, cyclic voltammetry and DFT calculations. We will establish property-

structure relationships based on the shape, the topology and size of the PAHs fused to the 

porphyrin systems.  
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Program Scope 

 The major goal of this research program is to discover and understand the role of 

intergrown phases in the structural and electrochemical stability of layered complex sodium metal 

oxide (CSMO) cathode materials for sodium ion batteries (SIBs). This program focuses on testing 

the hypothesis that intergrown phases within complex sodium metal oxides (CSMOs) can suppress 

host rearrangement and enhance their structural stability and electrochemical properties. To test 

this hypothesis, the objectives of this program are to (1) understand the nucleation and growth of 

intergrown phases within CMSOs, (2) determine the chemical, electrochemical, and mechanical 

stability at phase interfaces within the bulk and at the electrode surface in the presence of 

electrolyte and upon electrochemical cycling, (3) understand the effect of intergrown phases on 

host rearrangement, defect evolution, and charge storage and transport, and (4) identify the 

fundamental charge storage and transport mechanisms of intergrown phases within mixed-phase 

CSMO cathode materials. Experimental work includes design and synthesis of new solid-state 

mixed-phase CSMOs and coatings, as well as advanced chemical, electrochemical, and structural 

characterizations of these materials.  

 Recent Progress  

 Despite the promise of mixed-phase CSMOs for improving electrochemical and structural 

properties, fundamental knowledge regarding thermodynamics, nucleation and growth of the 

intergrown phases, intercalation kinetics, interfacial chemistry, as well as structural stability of this 

class of electrode materials remain limited. This program aims to fill this knowledge gap by 

systematically investigating why and how intergrown phases in CSMOs can be utilized to enhance 

solid-state material energy, power and stability. We synthesized and investigated a series of 

biphasic or intergrown NaxLiyTMzO2 (TM: transition metals) layered compounds.  

Origins of Irreversibility in Layered NaNixFeyMnzO2: Layered sodium transition metal oxides 

NaxTMO2 (x  1, TM=Ni, Fe, Mn) have received the most attention among cathode materials 

owing to their high capacity and close-packed structure. Binary or ternary mixtures of TMs often 

have a desirable balance of capacity and stability in NaxTMO2 that also minimizes the use of 

expensive or toxic elements such as Ni. Fe and Mn are abundant, and Ni provides two-electron 

Ni2+/Ni4+ redox which enables high capacities. However, the influence of the TM composition and 

the operating potential window on the stability of the electrode has not been systematically 

investigated. Understanding the evolution of the local TM bonding over many cycles is essential 
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to understand the fundamental degradation 

mechanisms in Na1Fex(Ni0.5Mn0.5)1-xO2 cathode 

materials. 

In this work, we elucidate the effects of the TM 

composition and potential window (2-4.0V or 

2-4.3V) on the reversibility of O3-type layered 

Na1Fex(Ni0.5Mn0.5)1-xO2 (NFM) (x = 0.33, 0.5, 

0.8). Galvanostatic cycling of NFM in sodium 

half-cells revealed that electrodes cycled at the 

higher operating potential window (2-4.3V) 

delivered larger initial capacities than the 

narrower window (2-4.0V), but the capacity 

faded more rapidly over many cycles (Fig. 1b). 

While all NFMs had comparable initial 

capacity, the samples with high content of Fe 

(x=0.8) demonstrated accelerated capacity fade 

in both potential windows. X-ray absorption 

spectroscopy (XAS) of pre-cycled (5th cycle) 

samples found that Ni2+/4+ redox was the only 

significant contributor to charge compensation 

during the 5th cycle. Fe3+/4+ redox is active in the 

first several cycles, but on the 5th cycle Fe no longer participates in charge compensation, 

suggesting irreversibility of Fe3+/4+ redox couple. In both potential windows, XAS spectra of 

x=0.33 sample are highly reversible over the 5th cycle (Fig. 1c and d). When x=0.8, a significant 

irreversibility of Ni2+/4+ redox is evidenced by irreversible shift in the Ni K-edge spectrum and 

shrinking of the Ni-O and Ni-TM distances (Fig. 1d and f). Thus, high Fe content (x=0.8) adversely 

affects the reversibility of Ni redox and its bonds. The effect of Fe on the Ni reversibility may be 

related to the irreversible oxidation of Fe3+ to Fe4+ in the first several cycles, which is inferred from 

the cumulative irreversible capacity over these cycles and the XAS measurements. More Fe4+ is 

formed initially at higher potentials and Fe content, to the detriment of Ni redox reversibility over 

further cycles. This insight on the Fe-Ni interaction provides a basis for designing methods which 

enhance the stability of NaNixFeyMnzO2, and high-performance layered SIB cathode materials. 

Intergrown Na0.87LixNi0.4Fe0.2Mn0.4O2+δ: Although the technology of O3-type layered cathodes for 

SIBs has rapidly developed, the cycling stability of such materials especially at high voltages 

(above 4.0 V vs. Na/Na+) remains an issue. Phase transitions in O3-type layered cathodes play a 

crucial role in their charge storage properties. Particularly, the existence or reversibility of the 

phase transitions directly affects their stability during cycling. We prepared a series of Li-

substituted layered-layered (O3/monoclinic) cathode material, Na0.87LixNi0.4Fe0.2Mn0.4O2+δ (LS-

Figure 1. a) Schematic of the effects of Fe content and 

cutoff voltage; b) Capacity retention of NFM cathodes; 

c,d) First inflection point energy of Ni K-edge spectra 

and e,f) Ni-TM radial distance versus states of charge. 
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NFM, x = 0.0 – 0.3) to investigate 

phase intergrowth for enhanced 

sodium ion storage and cycling 

stability. For Li = 0 and 0.05, a single 

O3 type layered phase is observed. 

At Li 0.10 and above, two phases 

were present - the main O3 type 

phase (space group R-3m) and a 

secondary monoclinic phase (C2/m) 

assigned as LixTMyOz. The phase 

fraction of LixTMyOz increases as 

the lithium content increases. The 

great structural compatibility and 

connectivity of the two phases are 

confirmed by XRD, selected area 

electron diffraction and high-

resolution transmission electron 

microscopy (HR-TEM) (Fig. 2a-c). Intergrown LS-NFM electrodes exhibit enhanced rate 

capability and capacity retention compared to purely O3 NFM. The voltage profile of LS-NFM 

shows a reversible plateau above 4.0V, while the high voltage plateau of the NFM is irreversible. 

This suggests the enhanced structural and electrochemical stability of LS-NFM cathode is 

associated with the intergrowth phase that stabilized the crystal structure at high voltages.  

Operando XRD demonstrates a reversible phase transition of the O3 phase to P3, corresponding 

to gliding of layers during cycling (Fig. 2d) as evidenced by the increasing d(003) spacing and rapid 

decrease in the (104)/(10-5) intensity ratio. The LixTMyOz phase showed shrinkage of d(111) and 

d(20-2) during charging to 4.2V while d(001) did not change indicating a contraction of the ab-plane. 

This shift was largely reversed on discharging to 2V. The result suggests that the LixTMyOz phase 

participates in the structural evolution during cycling, which may be associated with the 

improvement in cycling stability. In addition, ex situ 7Li NMR shows that the Li environment 

changes reversibly during cycling (Fig. 2e), corroborating the operando XRD results. Our work 

provides insight in the role of phase intergrowth in layered CSMOs for enhanced structural and 

electrochemical properties.  

 Role of Lithium Doping in P2-Na0.67Ni0.33Mn0.67O2: Lithium doping in layered NaxTMO2 has been 

widely shown to enhance the electrochemical properties. Due to their similar size, substitution of 

TMs by Li in octahedral sites is commonly assumed. Though less commonly reported, Li may 

occupy the prismatic sodium sites as well. However, the influence of Li at different locations in 

P2-type cathodes has not been investigated previously. We investigated the conditions which 

promote the placement of Li on either the octahedral TM or prismatic Na sites in P2-type 

Na0.67Ni0.33Mn0.67O2 (PNNMO) to evaluate the influence of Li on each site on the electrochemical 

Figure 2. a) XRD of LS-NFM; b) SAED of LS-NFM; c) HR-TEM of 

LS-NFM; d) Operando synchrotron XRD of LS-NFM; e) 7Li NMR 

showing the structural evolution of LixTMyOz during the first charge-

discharge cycle in the 2-4.2V potential window. 
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and structural properties. P2 type LixNa0.67-yNi0.33Mn0.67O2+δ, with different stoichiometric ratios 

of lithium and sodium to the TMs (0.00 ≤ x ≤ 0.2, y = 0, 0.1) were prepared. Other than the 

octahedral TM sites, the P2 structure has two prismatic sites in the sodium layer (Wyckoff 2b and 

2d) which are partially vacant. Filling of the remaining vacancies with Li could allow for the 

modification of the properties of PNNMO while retaining the P2 structure. Specifically, two 

different Li modification strategies were demonstrated: LFN - filling Li into both TM sites and 

vacancies in the prismatic Na layer by keeping the Na/TM ratio constant (y=0, x >0); and LSN - 

stoichiometrically substituting (x=y=0.1) Na with Li to promote Li on the Na layer. We found that 

although the filling of Li into the TM and Na layer of P2 (LFN) can be beneficial towards 

increasing capacity and stability, too much Li (x ≥ 0.2) will destabilize the structure over many 

cycles. Conversely, when substituting Na with Li (x=y=0.1), the Li primarily occupies the Na-

layer as suggested by solid state 7Li NMR (Fig. 3a-b), synchrotron XAS and operando XRD 

characterizations (Fig. 3c). LSN showed significant enhanced cycling stability (84.6 mAh g-1 with 

>99% retention over 100 cycles) and a minor increase in specific capacity compared to the Li-free 

PNNMO (Fig. 3d). The enhanced 

structural and cycling stability in LSN 

is associated with higher occupancy 

of Li in the prismatic sites in Na 

layers and smaller volume change 

upon cycling. Our work has shown 

that Li at different positions (in TM 

layer and/or Na layer) in the P2 

structure has substantially different 

effects on its electrochemical and 

structural properties.  

Future Plans 

 In the future, we plan to continue our study of the discussed cathode systems and will 

explore the conditions related to temperature and time for nucleation and growth of intergrown 

phases through in situ TEM and in situ XRD, which were delayed due to the partial closure of 

ANL during the pandemic. Additionally, solid state NMR and neutron diffraction will help us 

understand the local structure of the intergrown phases. Electrochemical quartz crystal 

microbalance will track the activity of Li+ and Na+ during cycling to elucidate the evolution of the 

intergrown phases. We also plan to deposit NaF films through the established ALD process onto 

a variety of cathode materials and to evaluate the impact of the film on stability of the cathode 

electrolyte interface (CEI). Additionally, the NaF ALD process will be integrated with ALD 

processes for AlF3 and LiF to form complex fluoride films in order to evaluate their impact on CEI 

and cathode performance. We will utilize established surface characterization (Raman, XPS, 

SECM, EC-AFM) to elucidate surface reactivities of the coated cathodes. The integration of 

computation models and methods will support and provide insight into the experimental results.  

Figure 3. a,b) 7Li NMR of lithium filled and lithium substituted cathodes; 

c) Evolution of lattice parameters and volume during first cycle for 

PNNMO and LSN10 extracted from operando XRD measurement; d) 

Capacity retention of PNNMO, LFN, and LSN samples. 
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Ferroelectric liquid crystalline polymers are functional materials for energy-related 

applications such as electrocaloric cooling and liquid crystalline elastomers for actuation. 

However, they usually exhibit a low spontaneous polarization, thus limiting the high 

performance. This can be attributed to the weak dipolar group used and decreased dipole density 

by the presence of aromatic mesogens. In this project, we aim to achieve mesogen-free 

ferroelectric liquid crystalline polymers, which possess a smectic C* (SmC*) type of self-

assembly. To realize the SmC* packing, the main chain of the polymer is based on isotactic 

polyepichlorohydrin with a main-chain chiral center. In the alkyl side chains, highly dipolar 

sulfonyl groups (dipole moment = 4.5 D) are placed at different places: right next to and away 

from the main chain. Various alkyl side chains are studied; n-alkyl (non-chiral), chiral and 

racemic branched alkyl chains. It is found that the non-chiral n-alkyl side chains induce either 

crystalline or smectic A (SmA) liquid crystalline phases. Chiral branched side chains induce 

crystalline phases because of double chirality in both main chain and side chains. Intriguingly, 

racemic methyl-branched side chains can induce the SmC* liquid crystalline self-assembly. 

Currently, experiments are being carried out study their ferroelectric property. 
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Program Scope 

 Over the last two decades an immense improvement in our understanding of the underlying 

mechanisms governing organic photovoltaics has been enabled, in large part, through 

understanding of morphology enabled by the  development of advanced scattering techniques (e.g., 

X-ray and transmission electron (TEM) microscopy based). However, many materials, such as 

those for organic light emitting diodes (OLEDs), are difficult to probe with these techniques 

because of the poor contrast between different molecules and the weak chemical discrimination 

capabilities, making correlations to morphology difficult or unfeasible. As OLED devices are 

driven to the high brightness needed for display or lighting, significant losses in efficiency occur 

through triplet-triplet annihilation (TTA) and triplet-polaron quenching (TPQ); these mechanism 

are also though to be the primary mechanisms through which the molecular materials degrade.  

Literature models for TTA & TPQ typically assume that the emissive guest (typically 3-10 vol% 

doping) is randomly dispersed in the wider-gap host material. Clustering of molecules is expected 

to greatly increase TTA and TPQ rates due to the placement of molecules much closer together 

and making it easier for excited states to interact.  

We have developed atom probe tomography (APT) techniques that extend its applicability to 

include organic molecular solids to probe materials such as OLEDs. APT combines point 

projection microscopy with time-of-flight mass spectrometry to provide an unparalleled nm-scale 

spatial resolution with concurrent mass-to-charge based chemical discrimination of <1 Da, 

providing. This gives the ability to probe morphologies previously unattainable and develop new 

structure-property relationships for solid-state blends of molecules. These mixed-molecular solids 

are important for a wide variety of materials, including use in devices such as OLEDs, high 

resolution photoresists, charge carrier doping of organic electronics, and organic photovoltaics 

(OPVs). This project uses primarily OLED materials to test and validate our conclusions because 

there are a wide variety of materials commercially available and the lessons learned will improve 

efficiency of OLED lighting and displays, reducing energy consumption in homes and mobile 

devices. 

Morphology of these organic molecular materials is characterized from 100 nm-scales down 

to the molecular-dimer scale using APT, while TEM and atomic force microscopy (AFM) are used 

to probe the materials at larger scales (50 nm to 5 μm). Spatial statistics provides quantitative 

analysis of the APT generated point cloud data to aid in quantitative understanding of clustering. 

This morphology will then be correlated to physical properties of the material blends, such as the 

emission efficiency, transport properties, and types of energy loss mechanisms that dominate the 

materials (TTA & TPQ) to provide a deeper understanding of physical limitations of the materials 

themselves and hot to better design structures with reduced losses and degradation.  

Recent Progress  

In the first year of this project, we focused on refinement of atom probe tomography (APT) for 

molecular organic materials. We have shown that APT can be applied molecular organic systems, 
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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 no evidence of fragmentation of 

molecules,  making APT a very compelling technique for characterizing the morphology of small-

molecule organic semiconducting systems. A paper detailing these attributes was published  in 

Chemistry of Materials in 2019. [1] 

In the second through fourth years of this project, our primary goal has been to develop 

structure-property relationships for these OLED materials and relate these to the morphology data. 

We have also found it necessary to further develop APT processes, understanding, and data 

analysis more than we had expected. Specifically, we have developed a developing an in-depth 

spatial statistics analysis framework for understanding our APT data, including a machine 

learning-based approach to analyze the point-patterns generated from the APT data to extract 

parameters such as cluster radius and concentration of a species in and out of clusters. [2] We have 

also developed new analysis tools to understand the APT process itself and resolution limitations 

that arise during this destructive analysis technique, such as fragmentation of molecules and factors 

contributing to aberrations in the APT data such as the field needed to field evaporate various 

molecules.  

Correlation between morphology and photophysical properties:  

Most analysis of OLEDs assumes that the distribution of light-emitting guests is random within 

the host material.  In this work we look at the dispersion of Tris(2-phenylpyridine)iridium 

(III), (e.g. Ir(ppy)3) in a host matrix of 3,3′-Di(9H-carbazol-9-yl)-1,1′-biphenyl (m-CBP), a 

prototypical guest:host system. This host has a relatively large glass transition temperature (Tg ≈ 

97 °C), which is typically assumed to create a guest-host dispersion that is relatively stable.  

Samples were created by vacuum thermal evaporation and the substrate temperature was varied 

(from  Tsub=-50 °C to +50 °C) to change the extent at which molecules can diffuse on the surface 

before being buried and trapped in place. Devices were analyzed for a variety of properties 

including zero-field mobility of positive polarons (i.e., holes) in the devices, TTA, TPQ, and 

current-voltage-brightness analyses.  

We observe that the zero-field mobility can be 

reduced by about two orders of magnitude when the 

substrate deposition temperature is reduced from 50 °C to 

-25 °C (see Fig. 1), in agreement with a Gaussian-disorder 

charge transport models.[3] This likely occurs because 

holes hop between Ir(ppy)3 molecules and will be 

impacted by the orientational order between neighboring 

molecules.   

We use photoluminescence quenching experiments to 

observe TPA; in these experiments a laser excites the 

material and and 20 ns current pulses are passed through 

the devices to momentarily increase the polaron density 

in the films, leading to a momentary reduction in the luminescence brightness from TPQ. This 

quenching is shown in Figure 2. We see that the coldest devices show the lowest TPQ rates, which 

suggests that the holes  and the excitons have less spatial overlap relative to layers deposited at 

higher temperatures.   

 
 

Figure 1. Zero-field mobility for films of  

mCBP with 10% Ir(ppy)3 deposited at 

various substrate temperatures.  
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We measure the time-resolved photoluminescence (TRPL) curves for a comparable set of films 

and fit the data to a single-step Förster based TTA model.  In this case, we see a weak correlation 

between the rate constant and the deposition temperature.  This is suggestive that the Förster radius 

for capture is large and or that there is sufficient clustering occurring in the cold-deposited film 

that changes in TTA are not readily observed. TEM images of films deposited at Tsub=+25 °C and 

-25 °C show that there are large clusters (10s of nm in dimension) that are sparce throughout the 

film and that their concentration can be reduced by reducing the substrate temperature during 

deposition. We have also used conductive-AFM and confirm that these clusters have a high 

conductivity relative to the remainder of the film.    

APT data was acquired on m-CBP:Ir(ppy)3 films deposited on smooth silicon tips held at a 

substrate temperature of  Tsub=+25 °C and -25 °C. Films were analyzed using Ripley’s K-function, 

as shown in Fig. 3. The K-function analysis counts the number of guest molecules within a given 

radius of each guest molecule normalized to the overall intensity in the sample. We use statistical 

relabeling of the underlying point cloud to calculate acceptance intervals (AI) for randomly 

dispersed morphologies.  Films deposed at both temperatures show statistically significant 

clustering at (r<5 nm), but the extent is larger in the sample grown at a higher substrate  

temperature warmer sample. The large deviation outside of the envelopes at higher radii is due to 

small variations in the guest density at long ranges caused by either large scale clustering or 

variations in deposition rate throughout the layer thickness.  

More detailed analysis of these APT data intended  to create visual depictions of the clustering 

has proven difficult. We attribute this to differences in the field needed to evaporate the two 

different molecules in the film, which results in lateral smearing of the data (called “chromatic 

aberration” in the APT field). To better understand this phenomenon and select better molecule 

pairs,  for APT analysis, we have developed a technique to better extract the evaporation field for 

molecules. In this we see that the evaporation field is closely correlated to molecular mass. The 

mass difference between  m-CBP (m= 484.59 da) and Ir(ppy)3 (m= 654.78da) results in significant 

field evaporation differences. Simulations suggest that the chromatic aberration is roughly 

 
 

Figure 2.   Photoluminesence quenching vs. applied 

voltage for active layers deposited between -50 °C 

and 50 °C showing that layers deposted at lower 

temperatures exhibit less TPQ. 

         
Figure 3. K-functions for mCBP with 10% Ir(ppy)3, 

deposited at different substrate temperatures. More 

clustering is shown for warmer substrate temperatures.  

+25°C

-25°C

(a)

(b)
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quadratically dependent on the evaporation field ratio. APT data better matched molecules TCP 

(m= 573.68 da) and Ir(ppy)2(acac) (m=599.70 da) indeed shows clustering that is visible.   

 

Future Plans: 

Using our recent findings, we have revised our plan to investigate materials with similar 

evaporation fields, allowing for better morphology analysis. Recent our simulations show that 

TRPL lifetimes and photoluminescence quantum yield for a particular material are highly 

dependent on the number of nearest neighbors and less susceptible to long range exciton transfer 

(than in the case of TTA) and may provide a better indicator of clustering in devices. Studies of 

guest dispersion in a number of guest:host systems with compatible evaporation fields to look for 

clustering and then correlate those to know efficiency metrics.    
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Program Scope 

Our research continues to focus on improving our understanding of actinide crystal chemistry via 

the synthesis and characterization of uranium and thorium oxides, fluorides, and chalcogenides. 

We target new synthetic approaches that build upon the existing crystal chemical knowledge of 

extended actinide structures to achieve the synthesis of entirely new families of actinide materials. 

The three classes of materials that we are investigating, oxides, fluorides, and chalcogenides, 

enable us to tune the actinide material’s ionicity via the choice of anion that, in the case of uranium, 

will favor specific oxidation states as well as provide control over the expected electronic attributes 

of the targeted materials. Actinide fluorides have highly ionic structures and, thus, localized 

electrons, enabling the formation of structures exhibiting long range magnetic order.  By contrast, 

our investigation of actinide chalcogenides enables us to probe the decrease in the overall ionicity 

as we transition from oxides to sulfides to selenides to tellurides, progressing to enhanced 

metallicity that will accompany the steady change from localized and magnetic electronic states to 

more delocalized and ultimately itinerant electrons. Our recently developed Boron Chalcogen 

Mixture (BCM) method for preparing oxygen free actinide chalcogenides is a key factor for 

achieving these goals, as it greatly improves the synthesis of actinide chalcogenides. 

 

Recent Progress  

Hydrothermal Crystal Growth of Fluorides: 

During our previous funding period we had reported on the synthesis, crystal structures and 

magnetic properties of numerous uranium containing fluoride phases, including the NanMU6F30 

and NanMTh6F30 series. (1) The U6F30
n- framework can accommodate both di- and trivalent p- and 

d-metals, including divalent Mn2+, Co2+, Ni2+, Cu2+, Zn2+ and trivalent Al3+, Ga3+, Ti3+, V3+, Cr3+, 

Fe3+ elements. We extended this work to the analogous thorium containing compositions, 

NanMTh6F30, where n = 3 when MIII = Al, Sc, Ti, V, Cr, Fe, Ga, or In; n = 4 when MII = Mg, Mn, 

Co, Ni, Cu, or Zn; and n varies from 3.87 to 4.39 when the M site is partially occupied by a larger 

trivalent element, (In, Y), including some rare earth cations (Lu, Yb, Tm, Er, Ho, Dy). (2) In total 

we prepared 17 new compositions that crystallize in the trigonal space group P3̅𝑐1 and that are 

based on a framework built from vertex- and corner-sharing ThF9 and MF6 polyhedra. Although 

the framework was able to accommodate several lanthanides, our numerous attempts to obtain a 

lanthanide-containing compound with a full M site occupancy were unsuccessful, suggesting that 

the structure type reaches a certain size limit, after which only a partial site occupancy is possible.  

Using the same synthetic methodology, we discovered an entirely new family of Cs containing 

quaternary fluorides, the Cs2MU3F16 (M = Mn2+, Co2+, Ni2+, Zn2+, Mg2+) series. This represents 

not only a new structure type, but this series is the first to exhibit long range magnetic order via 

coupling between a U(IV) cation and 3d transition metal cations in fluorides. (3) All five 

compounds crystallize in the centrosymmetric hexagonal P63/mmc space group. The novel 

structure type consists of U(IV) sheets connected through M2+ cations, which creates a framework 
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containing channels in which the Cs atoms are located. The U(IV) 

fluoride sheet consists of uranium trimers connected through a μ3-F
– 

anion; the trimers connect to each other by edge-sharing. Three fluoride 

ions from the top of one trimer and the bottom of another trimer, located 

above it, are coordinated to the M2+ cations. This creates an octahedral 

coordination environment for M2+ consisting of six fluoride ions from 

two sheets; building unique (–M–U3F22–)∞ pillars, which play a crucial 

role in the magnetism of these compounds. (Figure 1) 

Magnetic susceptibility measurements of these phases containing 

Mn, Co and Ni revealed the presence of long range magnetic order, at 

14 K, 4.8 K and 3.5 K, respectively. To further characterize these 

phases, we collected neutron diffraction data at ORNL and determined 

the magnetic structure, shown in Figure 1, where the total net moment 

of the magnetic unit cell, containing 6 spin up and 3 spin down pillars, is 15.90 µB for Cs2MnU3F16. 

Applying the Boron-Chalcogen-Mixture (BCM) Method to Target New Chalcogenides: 

Actinide chalcogenides adopt diverse structure types with distinct chemical compositions and 

specific actinide oxidation states, which offer unique opportunities for studying 5f electron 

properties. One of the main obstacles faced when synthesizing the actinide chalcogenides are 

actinide oxide and oxychalcogenide impurities that often contaminate the resulting products and 

interfere with their property measurements. (4) Due to the high oxygen affinity of the actinides, 

even trace amounts of oxygen in the system will inevitably result in the formation of these 

impurities. Although careful oxygen exclusion from the reaction media is an intuitive and 

straightforward approach for avoiding oxide impurities, it is unfortunately often nearly impossible 

to eliminate oxide contamination present in the reagents themselves. This difficulty of needing to 

effectively deal with oxide or oxychalcogenide impurities in the starting materials motivated us to 

explore different synthetic approaches that would allow for the use of oxygen-contaminated 

reagents, or even oxides themselves, as the starting materials for the synthesis of oxygen free 

actinide chalcogenides. The ability to use binary metal oxides is especially useful when targeting 

products containing elements for which the simple binary metal chalcogenides are not 

commercially available. This is the situation for most rare earths, uranium, and thorium.  

In situations where oxygen cannot be avoided in the initial reagent mixture, it is reasonable to 

consider the use of a highly oxophilic sacrificial component, such as boron, that would extract 

oxygen and subsequently leave the reaction mixture or be dissolvable in post-reaction work-up. 

The boron acts as an “oxygen sponge” forming highly stable B2O3 while leaving the sulfur to 

 

Fig. 1. (Left) Cs2MnU3F16. [U3F16]4– sheets (green) are composed of uranium trimers, which are connected into 

sheets. The framework is formed by connecting the sheets through MnF6 (pink) octahedra with cesium atoms (blue) 

between them. (middle) Single pillar of uranium trimers and manganese octahedra carry magnetic moments of 

31.97 and 3.26 µB on them. (right) Rietveld refinement of the magnetic structure of Cs2MnU3F16. 
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replace oxygen. (Scheme 1) The success of the sulfurization is based on the differences between 

the formation energies of B2O3 (∆fG°(vitreous-B2O3) = -1182.5 kJ/mol) and B2S3 (∆fG°(vitreous-

B2S3) = -247.6 kJ/mol), which strongly favors the formation of B2O3 thus leaving sulfur to react 

with the other reagents. (5) (6) 

We applied the boron-chalcogen mixture (BCM) method to the synthesis of actinide 

chalcogenides from their respective oxide precursors. To demonstrate the efficacy of the BCM 

method, we performed the synthesis of ThS2 and US2 starting from ThO2 and U3O8, the solid state 

syntheses of UMS3 (M = Ni and Co) perovskites starting with oxide reagents to measure the 

magnetic properties of UNiS3 for the first time, the adaptation of the BCM method to flux crystal 

growth and the formation of the new family of rare earth uranium sulfides, LnxU2S5 (Ln = Pr, Nd, 

Sm, Gd-Yb) containing mixed valent U(III/IV), the 

crystal growth of the new complex thorium 

thiophosphate Rb1.72Na0.68I0.40[Th(PS4)2] using 

ThO2 as a starting reagent, and the crystal growth 

of the known uranium(V,VI) sulfide Cs6Cu12U2S15 

(7) now also obtained using the BCM method’s in 

situ generated polychalcogenide flux.  

Future Plans 

New Chalcogenides: 

The BCM method paves the way toward fast screening of chalcogenide phase space in the systems 

that are promising for potential magnetism. With the experience obtained from the fluoride 

systems, we are planning to pursue several different directions with chalcogenides by studying the 

magnetic interactions between U(IV) and 3d transition metal and rare earth metal cations, as well 

as the magnetism of actinides in higher oxidation states. The first approach requires application of 

the BCM method for solid state reactions, while exploratory crystal growth will be employed for 

creating new U(V) chalcogenides. 

Inducing magnetic ordering in U(IV) using 3d transition metal and rare earth metal cations is 

an approach that proved useful with fluorides and that can work with chalcogenides as well. We 

conducted a search for structurally similar chalcogenides and identified Ba3MnUS6, a composition 

that crystallizes in a 2H hexagonal perovskite related structure type for which the main structural 

feature is the presence of 1D chains composed of face-sharing trigonal prisms and octahedra. The 

successive arrangement of the 3d metal cation Mn(II) and U(IV) results in magnetic exchange 

interactions that induce magnetic ordering in the compound. Figure 2. We will pursue the synthesis 

of several members of this family via the BCM method and study their magnetic properties.  

We will target the preparation of diverse copper and silver actinide chalcogenides to explore 

our ability to control actinide oxidation states. In most of the uranium and in all neptunium and 

plutonium chalcogenides, the oxidation state of the actinide does not exceed +4 due to the strong 

reducing conditions in chalcogenide-rich reactions. However, Ibers et al. showed that rare +5 and 

+6 uranium oxidation states can be stabilized in chalcogenides, even when using uranium metal as 

a starting material. To demonstrate the applicability of the BCM method to the synthesis of high 

valent uranium sulfides, we applied it to the alkali copper uranium sulfide system. Using the BCM 

method, we already achieved an extraordinary success by nearly doubling the number of U5+/6+ 

containing compounds in the A–U–Cu–S system since introducing the method one year ago. For 

example, rod-like crystals of Cu6U
6+S6 (superscript numbers denote formal oxidation states) 

formed in a reaction between U3O8, Cu, Na2CO3, B, and S. Low temperatures, around 600 °C, 

allow for stabilization of another composition, disulfide-containing Na5Cu6U2
5.5+S8(S2)3 with 

 
Scheme 1 
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hexagonal bipyramidal coordination of 

uranium atoms, a local coordination 

environment that has not been observed in 

actinide chalcogenides, but which is quite 

common in uranyl oxides. Along with 

ongoing efforts for obtaining new sulfide 

compounds, we demonstrated that the BCM 

method shows excellent results in the 

synthesis of selenide compounds by flux 

growth of the selenide analogs of the sulfide 

phases. (Figure 3) Furthermore, we have 

started a collaboration with the University of Nevada, Las Vegas to examine the applicability of 

the BCM method to transuranium chalcogenides, resulting in the new neptunium sulfide 

NaCuNpS3. (Figure 3) Overall, our preliminary data provides clear evidence for the future success 

of this direction and strongly supports extending this work to selenides and tellurides.  
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