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DISSERTATION ABSTRACT

Khoa N. Le

Doctor of Philosophy

Department of Chemistry and Biochemistry

September 2022

Title: First Principles Studies of The Metal-Organic Interface in Porous Frameworks

Due to their generally poor conductivity, metal–organic frameworks

(MOFs) have been limited in electrical applications. In this dissertation we explore

structural deformation as a route to augmenting the electronic properties of these

high surface area materials. We show that, under hydrostatic negative pressure,

metallicity can be installed and we also elucidated the covalent characteristic

of the metal-organic interface in 2D MOFs. Continuing our quest, we explore

the deformation and phase change within 3D MOFs. Given the stability of

metal-organic frameworks under numerous harsh conditions, bonding in MOFs

has thought to be static. This project explores the metal-linker interface for a

handful of carboxylate-based MOFs under various temperature conditions, which

provides evident for dynamic bonding within these frameworks. Our insights to

this phenomenon through the lens of density functional theory (DFT) combine

with VT-DRIFT spectroscopy reveal specific vibrational modes coming from

the carboxylate stretches that give rise to reversible metal-linker bonding within

these materials. The metal-linker dynamics resemble the ubiquitous soft modes

that trigger important phase transitions offering insights to several important

events such as catalysis, negative thermal expansion, post-synthetic exchange

that occurred in these frameworks. We applied the same methods onto Fe-based

iv



porous frameworks and elucidated Fe metal centers possess properties such as spin-

crossover transition, mixed-valency, and cooperativity which together enhance the

material’s transport properties. With these knowledges, we proposed a design

principle of retroffitting 2D Fe-based MOFs into 3D analog to achieve highly

conductive MOFs. This study contributes a fundamentally new perspective for

the design of next-generation conductive metal–organic materials.
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CHAPTER I

INTRODUCTION

1.1 A call for new material to address the energy crisis

According to the Oregon Department of Forestry, the 2020 wild�res burned

down hundreds of thousands of acres of forest land that forced approximately

40,000 Oregonians to 
ee their home. On top of that, many wildlife habitats were

destroyed in the process killing thousands of organisms within the area. Wild�res

are getting increasingly dangerous year after year directly correlated with global

warming which is con�rmed as a real thread by many science foundation.7 The

global temperature has increased by approximately 2 degrees since 1850 which

is only 170 years ago (Figure 1). This increase in global temperature caused

many abnormal geographic disasters and human survival on this planet is not

guarantee at this rate of increase. Human activities have contributed greatly to

global warming including our consumption of fossils fuels placing more greenhouse

gasses in the atmosphere. The increase in fossil fuels consumption over the last

couple decades is putting the world at risk. Energy consumption will only increase

as human needs escalate and as technologies are getting more advanced. The fate

of our world relies heavily on us as scientists to reduce fossil fuel consumption by

making renewable energy sources more e�cient and accessible. Given major e�ort

in making renewable energy the most cheap and available source, the technology

we owned at this time is no where near 100% e�ciency. Some of the renewable

technologies include wind turbines, hydro dams and solar panels all of which

produce under 5% of our energy consumption. Both wind turbines and hydro dams

are geography dependent meaning that they can only be build in certain area and

usually are enormous structures whereas solar panels are much smaller and can
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be install on-site (houses, building, garden, etc.). All of these technologies face

major problem that prevent renewable energy to become the main source of our

energy consumption. For site speci�c technologies such as wind turbines and hydro

dams, improvements in battery technologies with lighter weight and higher storage

capacity could reduce the transportation cost and reserve more energy produce on-

site. For solar panels,improvements in batteries technology for similar reasons as

above and an improvement in the solar panel itself on e�ciency and life span could

put this technology forward as a major energy sources.

Figure 1. Global temperature plot shows temperatures in 2020 were the hottest
on record. Temperatures were about 1°C over a baseline of 1951{80 average
temperatures, or about 1.25°C above preindustrial levels. Increase in global
temperature since 1850 con�rm by various science institutions. Reprint with
permission from \Global temperatures in 2020 tied record highs". Copyright
2022 by The American Association for the Advancement of Science and Copyright
Clearance Center.

Given the bene�ts of converting photons to electricity with solar panels,

there are still many issues we need to address such as devices' e�ciency, reliability,

cost, installation issues, panel lifetimes, etc. These issues prevent solar energy to

be used at their maximum capacities and make them inaccessible to most people.
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One of the major problem with solar panel is its e�ciency. An increase in solar

panel e�ciency is a must in order for this technology to replace conventional

non-renewable fuel meaning achieving higher power per unit cost. The issue lies

within the ability of the panel to absorb sunlight at a wide range of wavelength and

for that reason, single-junction cell can only achieve a maximum of about 31%8

e�ciency. E�ort to increase this e�ciency include producing multi-junctions solar

cell, where multiple layers of materials that can absorb a wider range of wavelength

(in compare to single-junction) are install into the same solar panel. Multi-junction

solar cell can increase the e�ciency of solar panel up to 68%9,10 (with six junctions)

which is comparable to hot carrier solar cell.11

Figure 2. Chronological improvements in the conversion e�ciencies of concentrator
MJ and MJ solar cells in comparison with those of crystalline Si, GaAs, CIGS,
and perovskite single-junction solar cells. Adapted with permission from \Multi-
junction solar cells paving the way for super high-e�ciency". Copyright 2022 by
AIP Publishing and Copyright Clearance Center.

These are the highest percent of e�ciency reported up until now, and it is

not likely that we can achieve 100% e�ciency given there will always be photon
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that are outside of the absorb wavelength range and there are a maximum number

of junctions that we can stack into a panel. Figure 2 shows the trajectory of various

solar cell's e�ciency by 2040 and it shows that we are approaching a plateau region

in our advancement of solar panel e�ciency. However, it it not necessary for us

to reach 100% e�ciency to replace fossil fuel consumption with renewable energy.

Perhaps, we need to keep moving forward in the e�ciency advancement of solar

panel, but also stepping forward in storage technologies to both, reserve more

energy from these renewable energy sources and ease the cost of transportation.

Given the disadvantages of renewable energy mentions above, science is one

of the crucial keys to address these disadvantages. One of which involve designing

new materials that are cheaper, bio-compatible, more e�cient, non-toxic and

have longer lifetime. Unfortunately, synthesizing and characterizing materials

experimentally are intensive processes that require a great amount of money and

times. Furthermore, due to the urgency of global warming, us scientists tend to

rush these processes resulting in the lack of understanding of fundamental chemical

process and chemical properties which are essential for materials designing.

However, with the advancement of technology, we now can understand materials to

the electronic level and testing theoretical system at lesser cost using computational

chemistry. I believed that computational chemistry is a key for our breakthrough in

material design especially for renewable energy technology. Hence, my interest as a

chemist has always been elucidating key chemical properties and formulate design

principal for solar technology materials using computational chemistry.

1.2 Introducing Metal-Organic Frameworks

In order to address the energy storage issue of all three renewable energy

sources mentioned above, we need to design new materials. These new materials
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need to satisfy two requirements that allow them to be good candidates for storage

technologies. The �rst requirement is that they need to be conductive so charge

transport can occur more readily for the charging and discharging processes.

Figure 3. Metal-organic frameworks is a diverse class of materials due to its
distinctive building blocks.

The second requirement is that they need to have high surface area.

These materials if exist will be most likely use as electrodes in energy storage

technologies, and a higher surface area will allow the devices to store more charge.

A new class of material with surface area that reach a record in 2012 is metal-

organic frameworks (MOFs).12 MOFs are nano-porous materials that compose

of metal components and organic components which serve as building blocks.

The metal component are quite diverse ranging from single-metal ion or cluster

of metal ions with oxo- or hydroxyl- bridging linkers. The metal ions typically

adapt the square planar or octahedral coordination for most MOFs but they can

also adapt other con�guration such as tetrahedral coordination and others depend
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on the metal identity. The organic components are usually linkers with various

end group such as O, N, S, etc. that have strong a�nity for binding to metal

sites. Together, these building blocks can form thousands of di�erent structures

by combining di�erent metal identity, di�erent organic linkers, and di�erent metal

cluster topology (Figure 3); not to mention that divalent-metal and trivalent-metal

are also possibilities.

MOFs can be classify into 3 categories depend on their formation topology:

one-dimensional(1D), two-dimensional(2D), and three-dimensional(3D) MOFs.

Although it's possible to construct a 1D MOF as a chain that is repeating units

of organic linkers and metal ions, it is very unlikely that this type of MOFs is

stable and exists in this 1D form in nature. For the purpose of this dissertation,

we will only focus on 2D and 3D MOFs which are stable and have been use for

various applications ranging from gas separation and storage,13{16 catalysis,17

drug delivery,18,19 to energy-related applications such as light harvesting,20

thermoelectrics,21 and supercapacitors22,23 and many more. The porous structure

allows MOFs to be chemically active not only on the surface but also within the

materials at the nano-scale which is not very common for other materials. On

top of that, due to the rigid structure, MOF's metal clusters and organic linkers

are chemically precise allows the ease of modi�cation and elucidation of reaction

mechanisms that involve these porous frameworks. Post-synthetic functionalization

of the organic linkers is also possible which can change the optical and electronic

properties of the MOFs allows precise control over the use of MOFs in applications.

For instant, MIL-125, a Ti-based MOFs has shown to be a great candidate for

catalysis, posesses a band gap of 3.6 eV.24 This MOF can be functionalized with

NH2 and the band gap can be reduce to a smaller value, around 2.68 eV25 which
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allows the MOF to be a good photocatalyst.26 Overall, MOFs are versatile, diverse,

and possess incredible surface area making them the most promising candidates

for their uses in energy storage technology. The issue lie within their poor charge

transport ability.

1.3 The disadvantages of 3D MOFs: poor electrical conductivity

To understand why MOFs possess poor electrical conductivity, we must �rst

discuss how charge transfer happen within a lattice. There are several transport

pathways that can occur in a materials: the through-bond pathway, the extended

conjugation pathway, and the through-space pathway (Figure 4).

Figure 4. Illustrations of possible charge transport pathways in porous materials
(a) through-bond pathway (b) extended conjugation pathway (c) through-space
pathway.

The through-bond pathway is very self-explanatory where the overlap of

orbitals through bonding interaction between adjacent atoms allow electron/hole to

transfer from one site to the other. The extended conjugation pathway occurs when

the conjugated orbital of the organic linkers aligns with the orbitals of the metal

core forming a uni�ed conjugation network within the same plane allows electrons
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to travel between sites within the plane freely through these conjugation network.

The through-space pathway occurs when there are overlap between orbitals of non-

bonding sites, usually occur in 2D MOFs between the layers. The through-space

pathway relies on non-bonding interaction such as� � � interaction for electron to

hop from one site to the other.

The most well-known 3D conductive MOFs is Fe(TA)2 which has a

conductivity of 0.3 S/cm in its mix-valence form and is the highest electrical

conductivity that was ever reported for 3D MOFs.27 As excited as this sounds, this

conductivity is still super low compare to the conductivity of those materials that

have been used in energy storage applications such as graphene with a conductivity

above 1000 S/cm.

Figure 5. 3D structure of MOF-5 which exhibits large band gap due to the
ionic nature of it's metal-organic interface. This perhaps arise from the orbitals
orientation of the metal center versus that of the BDC linkers.
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The high conductivity found in graphene is due to the amount of orbitals

overlap within this materials where all, the extended conjugation pathway, through-

space and through-bond pathways can occur. It is easy to elucidate why 3D MOFs

have such poor conductivity just by observing the topology of the MOFs. Most 3D

MOFs are not suit for the extended conjugation or the through-space pathways

which means the only transport pathway that is possible in 3D MOFs is the

through-bond pathway. Unfortunately, 3D MOFs exhibit ionic interaction between

the metal component and the organic component; and as one should expect, for

such ionic materials, charge transport is limited or non-existent (an example is

shown in Figure 5). It is inconvenient that material with exceptional surface area

as 3D MOFs exhibit such properties that prevent them to be the next generation of

material that could be use for energy storage applications.

1.4 Conductive 2D MOFs: balancing between electrical conductivity and

surface area

Fortunately, MOF does not only exist in its 3D from, but can also exist

as a 2D framework. 2D MOFs is known to exhibit conductivity that is much

larger compare to the 3D counterpart. Unlike 3D MOFs, 2D MOFs are somewhat

similar to graphene in their topology where both the extended conjugation and the

through-space transport pathways are possible. The overlapping between adjacent

layers in 2D MOFs allow charge to transfer in the direction orthogonal to the layer

and the nature of the metal-organic interface allows both the through-bond and the

extended conjugation charge transport pathways to occur for certain MOFs which

will be discuss in later chapters. For this reason, most 2D MOFs are metallic or

semi-conductive with relatively small band gap and high transport mobility. There

are a large number of 2D MOFs out there that are conductive each has its own

9



advantage and disadvantages. Since the majority of this dissertation is about 2D

MOFs and the metal-organic interface covalency in such MOFs, we will discuss that

in later chapter. Here, we will brie
y discuss 3 family of 2D conductive MOFs.

Figure 6. (a) Cu-BHT, a non-porous structure (b) La1:5(HOTP) with low
conductivity but permanent pores (c) Ni3(HITP) 2 with decent conductivity and
slipping structure.

The �rst 2D MOFs we will talk about is a metallic Cu-based MOF

known as Cu-BHT constructs of single-metal ions as metal centers connect to

benzenehexathiol (BHT) linkers to form square planar coordination spheres

(Figure 6a). The MOF exhibits a conductivity of 1580 S/cm; and an electron/hole

mobility of 116 cm2V � 1s� 1/99 cm2V � 1s� 1, respectively, which are relatively high

for a MOF.28. This family of 2D MOFs has the metal ions and small organic

linkers packed closely to one another to form a continuous sheet similar to that

observed in graphene with no pore. This type of packing maximizes the overlap

between orbitals within a layer and between the layers making the material

highly conductive. However, this type of packing makes the structure non-porous

reduces the surface area of the MOF which defeats the purpose of using MOFs for

electronic application in the �rst place. In order words, it's more convenient to use
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