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DISSERTATION ABSTRACT
Kevin Fabrizio
Doctorate of Philosophy
Department of Chemistry and Biochemistry
March 2023

Title: Modulating the Electronic Structure of Metal—Organic Frameworks through
Nuclear Rearrangement

The emergence of metal-organic frameworks (MOFSs) as a class of versatile
and renewable materials has instigated a paradigm shift in the field of chemistry.
Their exceptional properties, such as high surface area, tunable porosity, and
chemical and thermal stability, have garnered intense research interest for a
wide range of applications, including gas storage, separation, sensing, and
catalysis. Among the expansive library of MOFs, photoredox-active MOF's have
gained particular attention due to their ability to reversibly store charges and
photocatalytically degrade contaminants — a task necessary in the fight against
climate change. However, poor orbital overlap and charge delocalization in most
MOF's limit their efficiency in visible-light catalysis. In this dissertation, we
explore the idea of improving MOF photocatalyst performance through reversible
external stimuli. Each chapter delves into a distinct external stimulus and its effect
on the electronic structure of MOFs. We investigate how cations, crystal size,
and temperature affect nuclear rearrangements in MOF's, leading to a deepened
understanding of how to improve photocatalytic performance. Taken together, this

dissertation provides an analysis of the effect of nuclear rearrangement on defining
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the electronic structure in MOF's, and it lays a foundation for the development of
new, highly efficient MOF photocatalysts.
This dissertation contains both published and unpublished co-authored

material.
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CHAPTER I
INTRODUCTION

1.1 The Future is Photocatalysis

The future of humanity and the planet we call home is at stake. Over the
past century, human activities such as the burning of fossil fuels for energy and
transportation have led to a steady increase in global greenhouse gas emissions,
particularly carbon dioxide. As a result, the global mean temperatures over the
last eight years have been the highest ever observed.! Since the beginning of
the Industrial Revolution in 1850, the global average temperature has increased
1.21 °C, resulting in the phenomenon generally known as climate change (Figure
1.1). These drastic temperature changes have led to a wide range of negative
impacts such as sea level rise, more intense and frequent heat waves, droughts,
storms, as well as the acidification of oceans and the destruction of habitats that
support a diverse array of plant and animal species.? Researchers estimate that
exceeding a difference of +1.5 °C could trigger global climate tipping points that
would irreversible change our world.? The effects of these changes all over the
world are already apparent, from the melting of the Arctic ice cap to devastating
wildfires, hurricanes, and floods that have ravaged communities.*° Climate change
is not just a future concern, but a present threat to our economies, security,
and way of life. Additionally, the adverse impact is felt the most by the most
susceptible communities such as low-income households, people of color, and those

in underdeveloped nations.%
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Figure 1.1. NASA Goddard Institute for Space Studies Surface Temperature
Analysis (GISTEMP) monthly global mean temperature relative to the annual
global mean temperature. Each vicennial is comprised of twenty overlaid line,
representative of individual years.

Reducing global emissions of greenhouse gases is crucial to address the
issue of climate change. Solar energy, while ironically responsible for the planet’s
warming, has the potential to be harnessed for driving industrial processes without
producing greenhouse gases. The sun’s power flux density is approximately 1
kilowatt per square meter (kW/m?) on the surface of Earth. Over the entire
Earth’s surface, this translates to approximately 173,000 terawatts of power per
hour. To put this value into perspective, this is over 10,000 times the total energy
consumption of the entire human civilization.” Based on this incredible excess of
energy, photocatalysis could offer a sustainable route to generate fuels, commodity
chemicals, and other vital materials from these massive quantities of solar energy.
From a light source, photocatalysts absorb photons greater than or equal to their
band gap energies to create an excited state with photogenerated electron-hole
pairs. As shown in Figure 1.2, when the photocatalyst is combined with the use

of a hole scavenger (e.g., amines, alcohols, oxides), which quench the unoccupied

2



hole, the photogenerated charges become “trapped” on the catalyst and can be
used for conventionally challenging reactions without the aid of high temperature or
pressure (e.g., photocatalytic CO9 reduction,® Hy evolution from water splitting,9
photochemical nitrogen fixation, 1" and dehalogenation of halogenated organic

compounds ).

Conduction Band X

Proton Coupled
Electron Transfer

reduction
X YHT
X+ e |X*Y-H X-H+Y
N X-H+ Y] T

Nitrogen Fixation
N,+ 2H* + 2e- —> 2NH,

Y +H* CO, Reduction
CO, + 8H'+ 8 —> CH, + 2H,0

\ and more... /

oxidation

Valence Band Y-H

Figure 1.2. General representation of photoredox in a catalyst with relative
timescales for competing processes. The active catalyst can produce photoinduced
charges which can consequently be used for the oxidation or reduction of a species.

Despite the potential advantages of photocatalysis, significant obstacles
must be surmounted to realize its full potential. One of the most pressing
challenges is the creation of photocatalysts that are both efficient and stable.
Commonly, solar energy conversion technologies use transition metal oxides for
their diverse redox reactivity with molecular substrates, narrow band gap energies,
and conduction- and valence-band energies that vary greatly between materials,
allowing specific reactions to be driven by selecting materials with the appropriate
electronic structure. 1213 To illustrate, titanium dioxide (TiO29) is a widely studied
photocatalyst due to its ability to photocatalytically split water to produce Hg

and O9.%12 On the other hand, conventional semiconductors, such as binary and
3



ternary metal oxides, lack chemical tunability and are prone to defects that are
difficult to identify and control.1%15 For example, the identity of the oxidizing
species generated from photoexciting TiO9 remains disputed.1® Furthermore, the
defects at the surface and in the lattice of conventional semiconductors result in
rapid electron-hole (e -h™") recombination, a process that hinders the transfer of
the electron to acceptor molecules (X in Figure 1.2) and holes to donor molecules
(Y in Figure 1.2) For these reasons, single junction solar cells made with ZnO
nanocrystals have yet to surpass photoconversion efficiencies (PCEs) of 5.1% —
well below the industry standard of silicon, at 20%.16:17 Additionally, because of
their lack of chemical functionality, many metal oxides possess band gap energies
that are confined to the ultraviolet (UV) light range (>3.26 eV).18 2 However,
UV light radiation makes up less than 5% of incident solar light, making visible
light use (43%) more promising for improving solar energy usage and large-scale
industrial applications. Undoubtedly, to meet the demands of climate change, there
is an urgent need to develop materials that can perform as tunable, visible light-

responsive photocatalysts with high activity and stability.

1.2 MOFs and MOF Photocatalysts Provide a Solution

MOFs, or porous coordination polymers, are well-ordered, permanently
porous materials constructed from inorganic clusters containing metal ions that
are bonded to organic ligands, known as linkers, that bridge the inorganic clusters
together. For instance, the first MOF, ZIF-8 (Zn(2-methylimidazolate)s), is a
mononuclear MOF comprised of Zn2% ions tetrahedrally-coordinated to nitrogens
in four imidazolate rings, and was synthesized in the laboratory of Professor

Omar Yaghi at the University of Michigan in 1995.2! Since then, researchers



have developed and synthesized over 90,000 unique MOFs with different chemical
compositions and functionalities, and predict that there could be at least 500,000.22
Unlike transition metal oxides, the surface area, topology, and pore structure
of MOF's can be tailored by careful choice of organic and inorganic precursor, which
has led to a surge of applications in renewable energy and sustainability. 2327
Among these potential applications, photocatalysis has been an area of particular
interest. 28732 MOFs have shown potential as photocatalysts due to their versatility
in structural design that enable light absorption across a wide range of wavelengths.
Additionally, the highly-ordered crystalline structures of MOFs suppress rapid e -
h™ recombination. The high porosity of MOFs also proves to be a major asset,
allowing for efficient movement of charge carriers, leading to improved e -h™
separation and ultimately, enhanced photocatalytic activity. Like TiO9, most
photo-active or photocatalytic MOFs contain Ti**, due to its low toxicity, natural
abundance, and ligand field orbitals (typically oxides) that dominate the frontier
orbitals of the MOF.18:33-36 Under UV irradiation, an excited electron localizes
on the Ti center to generate reactive Ti®T sites, while an excited hole localizes
on oxide-based orbitals with strong oxidizing potential. Both charges, either the
reducing electrons or oxidizing holes, can be harnessed to drive photocatalytic

reactions.
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Figure 1.3. General example of a MOF and MOF tunability. Researchers are able
to customize a MOF for specific applications by selecting “building blocks”: the
metal node or organic linker.

In 1999, MOF-5 (Zn4O(1,4-benzenedicarboxylate)s) (Figure 1.3) was also
synthesized in Omar Yaghi’s lab,3” followed by an exploration of its optical and
vibrational properties using photoluminescence and diffuse-reflectance spectroscopy
in 2004 by the Zecchina group.3® The intense ligand to metal charge transfer
transition (LMCT) observed for MOF-5 suggested that the ZngOq3 clusters and
organic linkers within the framework function independently, with the clusters
behaving as ZnO quantum dots and the linkers serving as light-absorbing antennae.
Because of this investigation, in 2007, researchers first explored using MOF-5
for photocatalytic phenol degradation in aqueous solutions and noted activity
comparable to P-25 TiOs.3? Despite these advances, the researchers observed
decomposition of MOF-5 under exposure to moisture from air or water.

Since this initial foray into the photocatalytic activity of MOF-5, researchers
have made great strides in improving MOF photocatalyst performance by a
variety of techniques, such as ligand functionalization. For example, when

researchers discovered that by merely adding an amino group to the native
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benzenedicarboxylate linker in MIL-125 (TigOg(OH)4(1,4-benzenedicarboxylate)g)
shifted the crystal color from white to yellow, 40 it launched a series of
investigations into the electronic structure of Ti-containing MOFs. In 2013, Hendon
et al. indeed confirmed that the band gap energy of NHo-MIL-125 shifts into
the visible spectrum (3.6 to 2.6 eV).41 They proposed that donating electrons
from the functional group, such as N 2p in amino (-NHs) groups, red-shifted
the valence band edge, vastly decreasing the optical band gap. Accordingly, the
amino-functionalized MIL-125 (NHo-MIL-125) has shown great promise for visible-
light catalyzed CO9 reduction and Ho generation - rivaling the performances of
conventional semiconductors. 284243 Alternatively, a mixed-metal /linker strategy
can be used to tune MOF photocatalyst performance.44’46 In 2015, the Cohen
group reported a post-synthetic exchange of Ti** into a Zr*T-based MOF, whereby
the introduction of Ti*T as an electron mediator improves the turnover frequency
(TOF) by nearly 400% compared to TiOg in visible-light CO9 reduction. 4?
Although MOF's have shown great promise as photocatalysts, there is
still much work to be done to fully comprehend and optimize their behavior. For
example, while ligand functionalization and mixed-metal/linker strategies serve
as useful tools for understanding MOF photocatalyst performance, many linkers
and post-synthetic exchanges are costly or unfeasible in purposes of a large-scale
application. At the time of writing, one kilogram of the amino-BDC linker in NHso-
MIL-125 is on the order of $5,000, while the unfunctionalized linker is only $80
per kilogram. Therefore, further research is required to investigate the optimal
synthesis and functionalization strategies, impact of structural distortions and/or
defects, their mechanisms of reactivity, and their performance under various

conditions.



1.3 Nuclear Motion as a Strategy to Understand MOF Photocatalyst
Performance
While great strides have taken place in terms of MOF TOF and stability in

photocatalytic reactions since the advent of MOFs, 48754

many of these techniques
require chemical modification or functionality to drive these reactions forward
under ideal conditions. Hence, a non-permanent and/or reversible technique to
improve catalyst performance is highly sought after for these purposes. Moreover,
at a fundamental level, MOF structures can possess symmetry-lowering defects and
exhibit reversible structural flexibility, the extent of which is yet to be fully known.
The impact of these structural perturbations on optical behavior remains an open
area of research, thereby necessitating further investigation.

Dynamic distortions to solid lattices, such as those in MOF's, contribute a
significant role in determining their optical behavior.?® 6 The presence of lattice
vibrations, or phonon modes, can result in a range of geometric distortions that
alter the equilibrium structure of the MOF'. Classically, this effect can be captured
with a single well potential, such as those in standard bond vibrations. Still,
these vibrations can cause such extreme distortions to the equilibrium geometry,
triggering a multitude of physical, 61 magnetic,%2 optical,63 and electronic
properties. 54766 For example, the dynamic coordination of a carboxylate species
improves water oxidation on ruthenium-based single-site catalysts fifty-fold. 67
When these phonon modes couple with electronic phenomena, they give rise to
vibronic interactions that can cause significant spectral broadening when studying
optical behavior. This broadening is due to the presence of different geometric

configurations in the MOF (Figure 1.4a), which are a result of the dynamic motion

of the nuclear positions of atoms in the solid lattice.??:6% Furthermore, thermally-



assisted nuclear motion is a factor that contributes to the optical behavior of
MOFs. As temperature increases, the range of geometries that a MOF can exist in
also increases, leading to a greater likelihood of vibronic interactions and changes in
its optical properties. As a result, investigating these vibrations, and what triggers

them, can provide insight into predicting and controlling such properties.
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Figure 1.4. Depiction of two scenarios that give rise to optical transitions through
symmetry-lowering behavior. a) vibrational motion in a crystal lattice result in
many states in which an electron can occupy b) defects (vacancies/ interstitial
atoms (Frenkel defects), or structural/atomic displacement) induce mid-gap states
that are accessible by electrons.

Vibrations are not the only cause of structural distortions in solid
lattices. In reality, an arrangement of “crystals” deviates from the ideal, perfect
periodic repetition of identical groups of atoms and contains numerous structural
defects. 5970 These irregularities can be caused by compositional inhomogeneities,
also known as ”defects.” (Figure 1.4b) The definition of these inhomogeneities is
diverse, from simple lattice and interstitial vacancies to substitutional defects (i.e.,
impurities and dopants).71 In the context of this dissertation, the term “defect”

generally refers to sites that disrupt the regular atomic arrangement of the static
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parent crystalline structure. These structural disorders and flaws have a significant
impact on the physical and chemical properties of solid-state materials. 72 76 In
some instances, such as in transistor fabrication and thermoelectrics,77 perfect
crystals are desired; however, defects do not always have negative effects. In fact,
many material properties are contingent on the lattice’s unique imperfections.
For example, the electrical conductivity of materials such as silicon are entirely
attributable to minor quantities of chemical impurities and defects.”® Additionally,
because defects disrupt crystallographic symmetry that give rise to optical
properties, shifted or new transitions, coined “mid-gap states” can be observed
by optical spectroscopy.®?(Figure 1.4b)

In recent years, researchers have observed intriguing phenomena in MOFs
that stray from the conventional view of them being static structures. The concept

of dynamic metal-linker bonding, or simply dynamic bonding, has been invoked

as a potential explanation for the unique properties of MOFs such as phase

79-85 45,86,87 88-90

changes, post-synthetic exchanges, negative thermal expansions,
and notably, electronic structure shifts.91™3 This line of research was sparked by
the work of Andreeva et al.,?* who used Variable-Temperature Diffuse Reflectance
Infrared Fourier-Transform Spectroscopy (VIT-DRIFTS) to study “soft” modes in
MOFs. By analyzing the carboxylate stretches of common MOF's, the researchers
noticed a reversible red-shift upon heating that could be attributed to an
equilibrium mixture of “loose” and “tight” metal-linker configurations (Figure 1.5).
The classical definition of bond vibrations, as described in previous paragraphs,
assumes that a material can be at equilibrium and exist in a range of geometries,

which can be captured with a single well potential. However, the authors of this

study propose a different theory, where they suggest the existence of a double
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well potential in materials. In this scenario, the material exists in equilibrium
between two different states, each with its own unique set of atomic positions
triggered by external stimuli. This deviation from the classical theory leads to a
new understanding of how lattice vibrations can impact a material’s properties.
The dynamic motion of the nuclear positions of atoms in the solid lattice, hereafter
referred to as “dynamic bonding,” can cause the material to transition between the
two equilibrium states. This transition is facilitated by the presence of phonons,
which act as a soft mode. This study provided a simple and effective method for
tracking dynamic bonding in MOFs. Crucially, these results helped explain why

a series of ZIF MOFs could be ‘melted’ into the first examples of ‘MOF liquids’
wherein the chemical configuration, bonding, and importantly, porosity, remained
intact in the disordered liquid phase.?* 97 The phenomenon of melting MOF's

is posited to be a balance of Ty, (melting temperature) and Ty (decomposition
temperature). However, the melting mechanism specifically is proposed to be driven

by high-temperature imidazole dissociation/ Zn2* undercoordination.
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Figure 1.5. Equilibrium between “tight” and “loose” ensembles of MOF metal-
carboxylate populations existing near thermoneutral equilibrium. Top: Conversion
of MOF metal-linker bonds between two ensemble-averaged states. Bottom:
Temperature-dependent free energies (AG) and relative population according to
equilibrium constants derived from experimental data. Reproduced with permission
from ref.9%. Copyright 2020 American Chemical Society.

Another manifestation of dynamic bonding is in MOF-5, which is usually
assumed to contain static tetrahedral Zn®" sites — even in the presence of guest
molecules. However, a tetrahedral Zn?* jon within the MOF-5 cluster can bind
to two DMF molecules upon solvent soaking, initiating an octahedral geometry
change.?® Ab initio molecular dynamics (MD) simulations and solid-state nuclear
magnetic resonance spectroscopy (SS-NMR) suggest that the MOF-5 secondary-
building units (SBUs) dynamically bind and release DMF molecules without
compromising the structural integrity of the framework, but thereby quickly
changing the coordination number of the Zn sites. In a similar study, MOF-5 can

be soaked in cationic solutions of other metallic ions (Ti3+, V2t vt ot
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Cr3t, Mn2+) and post-synthetically replace Zn sites to generate novel MOF's
inaccessible by conventional synthetic techniques. 80 Hence, these results indicate
that carboxylate linkers must reversibly dissociate and associate at the SBU of
MOF-5 to allow for metal ion insertion.

While dynamic bonding has been shown to play a crucial role in explaining
various phenomena observed in MOFs, the relationship between these unique
stimuli and the electronic structure remains unclear. While some researchers have
begun to investigate the effects of dynamic bonding on catalytic performance in
MOFs, 997102 the specific mechanisms and responses of MOFs to nuclear motion
have yet to be fully explored.

This dissertation aims to shed light on how the electronic structure and
correspondingly, the optical behavior, of MOFs change in response to stimuli-
induced atomic motion and rearrangements. In Chapter 2, the electrostatic effect
of cations (alkali earth ions and protons) on the redox potentials of photoredox-
active MOFs are explored. We discovered that the presence of redox-inactive
cations nearby the SBUs of the MOF's greatly impact their redox potentials, and
consequently, the selectivity and performance of the MOF in specific reactions.
Furthermore, we elucidated a general technique to extract optical band gap energies
from solid-state diffuse reflectance data. In Chapter 3, the modulation of crystal
sizes of a photoredox-active MOF and the investigation of its electronic structure
using solution-state techniques is performed to unveil its unique reactivity patterns
and vibronic distortions for the first time. In Chapter 4, temperature is utilized as
a tool to reversibly control the band gap energies of common MOFs and vibronic
parameters are established to explain the size-dependent optical behavior of MOF

nanocrystals. Next, “flexibility constants” are proposed to help broadly define the
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population of “loose” and “tight” states across the field of dynamic bonding. These
findings will provide valuable insights for the wider photocatalytic community to
develop reversible techniques for improving the performance and selectivity of MOF
photocatalysts, as well uncover the source of optical behavior caused by structural

distortions in MOFs.
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CHAPTER II
CATION-INDUCED NUCLEAR MOTION AND OPTICAL BAND GAP
ASSIGNMENT
2.1 Tunable Band Gaps in MUV-10(M): A Family of Photoredox-
Active MOFs with Earth-Abundant Open Metal Sites

This section includes an excerpt from previously published and co-authored
material from Fabrizio, K.; Lazarou, K. A.; Payne, L. I.; Twight, L. P.; Golledge,
S.; Hendon, C. H.; Brozek, C. K. Tunable Band Gaps in MUV-10(M): A Family of
Photoredox-Active MOFs with Earth-Abundant Open Metal Sites. J. Am. Chem.
Soc. 2021, 143 (32), 12609-12621.

The article was co-written by Kevin Fabrizio, Konstantinos A. Lazarou,
Christopher H. Hendon, and Carl K. Brozek. The idea was conceptualized by
Kevin Fabrizio, Konstantinos A. Lazarou, Christopher H. Hendon, and Carl K.
Brozek. Experiments were performed by Kevin Fabrizio and Konstantinos A.
Lazarou. Lilian I. Payne performed the computational simulations. Liam P. Twight

and Stephen Golledge assisted in characterization.

Introduction. The frontier orbital energies of photocatalysts and
molecular substrates dictate key aspects of photoredox reactions, ranging from the
thermodynamic driving forces of charge transfer to the wavelengths necessary for
photoexcitation. 1037106 Although solid-state materials benefit from greater stability
compared to homogeneous systems, defining the energetic positions of relevant
orbitals, such as the band-edge potentials, is often complicated by compositional

defects that dominate the electronic structures. 12107
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MUV-10(Ca)

Figure 2.1.1. Molecular and band-diagram representation of the photodoping
process in MUV-10(Ca). Partial density-of-states contributions from Ti, O, and
C are denoted in blue, red, and black, respectively.

Studying site-isolated metal centers in crystalline solids has therefore
become an important strategy for investigating interfacial reactivity with molecular
control. Whereas the active sites of conventional heterogeneous catalysts can be
ill-defined, crystallographic metal centers in metal-organic frameworks (MOF's)
combine the atomic precision of molecules with the convenience of solids. In place
of typical organic linkers that bridge metal cluster “nodes” in MOFs, such as 1,4-
benzenedicarboxylate, “metalloligands” offer an effective approach for installing
precise catalytic species. Metalloligands are constructed by functionalizing well-
studied homogeneous catalysts with carboxylates or other binding groups to
repurpose them as MOF linkers. 108110 Although they boast improved stabilities,
metalloligands exhibit reactivity patterns that still resemble the chemistry of the
homogeneous analogs. When viewed as discrete coordination complexes, the metal

nodes of MOFSs, on the other hand, often exist without molecular precedent, 1!

112

thereby enabling unusual small molecule reactivity, = the stabilization of reactive

intermediates, 113 and impressive catalytic performance. 14,115 Bor example,
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the family of M-MFU-41 (M = Ti, V, Cr, Ni, Zn) materials achieve ethylene
oligomerization and polymerization activities superior to other homogeneous or
heterogeneous catalysts. 114,116-119 'N[OF metal nodes therefore offer a unique
platform for studying interfacial heterogeneous reactivity, whether for uncovering
fundamental parameters difficult to pinpoint in less precise heterogeneous systems,
e.g., TiO9g, or to discover entirely new chemical transformations. Whereas most
reports of catalysis at MOF metal nodes have focused on thermochemical and

electrochemical reactions, 120-122

investigations into their photochemical reactivity
typically involve co-catalysts. In these systems, photoexcited charges migrate from
the MOF clusters to metalloligands, or to impregnated nanoparticles and molecular

catalysts, for subsequent reactivity. 123-129130-132

By comparison, the intrinsic
photoredox chemistry of MOF nodes remains underexplored. 133-139
Titanium-based MOFs (Ti-MOFs) offer a useful platform for studying
heterogeneous photoredox chemistry. Because the low-lying empty d-orbitals of
titanium dominate the conduction bands, the lowest-energy optical absorption
features can be understood as linker-to-titanium charge transfer bands. 140
Synthetic manipulation of either metal or linker consequently leads to predictable
changes to the band gap. For example, the amino-functionalized version of the
material known as MIL-125-NHg (TigOg(OH)4(2-aminoterephthalate)g) displays
a bandgap of 2.6 eV compared to the unfunctionalized variant, with a gap of 3.6
eV, resulting from the destabilization of the valence band, composed of linker-
based orbitals upon amino functionalization. 28141 Interestingly, many titanium
MOFs are capable of storing charges upon photoexcitation in the presence of

sacrificial reductants. For example, irradiating (MUV-10(M) (TigM3(u3-0)2(1,3,5-

benzenetricarboxylate)4(H2O)g, M = Ca or Mn) with UV-visible light and excess

17



ethanol leads to promotion of carboxylate-based electrons to empty titanium
orbitals, with the resulting orbital holes quenched by oxidation of ethanol to furnish
acetaldehyde and protons (Figure 2.1.1). In the absence of air, such photochemical
electronic doping (photodoping) leads to generation of indefinitely stable T3+
centers that are charge-balanced by H+.10 In other words, the HT — e pairs
become stabilized at the MOF clusters, rather than combine to form Ho. Similar
attempts to photodope titanium MOF's featuring single Ti ions rather than
multinuclear clusters does not lead to isolation of Ti*t, however. To explain the
unique ability of cluster-based Ti-MOFs to generate Ti3T through photodoping, the
Marti-Gastaldo group has proposed that clusters tend to produce photoexcited
states where the electron localizes on the Ti atoms and the holes center on the
linkers.?® The spatial separation of excited-state charges therefore disfavors rapid
electron-hole recombination, allowing ethanol to quench the linker-based hole and
trap the Ti3t state. The clusters in these materials typically contain inorganic
oxos that bridge titanium centers. In support of the Marti-Gastaldo hypothesis, we
propose that bridging oxos prevent Ho generation by serving as proton acceptors,
thereby lowering the electrochemical potential of the HT — e pair. In a similar
vein, the Mayer group, has justified the charge storage capacity of titanium cluster
MOFs in terms of cation-oxo electrostatic pairing stabilization. 142143 Although
MIL-125 nodes contain eight titanium centers, steady-state photoirradiation does
not lead to quantitative reduction of all metal ions to Ti®t, as evidenced by
electron paramagnetic spectroscopy (EPR). Treatment of MIL-125 particles with
sodium-based reductants, however, increases the average number of reduced metal
ions per MIL-125 cluster, suggesting a strong cation-dependence and ion-pairing

effect of charge storage in titanium MOFs. 42 The photoredox chemistry of MOFs,
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therefore, depends strongly on the chemical factors that control the electrochemical
potentials of the resulting photoexcited charges. We therefore seek Ti-MOF's with
open metal sites (OMSs) and synthetic tunability for investigating the chemical

factors that control photoredox activity.

Oxygen-Evolving Complex MUV-10 (M)
Photosystem Il this work

Figure 2.1.2. Comparison of the oxygen-evolving complex of Photosystem II and
the heterometallic cluster of MUV-10(M). Redox-active metal sites noted in blue,
bridging oxygens in red, redox-inactive metal sites in yellow, and open metal sites
as boxes.

In designing a system for studying heterogenous photoredox chemistry, the
oxygen evolving complex (OEC) of Photosystem IT (Fig. 2.1.2) provides a useful
example because the MnyO5Ca cluster accomplishes one of the most important
examples of photoredox catalysis by harnessing a carboxylate ligand field akin to
typical MOF structures. 144147 The OEC possesses several design principles for
photoactive MOF's: In addition to being comprised of Earth-abundant metal ions,
the redox-active Mn2* bears an OMS and a redox-inactive (i.e., redox potential
inaccessible under relevant conditions) Ca® ion influences the energetics of the

OEC. Indeed, replacing Ca2t with other alkaline Earth or transition metals leads
19



to systematic shifts in the redox potentials of the native and biomimetic complexes,
and in the redox chemistry of poloxometallates. 148-151 g hypothesize that Ti-
MOFs containing redox-inactive metal ions would offer a convenient platform for
photoredox chemistry with tunable electrochemical properties.

Here, we report that the Ti-MOF known as MUV-10(M)1°2 can be
expanded into an isostructural family of materials with clusters that incorporate a
range of redox-inactive metal ions and Ti centers that support OMSs. Measurement
of band gap (HOMO-LUMO) energies reveals that while the identity of the redox-
inactive ions electrostatically shifts the Ti-based orbital energies, their dominant
effect is to introduce structural flexibility that strongly impacts optical absorption
profiles, especially in the presence of solvent. A similar effect is observed with the
introduction of redox-inactive ions to the MOF pores, further illustrating their
energetic influence on the orbital energies of photoredox materials. Importantly, the
interpretation of these band gap energies required a reevaluation of the applicability
of Tauc analysis, which will guide the future analysis of MOFs and other materials
in general. Finally, the Fermi levels (electrochemical potentials) of photodoped
MUV-10 were approximated using a contactless optical redox indicator method,
providing evidence of heterogeneous photoredox reactivity and a thermodynamic
justification for the charge-storage properties of Ti-MOF's.

Experimental.

Materials and Equipment. All manipulations were performed under
an atmosphere of nitrogen in an LC Technology Glovebox or by using standard
Schlenk techniques. All reagents were purchased from commercial sources and used
without further purification. Solvents were purified using a LC Technologies SP-

1 solvent purification system. Powder X-ray Diffraction (PXRD) patterns were
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recorded by dispersing activated dry samples on zero-background Si plates using a
Bruker D2 Phaser, in the range of 3 to 35 © 20 using a copper K-a radiation source.
N9 gas sorption isotherms were collected on a Micromeritics ASAP 2020 Plus.
X-ray fluorescence data was collected using a Rigaku ZSX Primus II wavelength
dispersive X-ray fluorescence spectrometer with a rhodium X-ray source. IR spectra
were collected on a Bruker Alpha II with an ATR attachment in a nitrogen filled
glovebox and a Nicolet 6700 FT-IR spectrometer with an ATR attachment in
open air. UV-vis measurements were performed using a PerkinElmer Lambda
1050 spectrophotometer with a Peltier-cooled InGaAs and PbS detector. MUV-
10(M) samples were diluted with BaSOy4 as a reference, loaded into a Harrick
high temperature environmental chamber and attached to a Harrick praying
mantis accessory to perform DRUV-vis measurements. The chamber was allowed
to equilibrate at a set temperature from 25 °C to 350 °C for 30 minutes under
dynamic vacuum before each measurement was taken at static vacuum.

Preparation of MUV-10(Ca, Mn). MUV-10(Ca) and MUV-10(Mn)
were synthesized according to a literature method.152 Briefly, a solvothermal
reaction of calcium chloride dihydrate (0.0176 g, 0.12 mmol) or manganese (II)
chloride tetrahyrate (0.0238 g, 0.12 mmol), titanium (IV) isopropoxide (36 uL,
0.12 mmol) and trimesic acid (0.125 g, 0.595 mmol) in DMF (12 mL), using glacial
acetic acid (3.5 mL) as a modulator for crystal growth, is conducted at 120 °C for
48 hours in a 50-mL Pyrex Schott bottle.

Preparation of MUV-10(Ba, Sr, Cd). Following a procedure
adapted from Castells-Gil et al., 152 trimesic acid (0.125 g, 0.60 mmol) and either
barium chloride dihydrate (0.044 g, 0.18 mmol), strontium chloride hexahydrate

(0.048 g, 0.18 mmol), or cadmium chloride hemi(pentahydrate) (0.041 g, 0.18
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mmol) were added to a 50-mL Schott bottle dissolved in dry DMF (12 mL). The
solution was then transferred to a benchtop N9 glovebox, where glacial acetic acid
(3.5 mL for Cd/Sr, and 5.0 mL for Ba) and titanium (IV) isopropoxide (36 uL,
0.12 mmol) were added, and the bottle was resealed. Then, the solution was heated
in a fixed-temperature oven at 120 °C for 48 hours. The resulting white powder
was centrifuged and washed three times sequentially with 20 mL clean DMF and
methanol, and then dried under dynamic vacuum overnight at room temperature.
Fermi Level Estimation by Optical Redox Indicator. In an No
glovebox, decamethylferrocene (FeCp3) was weighed into a Schlenk flask and
dissolved in ca 5 mL hexanes. In air, benzoquinone was dissolved in ca 5 mL
of ethyl ether, and HBF4 was added. The FeCp3 and benzoquinone solutions
were combined by cannula transfer, creating a cloudy dark-green mixture. This
solution was left to stir for one hour, and let stand for 30 minutes, yielding a green
precipitate. The flask was transferred to a benchtop No glovebox, where it was
vacuum filtered and washed with dry hexanes (~40 mL). Once transferred into a
standard Ny glovebox, the powder was dissolved in dry MeCN. The concentration
of the solution was tested via UV vis by way of a dilution of 300 puL in 3 mLL MeCN
in an air-free quartz cuvette with pathlength 1 cm, and the concentration was
determined to be 4.06 mM by the 30 minute irradiation absorbance value at 778

1, according to prior studies

nm for an absorptivity coefficient of 488 L mol 1 ¢cm™
of the decamethylferrocene/decamethylferrocenium ([FeCp3]/ [FeCp5]™) redox

couple. 1?3 Similar to the previous experiment, 3 mg of MUV-10(Ca) were added
to 3 mL of stock [FeCp3]™ in MeCN and 300 pL of dry ethanol. The cuvette was

irradiated with a mercury arc lamp, and the UV-vis spectra were recorded after
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allowing the powder to settle. After 1290 min of irradiation (21.5 hr) the vibrant
green solution had turned yellow, indicating the complex’s conversion to FeCp3.

Soaking MUV-10(Ca) in Nitrate Salts. The impact of H" on
MUV-10(M) was tested by soaking 1 mg of MUV-10(Ca) in 2 mL of 103 M HNO3
overnight (> 16 h) and then measuring the diffuse reflectance spectrum. Similarly,
the impact of different cations was examined by preparing suspensions consisted
of 2 mLL aqueous solutions of LiNO3, NaNOj3, and KNOg, respectively together
with 1 mg of MUV-10(Ca) such that the ratio of cation to Ti in the MOF would be
5:1. After every soaking experiment, a powder diffraction pattern was collected to
ensure that the crystal lattice remained intact (Fig. 523).

Computational Methods. Density Functional Theory (DFT)
calculations were performed to identify the density of states (DOS) and band gap
energy (Eg) of MUV-10 (M) derivatives, in addition to different hydration states
and cation localization on the MOF cluster.

All MOF structures were geometrically equilibrated with the GGA
functional PBEsol*®* in VASP 1957157 and a 500 eV planewave cutoff basis
set. A T'-only k-grid was converged to ionic and electronic criteria of 0.005 eV
and 1 x 1076 eV, respectively. Then, using the range separated hybrid GGA
approach, HSEsol061°8 (PBEsol + 25 percent HF) the electronic band gap was
computed using a I'-only k-grid and the same convergence criteria as above. This
approximation was determined to be suitable, as the PBEsol electronic band
structure (Figure A.40), revealed that MUV-10(Ca) has extremely flat bands,
indicating a direct band gap, and localized electronic states. Thus, [™-only is

suitable to assess the band gap.
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In the transmetallated structures, all Ca atoms in the unit cell were
exchanged for the respective metal before a full optimization. For the hydrogen
functionalized structures, one inorganic oxo in the unit cell was functionalized with
a hydrogen atom. The same procedure was followed for the proton functionalized
structures, with one electron removed from the unit cell to constitute the addition
of a proton. Manganese and cadmium structures were converged with HoO
coordinated solely to titanium at the nodes. The manganese-substituted parent
scaffold was found to have lower energy in the antiferromagnetic magnetic
orientation, and so the electronic structures of all manganese substituted derivatives
were calculated in the antiferromagnetic state after geometric optimization. We
present a comparison of the manganese structure in Figure A.33.

Finally, both hydrogen-functionalized and parent bulk structures were
aligned to the vacuum level using a previously reported method. ! In brief,
we probe the internal electrostatic potential at the center of the pore, using the
method depicted in Figure A.35.

Results and Analysis.

Preparation of the MUV-10(M) Isostructural Series. The Ti-
MOF known as MUV-10(M), where M = Ca or Mn, was selected as a molecularly
defined platform for studying heterogeneous photoredox chemistry. In an idealized
disorder-free model, the heterobimetallic clusters of MUV-10(M) consist of two
octahedral Ti(IV) centers bridged to two heterometals by inorganic oxos and
trimesate carboxylate linkers (Figure 2.1.2). By combining the carboxylate and
aqueous ligand environments, metal-oxo architecture, redox-inactive heterometals,
and photoactive Ti ions with OMSs therefore renders MUV-10(M) an ideal

candidate for pursuing the design principles of the oxygen-evolving complex (OEC)
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of PSIIL. Just as the redox-inactive heterometal tunes the redox chemistry of OEC
and molecular inorganic clusters, we sought to prepare analogs of MUV-10(M)
with a range of metal ions, based on the hypothesis that they would influence
the Ti4*+/3+ reduction potential through electrostatic interactions. By building
a library of MUV-10(M) variants, we planned to investigate the energetic effect of
cations on the electronic structure of photoredox materials.

Three new MUV-10(M) derivatives (M = Ba, Sr, Cd) were prepared
by a modified solvothermal synthesis. Figure 2.1.3a plots the powder X-ray
diffraction (PXRD) patterns, confirming retention of the original MUV-10(Ca)
structures. Attempts to synthesize MUV-10 solely from Sr2t, Ba2t, or Cd2+
precursors yielded amorphous materials. We note that an attempt at post-
synthetic cation exchange in MUV-10(M) was recently reported not to yield

160 Although relative peak intensities differ from the

isostructural products.
calculated geometries as-is, simulating preferred growth in the [111] direction

shows almost an identical fit, with the [222] and [333] phases growing in intensity
as well (Figure A.1). Furthermore, a recent report on the applications of MUV-
10(Ca) particles noted that by simulating the equilibrium shape of the crystal, the
(111) planes energetically show preferential formation with minor contributions
from the (001) planes. 6! Correspondingly, the (110) and (111) Bragg intensities
have differed by varying crystal growth modulator equivalents in nanoparticle
syntheses of MUV-10(Ca). 152 While attempts to incorporate Mg?™* to complete the
series of alkaline Earth metals did not yield a crystalline product, a recent study
demonstrated that the inclusion of Mg2 ™ results in a separate MOF isostructural

to the MIL-100 family. 153 We suspect that ionic radius is a critical determinant

of isostructural MOF syntheses, given that the ionic radius for Mg?™ in a six-
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coordinate geometry is 0.72 compared to Ca2t = 1.0, Mn?t = 0.83, Ba2t =
1.35, Sr2t = 1.18, and Cd2*+ = 0.95.164 Interestingly, computational methods in
the seminal report on MUV-10(Ca, Mn) predicted that an MUV-10(Cd) variant
would be the least thermodynamically favorable, and yet we demonstrate it can
be prepared following similar procedures. Cd2t was targeted in order to compare
the energetic impact of a d10 transition metal ion in comparison to Mn2T, which
is d°, and to expand upon examples of redox-inactive variants beyond alkaline
Earth metals. X-ray fluorescence spectra of all powders confirmed that both
metal ions incorporate into the structures (Figures A.2-A.7). X-ray photoelectron
spectroscopy reveals the anticipated metal ion valences and confirms a 1:1 ratio
between Ti*+:M2F in MUV-10(Sr) and MUV-10(Cd). The results for MUV-
10(Ba) suggest an excess of titanium, however. Inductively coupled plasma mass
spectrometry (ICP-MS) further corroborates these findings that the Cd and Sr
analogs possess the anticipated stoichiometry, whereas the Ba material shows
excess Ti. The synthesis of synthesis of MUV-10(Ba) qualitatively produced a gel-
like byproduct that could be largely removed with washing. Residual gel in the
elemental analysis of this material could contribute to the nonstoichiometric ratio
of metal ions. Moreover, attempts to synthesize derivatives with nonstoichiometric
equivalents of heterometal (Ba, Sr, Cd) were unsuccessful, which demonstrate the

necessary presence of heterometal.
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Figure 2.1.3. a) Powder X-ray diffraction patterns of MUV-10(M), M = Ca?™,
Mn2t, Cd2+, Ba?t, or Sr2*. Simulated patterns are shown based on isotropic
and preferred growth in the [111] direction. b) N9 gas adsorption measurements of
MUV-10(Sr, Ba, Cd) derivatives collected at 77 K. Adsorption curves are denoted
by full circles and desorption by open circles. MUV-10(Ca) and MUV-10(Mn) are
shown as a comparison to the new derivatives.

For further evidence of isostructural MUV-10(M) derivatives, N2 gas
sorption isotherms were measured at 77 K for MUV 10(Ba, Sr, Cd) following
activation under vacuum at 130 °C. Figure 2.1.3b plots both adsorption and
desorption data, revealing the expected Type I isotherms and reversibility
for all materials. Multi-point Brunauer-Emmett-Teller (BET') analysis yields
specific surface areas of 1902.99, 1227.63, and 871.44 m2/g (2.89><106, 1.68x109,
1.27x105 m /mol), for Ba, Sr, and Cd respectively. The Ba?* and Sr2* variants
showed surprisingly high uptake, in qualitative comparison with that of the Cd2*
derivative. We hypothesize that their increased surface areas can be attributed to
large ionic radii (1.35 and 1.18 A, respectively), which may expand pores sizes, but

164 The increased quantity of

also create linker vacancies through lattice strain.
defects and disorder (interstitial vacancies in the lattice, M2+ or linker) present
in these two derivatives allows for higher N9 uptake than that of more pristine

derivatives (Ca2+, Cd2t, Mn2+). We further analyzed the powder patterns for
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experimental unit cell parameters and noted that the larger ionic radii cause unit
cell expansions of almost 0.5 A compared to MUV-10(Mn) (Table 2.1.1). The
correlations between unit cell dimensions and large ionic radii of the heterometal
in MUV-10(M) are further represented in the experimental powder patterns, that
shift to slightly lower 20 values, suggesting an increase in unit cell volume. As a
final point of comparison, we simulated the solvent accessible pore space in the
geometry-optimized structures (Table A.2) and noted that the Ba and Sr analogs

have the highest uptake, which complements their higher experimental No gas

sorption isotherms.
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Figure 2.1.4. Thermogravimetric analysis for new MUV-10(M) derivatives (Cd, Ba,
Sr) showing a significant weight loss between 0-100 °C after solvent exchange and
activation at elevated temperatures. Inset: IR spectra of as prepared MUV-10(Ca)

and activated MUV-10(Ca) suggesting a loss of the ~OH stretch in water at 3700-
3000 cm L.

Generation of Photoactive Open Metal Sites. For insight into the
structural stability of the new MUV-10(M) derivatives and for initial evidence that
they support OMSs via removal of water ligands, we performed thermogravimetric
analysis (TGA). All three derivatives (Ba, Sr, Cd) show thermal stability to 475
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2C and significant weight loss below 150 °C: 21.03% for MUV-10(Ba), 24.48% for
MUV-10(Sr), and 13.42% for MUV-10(Cd) (Fig. 4). Based on the assumption that
one water molecule coordinates to each metal in an idealized formula unit of MUV-
10(M), we would anticipate a weight loss of 6.65% for MUV-10 (Ba), 7.60% for
MUV-10 (Sr), and 6.97% for MUV-10 (Cd) for complete removal of terminally
bound aqua ligands. Because the actual weight losses for all three derivatives

is markedly higher than expected, we attribute these weight changes to loss of
pendant water molecules, interactions of the alkali earth metals with excess water
(as evidenced by the difference in experimental weight losses between MUV-10(Ba,
Sr)) and MUV-10(Cd)), and residual water /methanol mixtures from the pores.

For direct evidence of OMS generation, we compared Fourier transform infrared
(FT-IR) spectra of all derivatives before and after treatment with vacuum at 130
°C. Figure 2.1.4 compares IR spectra of the as-prepared and evacuated materials,
showing the disappearance of the broad peak associated with the ~OH stretch of
water. Given prior evidence from CO adsorption studies that water can be removed
from the Ti sites of MUV-10(Ca), 0 these data suggest MUV-10(M) comprises an
unusual family of photoactive MOF with OMSs. Given the ability of MUV-10(M)
to stabilize Ti®t — HT pairs, we envisioned use of these materials for photoredox

transfer hydrogenation catalysis, where bond formation to substrates at photoactive

OMS will be beneficial.
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Figure 2.1.5. a-e)Variable temperature diffuse reflectance UV-vis-NIR spectra

for MUV-10(Ca, Mn, Cd, Ba, Sr) to monitor dehydration. Dashed lines indicate
band gap energies determined by derivative analysis (Ca, Ba, Sr, Cd) or Tauc

plot analysis (Mn). Insets show derivative or Tauc plots. f) Scheme of ‘tight” and
‘loose’ states of dynamic metal-carboxylate bonding in MUV-10 (M) cluster at high

temperatures.
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Electrostatic control of band gap energies. UV-vis spectra were
collected in situ of all materials during evacuation and heating to probe changes
of the titanium ligand field upon water removal and for evidence that varying the
heterometal identities electrostatically tunes titanium redox potentials. Because the
Ti 3d orbitals dominate the composition of Ti-MOF conduction bands, we reasoned
that changes to the band gap energies can be interpreted in terms of alterations
to the Ti**/3+ redox potential. For example, if a chemical modification causes
the conduction band edge to lower in energy and narrow the band gap, then the
Ti4+/3+ redox potential therefore stabilized. Figure 2.1.5 plots UV-vis spectra of
MUV-10(Ca, Mn, Cd, Sr, Ba) collected in diffuse-reflectance spectroscopy. The
spectra compare the samples analyzed under ambient-pressure N9 at 25 °C vs
dynamic vacuum while heating between 25 °C and 350 °C. By collecting spectra
in situ, we were therefore able to monitor the dehydration and creation of OMSs
in the MUV-10 family. Plotted in Kubelka-Munk units, all 25 °C spectra exhibit
a gradual increase in absorption beginning around 3.0 eV and maximizing near
4.5 eV. When heated under dynamic vacuum to 350 °C, however, all samples
show a significant increase in absorption at lower energies, beginning around 2.0
eV. By assigning the peak maximum to an O(2p)—Ti(3d) ligand-to-metal charge
transfer (LMCT) band, dehydration and varying the heterometal identities were
expected to shift the Ti4+/3+ redox couples and, hence, peak maxima. The
pronounced absorption tails at higher temperatures, however, were unexpected.
Rather than simple shifts to band gap energies, we suspected that the low-energy
absorption features arise from thermally activated distortions to the Ti ligand
sphere, thereby creating transitions between midgap defect orbitals. With this in

mind, the defects could be irreversibly formed, such as by water removal, or they
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could form reversibly, such as by thermally induced dynamic bonding between
“tight” and “loose” configurations (Figure 2.1.5), as reported recently.”? Figure 2.1.6
shows that the absorption tailing across 20 °C to 250 °C is reversible, suggesting

a thermodynamically controlled equilibrium process rather than an irreversible
creation of defects. Consequently, assigning band gap energies and interpreting the
electronic structures of MUV-10(M) materials depends on identifying the origin of

such low-energy features.
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Figure 2.1.6. a)Diffuse reflectance UV-vis data of MUV-10(Ca) collected under
dynamic vacuum and cycled between 20 — 250 °C. b) Kubelka-Munk intensities at
4.0 eV versus temperature.

Choosing methods for assigning band gap energies depends on whether low-
energy absorption tails arise from the band edges or from mid-gap orbitals. On one
hand, the peak maxima can be taken as the excitation of a valence-band electron
to the conduction band. If many overlapping bands contribute to the absorption
onset, however, the band gap energy can be determined from the intersection of the
energy axis and a linear fit of the absorption edge, known as Tauc Plot analysis.
Superficially, the absorption profiles of all derivatives, except MUV-10(Mn), display
increased absorption at lower excitation energies, suggesting dehydration causes

a considerable band gap narrowing of nearly 1.0 eV by Tauc analysis in the case
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of MUV-10(Cd). Increased absorption involves pronounced tailing of the optical
bands rather than significant shifts to the band maxima, however. Understanding
the origin of such drastic changes to optical absorption requires precise knowledge

of the electronic structures of MUV-10(M) materials.

a. caOTi Oc ©0

5
~
=
()
<

=4.15eV E,=4.11eV
E,=4.11eV .

B - N () e

Vacuum aligned energy (eV)

MUV-1 O(C MUV-10(Ca)
fully hydrated partially hydrated dehydrated

Ca (ca

Figure 2.1.7. a)Density functional theory (DFT) density of states (DOS)
calculations for “fully hydrated” MUV-10(Ca), “partially hydrated” MUV-10(Ca),
and “dehydrated” MUV-10(Ca). Experimental and computed band gap energies

are shown in red and black, respectively. b) Geometry-optimized structures for
three forms of MUV-10 (Ca) hydration.
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Figure 2.1.7 shows the computed DOS diagrams for MUV-10(Ca) in
different states of hydration compared to experimental values. The “fully hydrated”
structure was constructed with one HoO bound to each Ti and Ca metal site. The
“partially hydrated” structures feature just a single HoO bound to each titanium
atom and “dehydrated” includes no HoO ligands. Because, experimentally, the
degree of hydration cannot be quantified in situ, the empirical band gap value for
the “partially hydrated” analog has not been measured. Upon full dehydration,
however, the calculated band gaps narrow by ~100 meV from 4.22 to 4.11 V.
Inspection of the electronic structures suggests that the frontier orbitals remain
largely intact and simply shift towards lower-energy potentials as a result of
water removal. To compare these computed band gaps to experimental values,
we attempted Tauc analysis of MUV-10(Ca) at 25 °C, which involved fitting the
absorption band tails, yielding a gap of 3.83 eV. The difference between this value
and the computed gap of 4.22 eV was outside the typical margin of error for this
level of theory, however. Derivative analysis, on the other hand, produced a band
gap of 4.21 eV, which is nearly identical to the computed value. The prominence
of absorption tails at higher temperatures therefore cannot be attributed to a well-
ordered structural change. We reasoned that the dynamic metal-linker bonding
of MUV-10(Ca), as detailed previously,? could give rise to the absorption tail
by creating mid-gap orbitals that arise from disorder around the MOF node. A
thermally induced shift of the bonding equilibrium from “tight” to “loose” binding
is also consistent with the reversibility evidenced in Figure 2.1.6.

To understand the effect of varying heterometals on the electronic structures
of MUV-10(M) materials, we computed DOS diagrams of all “fully hydrated”

MUV-10(M) derivatives (Figure 2.1.8). Comparison of the MUV-10(Ca, Sr, Ba)
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electronic structures shows a clear electrostatic influence of the alkaline Earth
metals, with heavier elements exerting greater stabilization on frontier orbital
energies. F or example, replacing Ca?T with Ba2™ causes the O-based valence band

to shift by 50 meV and the Ti-based conduction band to stabilize by 140 meV.
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Figure 2.1.8. Density functional theory DOS calculations for all hydrated
derivatives. Experimentally determined values shown in red, either by derivative
analysis (Ca, Sr, Ba, Cd) or Tauc analysis (Mn).

By Tauc analysis, comparison of computed band gap energies did not match
experimental results, except for MUV-10(Mn). Derivative analysis, however, yielded
experimental band gap energies in close agreement with theory (Table 2.1.1). These
results suggest that the chemical factors contributing to the absorption tail do not
arise from simple alterations to the heterometal identities. Instead, the optical band
gaps of the MUV-10(Ca, Ba, Sr, and Cd) materials are best described as a valence-
to-conduction band edge transitions, regardless of hydration state and presence of

mid-gap orbitals.
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| MOF names | Eg Tauc (eV) | Eg Deriv. (¢V) | Eg DFT (eV) |
| MUV-10(Ca) | 3.83 | 4.21 | 4.22 |
| MUV-10(Mn) | 3.03 | 4.34 | 2.78 |
| MUV-10(Sr) | 3.29 | 4.25 | 4.17 |
| MUV-10(Ba) | 3.29 | 4.21 | 413 |
| MUV-10(Cd) | 3.54 | 4.18 | 4.13 |

Table 2.1.1. Comparison of experimentally determined band gap energies for fully
hydrated MUV-10 (M) using Tauc analysis and derivative analysis, versus DF'T
calculated band gap energies.

| MUV-10(Ca) | 3.83

| MUV-10(Mn) | 3.22
| MUV-10(Sr) | 3.39
(

(

| MUV-10(Ba) | 3.20
| MUV-10(Cd) | 3.24

| MOF name | Eg Tauc (eV) |
|
|
|
|
|

Table 2.1.2. External cation incorporation into MUV- 10(Ca) band gap energy
comparisons via Tauc plot analysis.

For example, in the case of MUV-10(Ca) the band gap energy determined by
Tauc analysis is 0.40 eV less than expected, whereas derivative analysis is off within
a margin of error (0.01 eV) for this technique. We propose that whereas most
MUV-10 materials exhibit wide band-gap transitions appropriate for derivative
analysis, band gap assignment of MUV-10(Mn) requires Tauc analysis because the
multitude of ligand-field transitions overlap with the O(2p)—Ti(3d) absorption
band. Because proton-coupled electron transfer and, more broadly, ion-coupled
charge transfer of Ti-MOF's has been described in terms of electrostatic interactions
between soluble cations and MOF nodes, we investigated the impact of introducing

cations to the MUV-10 (Ca) pores. In particular, we were interested in whether the

36



electrostatic influence of cations could explain the high charge capacitance of Ti-
MOFs, with recent evidence for HT and Na+ coordination to the oxo-bridges of the
Ti808 molecular cluster analog of MIL-125.142 Given the electrostatic impact of
redox-inactive cations within the MUV-10 node, introducing soluble cations outside
the node offers a means to compare the effect of cation location. After activation at
130 °C under dynamic vacuum, MUV-10(Ca) was soaked in 0.1-M inorganic nitrate
salt solutions (LiNOg, KNOg, NaNO3) and 1073-M HNOj3. Stability and phase
purity after cation treatment were confirmed by PXRD (Figure A.29). Following
cation treatment, the optical absorption of all materials were analyzed at 25 °C via

diffuse reflectance UV-vis spectroscopy (Figure 2.1.9).
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Figure 2.1.9. Diffuse reflectance UV-vis-NIR spectra of MUV-10(Ca) soaked with
different nitrate salts.

Rather than simple shifts to the band maxima, all spectra show the
emergence of new, lower-energy absorption with the introduction of soluble cations.
We hypothesized that the cations bind to the MOF nodes, causing a lowering

in symmetry and, hence, the introduction of mid-gap orbitals that cause low-
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energy absorption. Due to differences in size, we expect the series Alkali metals

to exhibit different binding modes to the MUV-10(Ca) SBU and, hence different
UV-vis spectra. Although inappropriate for the wide-gap MUV-10(Ca) without
cations, Tauc analysis is suitable for analyzing materials with overlapping bands
arising from mid-gap orbitals. Compared to hydrated MUV-10(Ca) (3.83 eV),
Tauc analysis of all cation-soaked samples indicates considerable narrowing of band
gap energies, with HT-MUV-10(Ca) showing a gap of just 3.22 eV. To explore the
origin of this cation-induced effect, we computed the DOS for HT-MUV-10(Ca)
modeled by placing HT near the nodes and allowing the structure to relax (Fig.
10). Compared with the DOS of hydrated MUV-10(Ca), the DOS of HT-MUV-
10(Ca) show the valence band destabilizing by 900 meV but the conduction band
stabilizing 740 meV. Additionally, protonation breaks the energetic degeneracy of
MUV-10(Ca) orbitals, causing the initially sparse electronic structure to spread
into many inequivalent orbitals, indicating a lowering of symmetry. Indeed, the
computed structure of HT-MUV-(10) shows considerable disorder around the node,

caused by H' binding to the oxo bridges (Figure 2.1.10b).
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Figure 2.1.10. a) Computed DOS diagrams for hydrated MUV-10(Ca) and H™-
MUV-10(Ca) with midgap states highlighted in light blue b) Optimized structures
for hydrated MUV-10(Ca) versus HT-MUV-10(Ca).

Measurement of light-induced Fermsi levels. Evidence for tunable
band gaps and frontier orbital energies of MUV-10(M) provide a basis for
understanding the energetics of Ti-MOF photoredox activity. To complement
these insights, we therefore sought to measure redox potentials of MUV-10(M)
during photoredox conditions. Inspired by prior reports of colloidal semiconductor

nanocrystals, 166-168

we sought to use a soluble optical redox indicator as a
contactless probe of the Fermi-level energy (Eg) of MUV-10(M) during photoredox
chemistry. This method involves suspending MOF's in solution with a molecule

having an electrochemically reversible redox couple that gives rise to distinct

sets of optical bands. By allowing the MOF and redox indicator to equilibrate,
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changes to the UV-vis spectra of the molecule therefore indicate that the MOF

has also experienced changes in its redox state, i.e., Ep. The absolute absorbance

of the optical redox indicator in a given redox state can be related through the

appropriate extinction coefficient to its solution concentration. For example,

if the absorbance of the reduced state of a molecule decreases, then the new,

decreased concentration of the reduced species can be determined. Through the

Nernst equation, the ratio of the oxidized and reduced forms of the optical redox

indicator can be used to derive a solution Fp, which is equivalent to the Ep of the

MOF after equilibration. As a proof-of-concept photoredox reaction, we sought

to measure the Ep of MUV-10(M) under photodoping conditions. In brief, the

photoredox chemistry would involve the photoexcited MOF oxidizing ethanol,

accumulating conduction-band electrons, and exchanging charges with an optical

redox indicator (Figure 2.1b).
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By monitoring the absorption of the indicator, we would thereby

measure the steady-state Fg in situ. In an air-free quartz cuvette, MUV-
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10(Ca) was suspended in 3 mL of dry acetonitrile with excess ethanol and
decamethylferrocenium ([FeCp3]™) (1.5[FeCp§]+:1Ti4+) as the optical redox
indicator. The mixture was irradiated with a broadband photolysis lamp and
the concentration of [FeCp3]™ and, hence the [FeCpj]™/[FeCp}] ratio, was
determined from the absorbance at 778 nm, attributable to an LMCT transition
of [FeCp3]T.193:169 Figure 2.1a shows a gradual decrease in the absorption
bands of [FeCp3] ™, indicating photoreduction by MUV-10(Ca). After 21.5 h of
irradiation, the system reached steady state, as indicated by no further decrease
in absorption bands. Calculating the concentration of [FeCp}]™ suggests MUV-
10(M) reduced 67% of the indicator, giving a steady-state redox potential, i.e.,
Ep, of 610 mV vs Fc+/Fc.169 This redox potential sits 14 mV positive of the
electrochemical potential for the hydrogen evolution reaction (HER) in acetonitrile,
-624 mV vs Fc™ /Fc at pH = 1.71 In a similar experiment using instead the
cobaltocenium /cobaltocene redox couple (-1.33 V vs Fc¢™ /Fc), no photoreduction
was observed, which is consistent with the steady-state Ey of photodoped MUV-
10(Ca) being assigned to the milder potential of =610 mV vs Fct/Fe.
Discussion. These results indicate that the frontier orbital energies
(band-edge potentials) and band gaps of MUV-10(M) can be tuned by redox-
inactive cations. Similar effects have been widely reported for a range of molecular

and material systems, including biomimetic models of the oxygen evolving

148,149 170,171 150

cluster, synthetic Fe-oxo complexes, polyoxovanadate anions, and
semiconductor nanocrystals. 1661671727175 1y thege systems, Lewis acidic ions,
e.g., Nat, Ca2t, Sc3t, modulate redox potentials by hundreds of mV through
electrostatic interactions. Whereas harder Lewis acids, such as Sc3 ™, typically

induce greater stabilization, the computational results presented here indicate
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the opposite trend, that MUV-10(Sr) and MUV-10(Ba) exhibited lower Ti-based
orbitals than MUV-10(Ca). A key caveat to interpreting this result is that optical
absorption energies do not involve nuclear rearrangement in the excited state,
while redox potentials are impacted by the nuclear motion associated with ion-
pairing. 176 In other words, the stronger influence of harder Lewis acids may be
borne out only when they can rearrange to bind more tightly. Instead, we propose
that the Ti-based orbitals become stabilized by the larger lattices created by the
softer Sr2T and Ba2% ions. The use of framework- vs external-cations also draws
interesting comparisons to the electrostatic impact of redox-inactive cations in
degenerately doped semiconductor nanocrystals. 173177178 \Whereas aliovalent

dopants, such as Sn** in In203,127

exert greater stabilization on the potentials of
delocalized charges compared to surface-bound electrolyte, MOF's lack conventional
“bulk” interiors and can be viewed instead entirely as “surface”. Consequently,
the introduction of soluble cations had a systematic effect on MUV-10(M) band
gap energies and electronic structure because every MOF node could be accessed
and distorted by the cations. We therefore argue that the electrostatic influence
of electrolyte in the pores of MOF's play an important role in determining MOF
properties, in general.

Evidence for cation-induced stabilization of Ti-based orbitals helps
explain the ability of Ti-MOFs to photodope and trap Ti3+-H* pairs. Because
photodoping of Ti-MOFs involves trapping an electron as Ti3 and the liberation
of HT, the e -H™ pair has the potential to recombine as Hy, but energetic aspects
of the process ensures that it does not. These results support several hypotheses

put forward by the Mayer 142 and Marti-Gastaldo® labs, and own: First, the

calculated geometry of HT-MUV-10(Ca) indicates localization of H™ on bridging
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oxos and, second, concomitant stabilization of Ti-based conduction-band potentials.
Importantly, the in situ measurement of Ey through an optical redox indicator
places the steady-state redox potential of photodoped MUV-10(Ca) below the
HER electrochemical potential, providing an energetic justification for the ability
of Ti-MOFs to photodope. It is important to note that the low activity of H

in this system would shift HER to further negative potentials, meaning that the
true difference between Ep of MUV-10 and HER is greater than 14 mV, implying
that MUV-10 greatly stabilizes the e -H™ pairs against recombination. These
experiments involved a rare example of direct reduction of a molecular substrate
by a photoexcited MOF node, whereas charges typically transfer from the node
to a co-catalyst. To the best of our knowledge, these experiments comprise the
only measurements of MOF redox potentials without the use of electrodes, in a
contactless, non-invasive technique. Based on these results, we hypothesize that
bridging oxo units are generally necessary for Ti-MOFs to stabilize HT against
HER. We also expect that photodoped Ti-MOFs will serve as photocatalysts

for transferring the e -H™ pairs to molecular substrates. Previous reports on
photocatalysis with Ti-MOFs employed the Ti cluster as a photosensitizer

rather than as a site for reactivity, but the availability of OMSs of MUV-10(M),
demonstrated here, will allow photoredox chemistry without co-catalysts. The
significant optical changes induced by nitrate salts or by heating may arise from
structural disorder surrounding the MUV-10(M) nodes. These results suggest that
structural disorder near MOF nodes may play an important role in determining
MOF optical absorption properties in general. Introduction of nitrate salts
caused the emergence of low-energy bands (Figure 2.1.9 and heating gave rise

to absorption tails spanning the visible region (Figure 2.1.6). Naively, these
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changes could have been attributed to simple shifts in band-edge potentials rather
reordering of the electronic structures. Computational results suggest that binding
of alkali ions to the MUV-10(Ca) node causes a symmetry lowering that introduces
mid-gap orbitals. The reversibility of the temperature-induced absorption tails
demonstrated in Figure 2.1.5 suggests geometric distortion as well. In a recent
study, variable-temperature IR data provided evidence for dynamic metal-linker
bonding in MUV-10(Ca) and other common MOFs.'™ At higher temperatures,
the metal-carboxylate linkages thermally populate a “loose” configuration that may
involve an array of disordered geometries. The energetic degeneracy of the loose
geometries could create a high density of mid-gap orbitals that would produce low-
energy absorption, akin to Urbach tailing. 189181 Although typically assumed to

be crystalline, defects in MOFs, along with amorphous, liquid, and phase-change

711827184 311 d we propose that

MOFs have attracted intense attention recently,
disorder near MOF nodes must be considered as well, especially to understand
optical behavior.

Finally, these results demonstrate that Tauc analysis is not always
appropriate for assigning band gaps to MOF's. In systems with a low DOS, such
as molecules and quantum dots, the energy of discrete transitions can be assigned
from the peak maxima, often aided by finding the zero-crossing-point of the
absorption derivative.185 Although the majority of MOFs also exhibit low DOS,
Tauc analysis is used in nearly all cases. Tauc analysis assumes such a high DOS
that the transitions between frontier orbitals cannot be identified, which is typical
for amorphous and semiconducting materials. 186,187 Here, we found agreement

between experimental and calculated band gap energies for MUV-10(Mn) through

Tauc analysis because the charge-transfer bands involving Mn overlapped with
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those involving the linker and Ti. Tauc analysis was also appropriate for analyzing
band gap energies for HT-MUV-10(Ca) and other salt-treated variants because
disorder at the MOF node introduced a spectrum of overlapping transitions
between mid-gap orbitals. For all other MUV-10(M) materials, their wide band
gaps and low DOS required derivative analysis. These results suggest that
interpreting the optical behavior of MOFs will require reevaluation of Tauc analysis
and the band gap energies it has derived.

Conclusion. A combined experimental and computational effort
indicates that the optical absorption of MUV-10(M) can be tuned by introduction
of redox-inactive ions and by structural disorder. On one hand, expanding the
MUV-10(M) to include a family of Lewis acid ions (Sr?*, Ba?*, and Cd?*) caused
stabilization of the frontier orbital energies, compared to the original MUV-10(Ca).
On the other hand, the binding of soluble electrolyte cations (H™, LiT, Na™,

K™) to the metal-oxo cluster lowered the symmetry of the material, giving rise

to mid-gap orbitals and absorption at longer wavelengths. Previous observations

of photodoping (T i3+ trapping) of Ti-MOFs can be explained by the stabilization
of the Ti-based orbitals by either form of cations. In situ optical redox indicators
provide direct evidence that the Ti3*t-H' pair remains indefinitely stable because
its redox potential sits below that of the hydrogen-evolving reaction. With evidence
MUV-10(M) can support open metal sites at the photoactive Ti centers, this family
of materials combines key design principles of the oxygen evolving cluster, poising it

as a well-defined platform for heterogeneous photoredox chemistry.
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2.1.1 Determining Optical Band Gaps of MOFs.

This section includes an excerpt from previously published and co-authored
material from Fabrizio, K.; Le, K. N.; Andreeva, A. B.; Hendon, C. H.; Brozek, C.
K. Determining Optical Band Gaps of MOFs. ACS Materials Lett. 2022, 4 (3),
457-463.

The article was co-written by Kevin Fabrizio, Khoa N. Le, Christopher H.
Hendon, and Carl K. Brozek. The idea was conceptualized by Kevin Fabrizio,
Christopher H. Hendon, and Carl K. Brozek. Experiments were performed by

Kevin Fabrizio. Khoa N. Le performed the computational simulations.

Electronic fundamental gaps (or electronic band gaps in solids, HOCO-
LUCO gaps in molecular crystals, and HOMO-LUMO gaps in molecules, E)
define the difference in energy between the highest filled orbital (valence band) and
lowest empty orbital (conduction band) of a material. Measuring the electronic
band gap of a material is important for understanding its redox, optical, and

188-191

electronic properties. Optical band gaps (Eopt), hereafter termed optical

gaps, on the other hand, refer to the photon energy required to access the lowest-

energy optically excited state.192

In comparison to the electronic band gap, the
energy of the optical gap is reduced due to the stabilizing interaction between the
photogenerated hole and electron, termed the exciton binding energy (E},). When
exciton binding energies are small in comparison to the band gap, Eqpt serve as

a useful approximation for the Eg, for example as in bulk CdSe E}, = 15 meV,

with Fg = 1.66 eV. 193-195 However, Eopt becomes comparable to £y, in chemical

systems with more localized binding, such as organic polymers and molecules. For
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example, polythiophene has an Fj}, of 0.6 eV, anthracene exhibits an Fj, of 1.0 eV,
and MOF-5 was recently estimated to have Ey, = 3.5 eV. 907198 In such molecular-
type systems, the Eqpt substantially underestimates the band gap, but Eg may

be obtained by photoelectron spectroscopy, or estimated using a DFT-based

quasiparticle perturbation theory (e.g. GoW), 199200

instead. Knowing the optical
gaps of materials, on the other hand, is critical for harnessing the photophysical
properties of materials to design devices for photocatalysis, solar energy conversion,
optical sensors, and display technologies, where excitonic interactions become
relevant. Assigning optical gaps poses significant challenges, however, especially

for materials with localized, molecular-type bonding.

In general, optical gaps of materials are determined from optical absorption
spectroscopy, but data analysis depends on the electronic structures and, hence, the
bonding characteristics of the material. Methods generally fall into two categories:
1) peak fitting or 2) Tauc analysis. In the former, the peak position of the lowest-
energy optical transition is determined by fitting a spectrum to Gaussian band-
shapes or by locating the zero-crossing-point of the derivative of the spectrum.
These methods find widespread use across spectroscopy involving well-resolved
band-shapes, such as electron paramagnetic resonance or photoluminescence
spectroscopies. 2017203 A ccordingly, optical absorption spectra of materials with
molecular-type electronic structures are amenable to these methods because the
discrete transitions between a sparse density of states (DOS) produce spectra with
well-resolved peak positions. For example, analysis of quantum dot and perovskite
spectra relies on Gaussian fittings due to the quantum-confined electronics of
quantum dots and the highly ionic bonding of perovskites. 29429 On the other

hand, in typical semiconductors and amorphous materials, numerous overlapping
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transitions complicate Gaussian fitting. 187 In such cases, spectra are interpreted

by Tauc analysis, with the spectra replotted as (ochv)l/ n

versus photon energy,
where a refers to the absorption coefficient of the material, hv is the photon energy,
and the exponent 1/n denotes the nature of the optical transition, with n = 1/2

for direct allowed transitions, n = 3/2 for direct forbidden transitions, n = 2

for 