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ABSTRACT

Modulation of materials properties through light-based illumination has the
capability to expand the technology sector due to stimuli-responsive dynamic behavior that
cannot be achieved in traditional materials. For example, reversibly tuning photophysical
profiles of such materials allows for switching between discrete states that is a key aspect
for the developing logic gates, spatially- and temporally-resolved sensors, and on-demand
drug delivery systems. My efforts have focused on employment of metal-organic
frameworks (MOFs) as a versatile platform for the material development which contain
photochromic moieties allowing for tailoring their electronic properties. Our group has
expanded this direction to include heterometallic and actinide-containing metal nodes due
to our recent findings on the electronic properties of actinide-containing MOFs. By
combining heterometallic actinide-containing MOFs and photochromic molecules, we
were able to develop a stepwise approach for tuning the electronic properties of MOFs
through both "static" (i.e., irreversible modifications) and "dynamic" (i.e., reversible
modifications) approaches. Overall, this work encompasses a growing field for tunable

materials that will be a valuable addition to the ever-expanding technological landscape.
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CHAPTER 1

LET THE LIGHT BE A GUIDE: CHROMOPHORE COMMUNICATION

IN METAL-ORGANIC FRAMEWORKS

Martin, C. R.; Kittikhunnatham, P.; Leith, G. A.; Berseneva, A. A.; Park, K. C.; Greytak,
A. B.; Shustova, N. B. Nano Res. 2020, 14, 338-354.



Chapter abstract. The photonic characteristics of chromophore-containing metal-
organic frameworks (MOFs) have led to extensive photophysical studies in an effort to
capitalize on the potency of precisely controlled chromophore ensembles. Several
examples have laid the foundation that demonstrates how photophysical properties of
chromophores can be manipulated by tuning their communications (interactions) through
integration within a MOF matrix. Building upon this groundwork, utilization of a hybrid
crystalline motif can induce preferential orientation of chromophores resulting in
enhancement of their communication and access to tailoring their behavior compared to
randomly oriented emissive molecules. In addition, integration within a framework is a
vehicle to fuse chromophores into solid-state platforms, opening an avenue for
chromophore utilization in applications such as portable electronics that require solids or
thin films. For those reasons, the design of chromophore-containing MOFs with desirable
properties that rely on the alignment and communication of hundreds of chromophores
within a single platform is a pressing demand for the development of futuristic and efficient
technologies. The main focus of this chapter is on harnessing the versatile MOF platform
to accentuate the photophysical properties of integrated chromophores. In particular,
studies based on periodic arrays of chromophores to enhance, alter, or tune
photoluminescence response, produce upconverted emission, and invoke dynamic control

of material properties using photochromic linkers will be discussed.
INTRODUCTION

The natural photosystem provides blueprints for replicating highly efficient

chromophore organization and communication through employment of a modular

0

platform!? such as metal- or covalent-organic frameworks (MOFs or COFs).3!173¢ A



particular interest in chromophores, i.e., organic molecules or molecular ensembles that
absorb incident photons, revolves around their light-harvesting proficiency and the
boundless possibilities of photonic energy utilization including solid-state lighting,
photocatalysis, solar energy conversion, and optoelectronics.>’** The precise alignment of
chromophores, observed in the natural photosystem and mirrored in engineered crystalline
scaffolds, is one of the keys for addressing the growing demand for energy consumption
that will be an ongoing challenge for generations to come.*'* In contrast to many
amorphous systems, crystalline MOFs or COFs provide structural information about
distances and angles between chromophores integrated in the matrices as well as their
molecular conformations that can be applied to theoretical modeling and deliberate

synthetic improvements of existing systems. ¢4’

MOF modularity provides access to an
exclusive toolbox containing an almost infinite combination of organic linkers and metal
nodes.*® In addition, a crystalline, porous motif offers several avenues for chromophore
integration as: (1) pillars, (2) layers, (3) guest molecules within the scaffold pores, or (4) a
combination of approaches 1-3 (Scheme 1.1). The nearly limitless combinations of organic
and inorganic components within MOFs amplify their versatility and current examples are
merely the dawn of understanding the possibilities that exist between MOF topology and
the mutual orientation of chromophores.

Although a number of in-depth reports exist on the inclusion of chromophores
within frameworks,*~>3 their current capabilities have, thus-far, fallen short of their
extraordinary potential. The last several decades of research have delineated an extensive

list of MOF advantages, especially in the area of hierarchical chromophore alignment.

Reviews that describe energy transfer, photon upconversion, photocatalysis, and



photochromism can be found elsewhere;*>>*7 this chapter focuses specifically on using
tunable MOFs for chromophore alignment and communication, resulting in many cases of
enhanced material properties. In particular, the topics covered in this chapter will be MOF-
imposed photophysics (e.g., enhanced quantum yield (QY) as well as the appearance of
fluorescence anisotropy and multichromatic luminescence), the photon upconversion
phenomenon, and stimuli-responsive frameworks with incorporated and aligned

photochromic moieties.>® 74

MOF-BASED PHOTOLUMINESCENCE

A persistent challenge in designing luminescent MOFs is the balance between
framework flexibility and overcoming the limited rigidity of organic linkers that can leave
avenues for non-radiative relaxation.”” These non-radiative pathways are dominated by
low-energy vibrations, torsions, and rotations,’® while excited state relaxation can also
occur through emission of a photon (radiative decay). Control of radiative and non-
radiative pathways can be achieved by topological tailoring (e.g., linker rigidification and
linker “caging” within the framework pores)’”” and can significantly affect material
performance as biomarkers, light-emitting diodes (LEDs), photovoltaics, and sensors.”8%2
As such, strategic design can result in control of chromophore organization and
communication, i.e., intermolecular interactions of coupled chromophores, that is of the
highest priority for developing the next generation of solid-state lighting materials based
on MOFs. In this section, the effect of chromophore alignment on framework

photophysical properties including multichromatic luminescence and anisotropic optical

response will be discussed.



Chromophore Dynamics in Frameworks. The local environment and mutual
orientation of chromophores embedded within frameworks, including their precise spatial
orientations, molecular conformations, and inter- or intramolecular interactions, govern
their physicochemical and photophysical properties. In this section, chromophore
dynamics will be discussed as a variable for correlation of chromophore alignment in
MOFs with the modulation of a photoluminescence response (Figure 1.1).%° Many organic
molecules that are highly fluorescent in dilute solutions become weakly emissive in the
solid state or in highly concentrated solutions due to self-quenching.®*88 This phenomenon,
often referred to as aggregation-caused quenching (ACQ), is a persistent challenge in the
field of organic-based solid-state lighting and sensing.®** On the other hand, a unique
class of chromophores (e.g., tetraphenylethylene (TPE) or hexaphenylsilole derivatives)
exhibit aggregation-induced emission (AIE), i.e., non-radiative pathways are restricted by
intermolecular interactions of chromophores in the solid state or highly concentrated
solutions, resulting in photoluminescence with high quantum yields,36-8%-91.95-101

A rigid MOF structure provides a platform for addressing ACQ through spatial
chromophore separation and therefore, promoting chromophore behavior similar to that
detected in dilute solutions.!*>'%7 For instance, 2,6-anthracenedicarboxylic acid molecules
demonstrating ACQ can be integrated inside a Zr-based MOF as a linker and exhibit a
similar emission profile compared to that of the non-coordinated ligand in N,N-
dimethylformamide (DMF; Aem = 423 nm, Aex = 390 nm).!%® At the same time, the MOF
skeleton could restrict non-radiative pathways through framework rigidification and linker

anchoring, leading to MOF-promoted AIE.%7783109-120 For instance, TPE-based

derivatives exhibit high quantum yields in the solid state!?!~!2# due to suppression of low-



frequency phenyl torsional modes and C=C twisting modes through intermolecular
interactions, resulting in bright emission. *>%7791.97.99.110.121-126 Ty contrast, in dilute
solutions, TPE-based molecules are usually non-emissive due to chromophore separation,
promoting non-radiative decay pathways.>*%>12! Nonetheless, MOFs could provide a route
for organization and spatial separation of TPE-based chromophores while preserving their
emission.*® For instance, coordination of TPE molecules to d'° cations (Zn?*) in Zn>(TCPE-
die), 1.e., tethering, restricts the rotation of phenyl rings or twisting of the C=C bond in a
TPE-linker (HsTCPE = tetrakis(4-carboxyphenyl)ethylene).””*” The estimated activation
barrier for the phenyl group rotation of the TPE linker within the MOF was found to be
43(6) kJ/mol (approximately 20 kJ/mol larger than non-coordinated TPE) using
quadrupolar spin-echo solid-state 2H nuclear magnetic resonance (NMR) spectroscopy.”’
In another study, the same MOF was applied towards development of a “turn-on” high-
temperature TPE-based sensor for selective detection of gaseous ammonia.®? Analyte
sensing occurred through ammonia binding to the metal node resulting in changes of the
materials photophysical response. Notably, at an elevated temperature of 100 °C, the TPE-
based sensor revealed selectivity for ammonia binding.%? Linker-centered emission in this
case was maintained up to 300 °C in air. This type of system was followed up by other
studies of high-performance TPE-based MOF sensors for the efficient detection of
mycotoxins, benzenes, m-xylene, mesitylene, nitro explosives, and toxic metal ions.'?’

A prevailing strategy for developing white-light emission is the use of phosphor-
converted white-light emitting diodes (PC-WLEDs) that are contingent on the availability
of rare-earth metals.>”-!!8128 Current commercial technologies for PC-WLEDs consist of a

blue-emitting (InGaN) LED chip coated with cerium(III)-doped yttrium aluminum garnet



(Ce**:'YAG) yellow phosphor to conjointly produce white-light emission.!?*3! To reduce
the dependence on rare-earth metals, MOF-based photoluminescent materials with
advanced chromophore alignment could provide an alternative pathway for developing
yellow phosphors with high QYs. For instance, TPE-based linkers have been used for
developing yellow-emitting frameworks. In one example, a naphthalene-decorated TPE-
based linker (H4TCNPE = 1,1,2,2-tetrakis(4-(6-carboxy-naphthalen-2-yl)phenyl)ethylene;
Jem = 524 nm, Aex = 455 nm) was prepared for coordinative immobilization inside a Zr-
based framework, Zr¢Os(OH)4(TCNPE), (LMOF-602)'*?> The TCNPE-containing MOF
possesses an emission maximum at 570 nm, and its QY was enhanced by 156% in
comparison with the non-coordinated organic linker; specifically, QY = 18% for
H4TCNPE, Aex = 450 nm, while QY = 46% for LMOF-602, 1.x = 455 nm. Moreover, the
Commission International de I’Eclairage (CIE) coordinates for LMOF-602 were found to
be (0.47,0.51), and are similar to those of the commonly used YAG:Ce*" yellow phosphor
(0.41, 0.55).131-134

In an effort to suppress non-radiative pathways through coordinative
immobilization in a rigid matrix, a benzylidene imidazolone (BI)-based chromophore was
integrated as a linker in several Zn-based MOFs.>*135-137 Interest in this particular class of
molecules arises from the fact that they are primarily responsible for the strong emission

of natural proteins.!3814

In particular, 5-(4-hydroxybenzylidene)-3,5-dihydro-4H-
imidazol-4-one (HBI) is highly emissive inside the S-barrel of a green fluorescent protein
(GFP); however, outside of the protein barrel, phenyl ring rotation (e.g., tilting, twisting,

and Hula twisting) can change the molecular conformation and cause relaxation of its

excited state through non-radiative pathways.!3%!46 Through several chromophore



organization routes, such as “fastened immobilization" (i.e., chromophore coordination to
the framework skeleton through only one side by peptide bond formation), coordinative
immobilization (i.e., chromophore anchoring to available metal centers leading to the
formation of a MOF constructed by Bl-based linkers), and guest incorporation, the
emission maximum of MOF-incorporated chromophores belonging to the Bl-family can
be tuned over a wide spectral range from 440 to 649 nm.>%->67.135137 For example, a BI-
based derivative, 2-((1-(2-methoxy-2-oxoethyl)-2-methyl-5-ox0-1,5-dihydro-4 H-
imidazol-4-ylidene)methyl)-[ 1,1'-biphenyl]-4,4'-dicarboxylic acid (H>BDC-HBI), that
was almost non-emissive in an unrestricted environment,'**!%” became brightly emissive
(dem = 516 nm, Aex = 365 nm) within the confined space of a crystalline matrix.>

In a similar vein, Lin and co-workers observed enhancement in chiral sensing
through a cavity confinement effect promoted by the conformational rigidity exerted from
the crystalline framework.!*® In particular, a 1,1'-bi-2-naphthol (BINOL)-based derivative,
(R)-2,2'-dihydroxy-1,1'-binaphthyl-4,4',6,6'-tetrakis(4-benzoic acid) (H4TCP-BINOL),
was chosen as a fluorescent organic linker to construct a chiral porous MOF, Cd(TCP-
BINOL). The strategic alignment of a BINOL-core simultaneously endows it with
excellent enantioselectivity for amino alcohols as well as sensing capabilities through
fluorescence quenching. Specifically, emission of Cda(TCP-BINOL) (Zem = 440 nm, Aex =
350 nm) is quenched due to hydrogen bonding of the terminal hydroxy groups of the
BINOL-core to amino alcohol analytes. The BINOL-containing MOF displayed enhanced
enantioselectivity compared to other BINOL-based materials that was attributed to analyte
confinement in the pores as well as conformational rigidity of the BINOL groups integrated

in the lattice. Single-crystal X-ray diffraction reveals that the dihedral angle of the BINOL



moiety was fixed at 89.5°. This conformational rigidity allowed for a greater stereospecific
formation of hydrogen-bonded complexes, thus allowing for higher selectivity overall.

So far in this section, we discussed how the confined space of a host affects
physicochemical properties of a guest;!*® however, a guest can also affect the properties of
the host.%® For example, an array of aromatic volatile organic compounds (VOCs) were
encapsulated in Zn(BDC)(DPNDI) (H.BDC = benzene-1,4-dicarboxylic acid; DPNDI =
N,N'-di(4-pyridyl)-1,4,5,8-naphthalenediimide)  causing a reversible structural
transformation of the host that resulted in changes in emission that were detectable by the
naked eye (Figure 1.2).°6 These emission features are enabled by dynamic structural
transformations in the framework resulting in changes in alignment of guest molecules.
Moreover, aromatic VOCs with different phenyl ring substituents embedded inside the
framework pores caused reversible changes in emission profiles (Figure 1.2). In a similar
vein, framework QYs can be tuned through guest-mediated rigidification (i.e.,
incorporation of an optically inactive guest).!*’ As shown on the example of a non-emissive
guest, n-pentane, embedded inside a Zny(TCBPE)(BPY) framework (LMOF-236;
H4TCBPE = 1,1,2,2-tetrakis(4-(4-carboxyphenyl)phenyl)ethene; BPY = 4,4’-bipyridine),
guest-induced framework rigidification could be responsible for an enhancement in QY
from 12% (LMOF-236) to 59% (n-pentane@LMOF-236).'*° Overall, further work in the
field of confined space-imposed photophysics could significantly modify the material
landscape of MOF-based sensors with an emphasis on alignment of chromophores as a part
of the matrix or as a guest molecule.

Multichromatic Emission. By mimicking the design of multichip white-light

emitting diodes (MC-WLEDs), in which the independent components (i.e., red, green, and



blue LEDs) are made to act in unison, MOF-based white-light phosphors can be developed.
MOFs can behave as a platform for mutual chromophore communication where each type
of chromophore contributes to multichromatic emission.!*® As mentioned previously in
Scheme 1.1, distinct chromophore functionalities can be integrated in different parts of the
framework.!>! For instance, chromophores can form layers (e.g., tetratopic porphyrin-
based linkers),!>? while other chromophores with a different photophysical profile can be
inserted as pillars, and therefore, can result in orthogonal mutual chromophore orientation
of two types of emissive linkers working in harmony.>%!3 However, the most common and
less synthetically challenging avenue of chromophore integration inside a MOF matrix to
date still relies on preparation of guest@host materials.!’*!>* For instance, it was
demonstrated that a white-light emitting MOF could be fabricated through encapsulation
of a dye (e.g., thodamine B (RhB), basic red 2 (BR-2), or Astrazon pink FG (APFG)) into
a MOF with emissive TPE linkers (LIFM-WZ-6; Zny(TATZTPE)(BPY); HyTATZTPE =
4,447 .4°-(4,4,4 4> -(ethene-1,1,2,2-tetrayltetrakis(benzene-4,1-diyl))-tetrakis(1 H-

1,2,3-triazole-4,1-diyl))tetra-benzoic  acid).'”> Three white-light emitting MOFs
(RhB@LIFM-WZ-6, BR-2@LIFM-WZ-6, and APFG@LIFM-WZ-6) were developed by
optimizing the amount of each encapsulated dye inside the MOF (e.g., 0.1 wt% for
RhB@LIFM-WZ-6, 2.0 wt% for BR-2@LIFM-WZ-6, and 0.1 wt% for APFG@LIFM-
WZ-6). At 365-nm excitation, RhB@LIFM-WZ-6, BR-2@LIFM-WZ-6, and
APFG@LIFM-WZ-6 phosphors exhibited CIE coordinates of (0.33, 0.35), (0.33, 0.36),
and (0.34, 0.36), respectively, and are very similar to those of desirable white-light emitting
materials with CIE coordinates of (0.33, 0.33). Interestingly, white-light emission from

each dye@LIFM-WZ-6 was not the result of superposition of emission profiles (guest and
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MOF). Instead, energy transfer (EnT) from LIFM-WZ-6 to RhB in RiB@LIFM-WZ-6 was
confirmed by time-resolved experiments that demonstrated a reduced fluorescence lifetime
of the MOF from 4.5 ns to 2.3 ns after RhB encapsulation.

Another approach to achieve white-light emission is based on core-shell MOF
growth, i.e., one type of MOF can be used as a seed crystal for overgrowth of a second
structure around the parent framework.!>® For instance, by using cubic crystals of a RhB-
loaded cyclodextrin-MOF (RhB@CD-MOF; CD-MOF = (KOH)2(y-CD); y-CD = y-
cyclodextrin), it was found that additional shells of dye@CD-MOF could be formed with
variable guests embedded (e.g., first a RhB@CD-MOF core is produced, then overgrown
with a FL@CD-MOF shell (FL = fluorescein)).!>® Spatial organization of chromophores
within a single MOF using this method provides the opportunity for bright solid-state
emission that would otherwise be reduced in the solid-state via ACQ.8¢9%157 Several shells,
i.e., FL@CD-MOF and 7-HCm@CD-MOF (7-HCm = 7-hydroxycoumarin), could also be
consecutively grown on one RhB@CD-MOF core.!>® Under 365-nm irradiation, CIE
coordinates measured for a core:shell:shell MOF (where RhB@CD-MOF = core, FL@CD-
MOF = first shell, and 7-HCm@CD-MOF = second shell) were found to be (0.35, 0.32),
that is close to the desired coordinates (0.33, 0.33) for white-light emitters.!36:157

White-light emitting MOFs can also be obtained by incorporating multiple emissive
dyes into the pores of a non-emissive MOF.!56158 This strategy was demonstrated on the
example of three dyes, RhB, FL, and 7-amino-4-(trifluoromethyl)coumarin (C-151),
incorporated inside ZIF-8 using three different encapsulation approaches.'*® In the first
approach (model 1, Figure 1.3), a white-light phosphor was made from a mixture of

dye@ZIF-8 crystallites: RhnB@ZIF-8, FL@ZIF-8, and C-151@ZIF-8. Each dye@ZIF-8
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sample was prepared through a two-step procedure. First, incorporation of the dye was
achieved during MOF formation, i.e., the solution used for MOF synthesis contains both
the MOF precursors and the selected dye. Second, a ZIF-8 shell was grown over the core
(dye@ZIF-8) to exclude the effect of the surface-adsorbed dyes on the composite emission.
Prepared RhB@ZIF-8, FL@ZIF-8, and C-151@ZIF-8 exhibited red (QY = 60%), green
(QY = 63%), and blue emission (QY = 42%), respectively. The solid-state mixture
consisting of these three dye@ZIF-8 samples was found to possess CIE coordinates of
(0.32, 0.34) under 365-nm excitation.!*® In the second method (model 2, Figure 1.3), a
white-light emitting MOF was produced by simultaneously encapsulating RhB, FL, and C-
151, within a single-phase of ZIF-8 (i.e., several dye molecules in one MOF crystal) with
spatially separated chromophores occupying discrete pores of the framework. In particular,
a white-light phosphor with CIE coordinates of (0.34, 0.34) under 365-nm excitation was
prepared by concurrent heating of MOF precursors at millimolar dye concentrations,
followed by growth of a pure ZIF-8 shell over the core.!®® Lastly, in the third method
(model 3, Figure 1.3), a white-light emitting MOF was fabricated by encapsulating RhB,
FL, and C-151 sequentially into a single ZIF-8 crystal via shell-by-shell overgrowth. In
other words, each layer of dye@ZIF-8 is alternated by a ZIF-8 shell, thus separating the
dye@ZIF-8 layers from one another and preventing Forster resonance energy transfer
(FRET) between different dyes. For example, a multishell dyes@ZIF-8 nanocomposite
possessing white-light emission was prepared by consecutive growth of: first, a solid ZIF-
8 shell over C-151@ZIF-8, then FL@ZIF-8 followed by another solid ZIF-8 shell, and
lastly a layer of RB@ZIF-8 followed by the final ZIF-8 shell (model 3, Figure 1.3). At

optimized dye concentrations, the multishell dyes@ZIF-8 nanocomposite exhibited white-
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light emission with CIE coordinates of (0.32, 0.34) under 365-nm excitation.!>® Therefore,
these examples portend MOF-based devices as a versatile platform for developing white-
light emitting materials as a result of chromophore communication through meticulous
crystal engineering.

Apart from developing white-light LEDs, incorporation of multiple chromophores
in tunable MOFs can also be applied for improving the performance of MOF-based
devices, in particular MOF-based sensors. In order to safeguard the accuracy of a sensor
that is susceptible to environmental factors (e.g., concentration gradients, excitation power
fluctuations, and environment-induced non-radiative relaxation), MOF-ba