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Abstract

Chapter 1: The unique chemical and biological properties of porphyrins have led to increased
interest in the development of porphyrin-based materials. Metal organic frameworks (MOFs) can
act as a scaffold for the immobilization of porphyrins in desired arrangements. The crystalline
nature of MOFs allows for control over spatial arrangement of porphyrins and the local
environment of the porphyrin molecules. This opens up the possibility of conducting systematic
studies aimed at exploring structure-property relationships. Several strategies for the design and
synthesis of porphyrin-based frameworks have been developed over the last two decades, such as,
the pillared-layer strategy, construction of nanoscopic metal-organic polyhedrals (MOPs), post-
synthetic modification, etc. These strategies provide an opportunity to engineer porphyrin-based
MOFs that can target a specific application or serve as multi-functional assemblies. Porphyrin-
based MOFs provide a tunable platform to perform a wide variety of functions ranging from gas
adsorption, catalysis and light harvesting. The versatile nature of these frameworks can be
exploited by incorporating them in multi-functional assemblies that mimic biological and
enzymatic systems. Nano-thin film fabrication of porphyrin-based MOFs broadens their
application range, making it possible to use them in the construction of photovoltaic and electronic
devices.

Chapter 2: The reaction of zirconium salts with meso-tetracarboxyphenylporphyrin (TCPP) in the
presence of different modulators results in the formation of a diverse set of metal-organic
frameworks (MOFs), each displaying distinct crystalline topologies. However, synthesis of phase-
pure crystalline frameworks is challenging due to the concurrent formation of polymorphs. The

acidity and concentration of modulator greatly influence the outcome of the MOF synthesis. By



systematically varying these two parameters, selective framework formation can be achieved. In
the present study, we aimed to elucidate the effect of modulator on the synthesis of zirconium-
based TCPP MOFs. With the help of powder X-ray diffraction (PXRD) and scanning electron
microscopy (SEM), modulator candidates and the optimal synthetic conditions yielding phase-
pure PCN-222, PCN-223 and MOF-525 were identified. *H NMR analysis, TGA and N, gas
sorption measurements were performed on select MOFs to gain insight into the relationship
between their defectivity and modulator properties.

Chapter 3: Singlet-singlet energy transfer in PCN-223(free-base), a highly stable Zr-MOF based
on meso-tetrakis(4-carboxyphenyl)porphyrin  was investigated, using diffuse reflectance
spectroscopy, steady-state emission spectroscopy, time-correlated single photon counting
(TCSPC) spectroscopy and nanosecond transient absorption spectroscopy. The effects of the
surrounding media and temperature on the excited-state properties of PCN-223(fb) were explored
to understand the mechanistic aspects of energy transfer. Stern-Volmer photoluminescence
quenching of PCN-223(fb) suspensions was performed to extract quenching rate constants and
gain insight into the efficiency of energy transfer.

Chapter 4: The fourth chapter of this thesis is adapted from chapter 14 of the book “Elaboration
and Applications of Metal-Organic Frameworks” authored by Jie Zhu, Shaunak Shaikh, Nicholas
J Mayhall and Amanda J Morris. This chapter summarizes the fundamental principles of energy
transfer in MOFs and provides an overview of energy transfer in lanthanide-Based luminescent
MOFs, Ru/Os-Based MOFs, porphyrin- and metalloporphyrin-based MOF materials, and

nonporphyrinic, organic chromophore-based MOFs.



General Audience Abstract
Metal Organic frameworks (MOFs) composed of Zirconium-oxo clusters connected through
meso-tetra(4-carboxyphenyl)porphyrin (TCPP) linker molecules have emerged as promising
solid-state materials because of their unique structural features and diverse applications. Although
these MOFs have demonstrated great potential over the years, synthesizing them in phase-pure
form has proven to be very challenging as they are susceptible to polymorphism. Syntheses of
these frameworks often result in phase mixtures and have poor reproducibility. To address, this
issue, we conducted a systematic exploration of the synthetic parameter landscape to identify
reaction conditions for the synthesis of phase-pure Zirconium-based porphyrin MOFs, and to gain
deeper insights into the factors governing the formation of these MOFs. We also investigated the
defectivity of pristine Zr-TCPP MOFs using a variety of techniques, including *H NMR
spectroscopy, thermogravimetric analysis (TGA), inductively coupled plasma mass spectrometry
(ICP-MS), and Nitrogen gas adsorption/desorption measurements. The long-term goal of this
project is to use phase-pure Zr-based porphyrin MOFs as model systems to study energy transfer
in three dimensional structures. To achieve this goal, we characterized the photophysical properties
of PCN-223(fb) (a Zr-based porphyrin MOF) using a variety of techniques including steady-state
photoluminescence spectroscopy, time-resolved photoluminescence spectroscopy, nanosecond
transient absorption spectroscopy and femtosecond transient absorption spectroscopy.
Understanding the mechanistic aspects of energy transfer in PCN-223(fb) can pave the way for the

design of a new generation of solar energy conversion devices.
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Chapter-1
Porphyrin based frameworks: materials design, synthetic strategies, and

emerging applications
1.1 Introduction-

Metal Organic frameworks (MOFs) are composed of metal centers or metal oxide clusters
connected through organic linker molecules to give crystalline structures with a network of
interconnected pores and channels. The organic linkers provide synthetic tunability while the
inorganic nodes provide robustness and mechanical stability to the structure.> Owing to their
ordered crystalline structure, diverse topological features and well-defined chemical
functionalities, MOFs have shown immense potential for applications in drug delivery,2*

catalysis,>® light harvesting,”® gas storage,'>!* and gas separation.*? (Fig. 1)
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Figure 1. Schematic illustration of a metal-organic framework, assembled from organic linkers and metal nodes along with
its application*

Porphyrins and their metallo-derivatives play a vital role in several biological systems.
They perform essential biochemical, enzymatic, and photochemical functions in natural systems
like catalase, peroxidases and P450 cytochrome.®* Due to their high thermal and chemical
stabilities, robust nature, and facile synthesis, they have also found use in the development of anti-
cancer drugs, catalysts, semiconductors, superconductors, electronic materials, and nonlinear optical

materials.’*°® Given that the electronic and optical properties of porphyrins and metalloporphyrins can
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be synthetically tuned, incorporating them in coordination architectures like MOFs offers the

opportunity of mimicking their diverse biological functionalities.

There has been a rapid growth in the field of porphyrin-based MOFs since 1990°s. The first
porphyrin based MOF was reported by Robson and co-workers in 1991.% The Robson group built a
three-dimensional network consisting of Cd ion nodes linked through palladium-based tetrapyridyl
porphyrin ligands (Fig. 2). This was the first example of a heterometallic MOF where the metal ion
coordinated in the porphyrin core differed from the identity of metal ion comprising the metal
node. This seminal study triggered the discovery of a wide variety of porphyrin-based MOFs over
the next two decades. In the years to come, framework stability emerged as a key issue as the Cd-
based MOFs reported by Robson group lost their structural integrity and collapsed upon removal
of solvent molecules from the pores. In 1999, Lin reported the structure of SMTP-1, a layered
framework built via self-assembly of tetra(4-pyridyl)porphyrin and Co(Il) or Mn(Il) metal ions.? The
notable feature of this framework is the axial coordination of two adjoining porphyrin pyridyl groups
on the porphyrin metal centers, which supports the framework and prevents the pores from collapsing
upon solvent removal. The stability of framework after solvent removal at 200° C was confirmed by
powder X-Ray diffraction (PXRD). However, the metal center is coordinated by four nitrogen atoms of
the porphyrin and two nitrogen atoms of the adjoining porphyrin pyridyl groups, leaving no open metal

sites for further functionalization.

One of the earliest attempts to build a functional porphyrin-based MOF was made my Suslick and
co-workers, who reported the structures of PIZA-1 and PIZA-3. PIZA-1 ([CoT(p-CO,)PPCo:s))
consists of an assembly of trinuclear Co(lll)-carboxylate building clusters linked through Co(lll)

tetra(4-carboxyphenyl)porphyrin.? (Fig. 3) It possesses two sets of channels, one that run along the
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Figure 2. A representation of Pd-porphyrin based framework built by Robson and co-workers?
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Figure 3. PIZA-1 framework viewed along a axis?

“b” and “c” axes (9 x 7 A?) and the other one along “a” axis (14 x 7 A?). The walls of these large,
pervasive channels are functionalized by porphyrin metal centers that ensure size-, shape- and functional
group- selective adsorption of guest molecules. The evacuated host framework of PIZA-1 was exposed
to a series of linear amines, aromatic amines, picoline derivatives, and alcohols, followed by gravimetric
thermal desorption to monitor selective gas adsorption. By comparing the uptake capacity towards
different guest molecules, it was revealed that PIZA-1 demonstrated size- and shape-selective sorption

for less sterically hindered and more polar compounds (Fig. 4). In addition, PIZA-1 was shown to have



an exceptionally high, rapid water uptake capacity and retained its structural integrity even after 10

adsorption-desorption cycles.

~180 Water molecules

20, - -
| Alcohols Amines Others 40
| H]N/Wv
16+ !
| 30 2
: 2] : N ;i %
] | - ;
i Pl W e ;.
g ‘
e ¥ ' 3 : NH, ‘ N s 3 X
| 10 VAL T
4l : | I"”? r ~ A
| I I ’ i 5 [ i o -
1 (M > B 2 B %
. 3 $
AWl el Fpzpriziie:
EEEEEEEESsgssseszenssss ~§§ 2% s £ 38
FHH 1083 .
CR e e et L bl vl =28
-~ "%’ §VMN§F§§.—§ - - :
£ =
")
-

Figure 4. Size-, shape-, and functional-group selectivity of PIZA-1 as probed by thermal desorption of guest molecules?

PI1ZA-3 was the first reported porphyrin-based framework that showed catalytic activity. PIZA-3
consists of Mn(l11) tetra(4-carboxyphenyl)porphyrin coordinated to bent trinuclear Mn-clusters.??
(Fig. 5) PI1ZA-3 was found to be a capable oxidation catalyst for hydroxylation of a variety of

linear and cyclic alkanes and epoxidation of alkenes.

' 30.60 An'gstro'ms '
Figure 5. PIZA-3 network viewed along crystallographic a-axis. Solvate and coordinated DMF molecules have been removed
for clarity.



Despite the interesting selective adsorption of PIZA-1 and catalytic properties of PIZA-3, they
are fairly limited in terms of their performance and practical applicability. PIZA-1 has a relatively low
surface area (BET surface area of 125 m? ¢! probed by nitrogen adsorption isotherm), resulting in low
porosity.?? The constrained microporous channels of PIZA-3 hinder the accessibility to catalytic centers
on the interior of the framework, causing the catalysis to occur predominantly on its exterior surface.
This adversely affects the shape- and size- selectivity of the framework towards substrates and
substantially slows down the catalytic oxidation process. In order to circumvent these limitations, it was
highly desirable to build porphyrin-based frameworks that exhibit high surface area and enhanced
catalytic activity. Research efforts aimed at developing porphyrinic MOFs with high surface area and
catalytic activity faced two major challenges: (1) pore collapse due to the large open pores, (2) additional
coordination to the metal inside the porphyrin by other porphyrin units, effectively saturating all metal
sites.® Efforts directed towards synthesis free-base MOFs followed by metallation of porphyrins via
post-synthetic modifications to generate open metal sites were unsuccessful due to the tendency of
unmetallated free-base porphyrin to coordinate to metal ions intended for metal node (secondary

building unit) construction.
1.2 Synthetic Strategies for building functional porphyrin-based MOFs

1.2.1 Pillared-layer strategy

In recent years, synthetic strategies involving the formulation of desired porphyrinic architectures via
judicious selection of metal nodes and custom-designed porphyrins and metalloporphyrins have
received much attention from the scientific community. One such strategy that has been widely explored
is the “pillared-layer strategy”. This strategy makes use of “pillar molecules” to connect the two-
dimensional layers comprised of metal clusters (often referred to as paddlewheel) and porphyrin

linkers.2* Ditopic pillars like bipyridine analogues have been used extensively to interlink the



unsaturated sites on the 2D layers to form three-dimensional pillared layer frameworks. Such an
arrangement provides three structural variables (porphyrin, paddlewheel, and pillar) that can be altered
to systematically control topology and pore surface. In case of metallated porphyrins, there are three
possible pillaring schemes: one heterogeneous AB (porphyrin-to-paddlewheel) connection, and two
homogeneous pillaring connections: an AA (paddlewheel-to-paddlewheel) connection and an A’A’

(porphyrin-to-porphyrin) connection (Fig. 6).

(a) (k) (<)
Figure 6. The three types of possible pillaring arrangements in porphyrin paddlewheel frameworks using a 4,4"-bipyridine
ligand. (a) Heterogeneous AB, (b) homogeneous AA, and (c) homogeneous A’A’ connections?*

Choi and co-workers showed that the coordination geometry of the metal center of the porphyrin
governs the stacking sequence of the 2D layers. Metalloporphyrins with different metal centers (Co, Zn,
and Pd) were used in this study, each representing 6-, 5- and 4- connected metal-coordination
respectively. These metalloporphyrins along with metal clusters (M2(COOQO)4, (M = Zn or Co) and
bipyridine pillars yielded different stacking patterns, depending on the coordination environment of the
metal center. Pd?*(d®) has a square planar geometry and prefers homogeneous pillaring such as that
observed in PPF-5 (Fig 7). On the other hand, Zn?" and Co?" prefer heterogeneous pillaring such as that
observed in PPF-3 and PPF-4.2* Among the three stacking patterns, the AA pattern is considered
desirable for applications targeting chemically active porphyrin metal centers in MOFs. This has led to
the development of synthesis strategies that favor the formation of AA pattern over AB and A'A’

patterns. For example, using a sterically hindered pillar like 2,2'-dimethyl-4,4'-bipyridine enables



selective coordination of the paddlewheel metal sites.?® Steric effects induced due to the
introduction of methyl groups make the coordination interactions between pyridyl groups and
porphyrin metal centers unfavorable, leading to formation of AA-type patterns with potentially

redox active porphyrin metal centers.

M(NOs),

M=2Zn, Co

c d e
Figure 7. The 2D sheets are pillared with bipyridine to give (c) PPF-3 (Co), (d) PPF-4 (Zn), and (e) PPF-5 (Pd). The resulting
stacking arrangements are dependent on the preferred coordination geometry of the porphyrin metal centers?

Porphyrins can not only act as paddle-wheel building units, but also as pillaring ligands.
Hupp and co-workers used free-base dipyridyl porphyrin as pillars and a tetratopic carboxylate

(1,2,4,5-tetrakis(4-carboxyphenyl)benzene) as struts to construct a highly porous ZnPO-MOF .2



The ZnPO-MOF featured a high degree of porosity and contained fully reactant-accessible
metalloporphyrin sites. It was also the first metalloporphyrin-based MOF to show catalytic activity
in the interior of the material. It is worth noting that attempts to extend this approach to incorporate
catalytically more active metals like Mn(I11) were thwarted by the propensity of Mn(l11)-porphyrin
to form 2D networks in which the intended active site serves as an auxiliary node.

Synthesis of MOFs with catalytically active Fe- or Mn-porphyrin sites is challenging because
these metals tend to prefer penta- or hexa-coordination, which results in ligation of both the paddlewheel
and porphyrin metal sites. Hupp and co-workers used two strategies to avoid this problem.?” The first
strategy involved using a tetracarboxylated porphyrin ligand (L1) in conjunction with a bulky dipyridyl
porphyrin pillar (L) to create a structure with as few pillars as possible. Tetracarboxylated porphyrin
ligands are known to produce MOFs particularly sensitive to steric effects, leading to the preferential
formation of non-interpenetrated structures. The steric bulk associated with dipyridyl porphyrin ligands
should prevent pillar coordination with metal centers of porphyrins. The second strategy exploits the
differences in solubility of the pyridyl- and carboxylate-porphyrin struts. By choosing a mixture of
solvents in which the tetracarboxylate porphyrin has a much better solubility than dipyridyl porphyrin
(1:1 v/iv DMF/EtOH), the growing 2D sheets of MOFs have access to a lower concentration of the
dipyridyl porphyrin units. This should allow the pillars to coordinate to more favorable sites, i.e.
paddlewheel sites. Hupp’s group successfully implemented these strategies to incorporate numerous
metalloporphyrins (Mn®, Fe**, Zn?*, Pd?*, and AI** complexes) in highly stable and porous MOFs

called RPMs (robust porphyrinic materials). (Fig. 8)
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Figure 8. Top left: A schematic representation of a generic RPM unit cell, based on sheet formation by the tetraacid ligand
(Ly) pillaring by a dipyridyl strut (L2). The gray-black spheres are the paddlewheel-coordinated zinc nodes. Top center and
right: Structures of the porphyrinic struts (L1 and L) used to synthesize the RPM series. Bottom: Crystallography-derived
stick representations of the unit cells of three RPMs.?’

1.2.2 Construction of nanoscopic metal-organic polyhedrons (MOPS)

Another strategy for designing and synthesizing porphyrinic frameworks is the construction of
nanoscopic metal-organic polyhedral (MOP) cages in MOFs. The MOP cage serves as a secondary
building block (SBB) that supports the structure of MOF and can be functionalized in order to optimize
interactions with guest molecules. The 7 electron rich walls of these cages and the high density of open
metal sites confined in a nanospace makes the MOP-based porphyrinic frameworks highly versatile
materials. Ma and co-workers were the first to show that the vertex-linking of isophthalate ligands with
metal paddlewheel clusters (M2(COQ)4, (M = Zn, Cu, Co)) allows generation of several type of faceted
MOPs. In 2011, they reported MMPF-1 (the first example of a MOP-based MOF), built from 5,15-
bis(3,5-dicarboxyphenyl)porphine (bdcpp) and dicopper paddlewheel node (Fig. 9).28 In each cage,
there are 8 open Cu sites associated with metallated bdcpp ligand and 8 open Cu sites associated with
the dicopper paddlewnheel cluster. All 16 open sites point towards the center of the cage, resulting in a
very high density of open metal sites (~7 open metal sites per nm?). Ma and co-workers later used a
custom-designed  ligand  5,15-bis(3,5-dicarboxyphenyl)-10,20-bis(2,6-dibromophenyl)porphyrin

(dedbp) and a dicopper paddlewheel SBU to form MMPF-3.%° Interestingly, MMPF-3 is comprised of



three types of polyhedral cages: cubohemioctahedron, truncated octahedron and truncated tetrahedron

that are connected together to form a 3D framework.

l
-
=

Figure 9. (a) llustration of linking bdcpp ligand and dicopper paddlewheel to form the irregular rhombicuboctahedral cage
(MOP). (b) MOPs serving as SBBs to form the MMPF-1 framework?®

In 2012, Ma and co-workers also designed an approach to build porphyrinic frameworks having
SBBs with high connectivity and high symmetry, which was a rarity at that time. By connecting the
triangular Znx(NOz)2 or Cd2(NO3)2 moieties by square planar tetrakis(3,5-dicarboxyphenyl)porphyrin
(tdcpp) units, MMPF-4 (Zn) and MMPF-5 (Cd) were constructed (Fig. 10).%° The SBB in MMPF-4 and
MMPF-5 is a small cubicuboctahedron composed of the faces of six Zn-tdcpp/Cd-tdcpp moieties that

are linked by eight Zn2(CO2)s/ Cd2(NO3)2 units.

(c)

Figure 10. a) Tdcpp serves as a square SBU; (b) Zny(CO,); paddlewheel moiety serves as a triangular SBU; (c) the small
cubicuboctahedron in MMPF-4 is formed by 6 square Zn—tdcpp units and 8 triangular Znx(CO5)s units®

The utilization of metal-oxo clusters with high symmetry and high connectivity as SBUs allows
formation of frameworks that incorporate nanoscopic polyhedral cages, as illustrated by Zirconium
based porphyrin MOFs like MOF-525, PCN-222 and PCN-223 (Fig. 11).3%* MOF-525, reported by
Morris et al., is assembled by the 12-connected zirconium cuboctahedral SBU, ZrsO4(OH)4(CO2)12, and

5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (tcpp).2* It consists of two types of polyhedral cages.

10



The smaller cage, a distorted octahedron with a cavity diameter of ~1.1 nm, comprises of two Zr SBUs
in the horizontal direction and four tcpp ligands linked to the two SBUSs. The other cage, a cube with
edge length of ~2.0 nm, consists of eight Zr SBUs at the vertices and six tcpp ligands at the faces. PCN-
222 consists of Zre nodes connected to 8 tetracarboxylate linkers with the carboxylate groups
adopting a bridged conformation. Unlike the 12-connected Zrs cluster observed in MOF-525, only
eight edges of the Zre octahedron are bridged by carboxylates from TCPP ligands in PCN-222,
while the remaining positions are occupied by terminal hydroxy groups.®? Consequently, the
symmetry of the Zrs clusters is reduced from On to Dan. The additional space engendered due to
the reduction in symmetry results in the formation of mesopores. PCN-223, in particular, has a
very unique structure. It consists of unprecedented Den Symmetric [ZrsOs(OH)4]*2* nodes
connected to 12 TCPP linkers, representing the first (4,12)-connected MOF with the “shp”
topology.®® PCN-223 contains uniform triangular 1D channels of 12 A in diameter delimited by
three Zre units and three TCPP linkers. Since Zr(IV) fails to metallate the porphyrin during the
synthesis of MOF-525, PCN-222 and PCN-223, the porphyrin remains in the free-base form and can
be metallated. This opens up the possibility of functionalizing these polyhedral cages by metalating the

porphyrin with various metal ions.
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Figure 11. Examples of Zr-MOFs based on tetrakis(4-carboxyphenyl)porphyrin

1.2.3 Post synthetic modification

Post-synthetic metalation has been used to introduce a wide-variety of metals in free-base porphyrinic

MOFs to furnish desired functionality. In a similar approach, metal ions weakly coordinated to the

11



porphyrin core can be exchanged by other suitable metals that are catalytically active.?* Post-synthetic
ligand exchange has also been observed in pillared porphyrinic MOFs, where the dipyridyl pillaring
linkers are replaced by molecules with similar structure.3 A single-crystal to single-crystal
transformation can also be achieved via post synthetic ligand exchange. Fig. 12 illustrates how
introduction of bipyridine linker to crystals of PPF-18 and PPF-20 transforms them to PPF-27 and PPF-

4, respectively. The new frameworks retain the topology of their parent frameworks.
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Figure 12. Introduction of the bridging linker 4,4’-Bipyridine to crystals of (a) PPF-18 and (b) PPF-20, transforming them to
PPF-27 and PPF-4, respectively. Blue and pink bands represent “A” and “B” layers, respectively. The AB and ABBA
topologies in PPF-18 and PPF-20 are retained in PPF-27 and PPF-4, respectively, showing a templating effect.®

1.3 Applications of porphyrinic MOFs
Porphyrinic MOFs have diverse set of applications in the fields of guest molecule adsorption and
separation, catalysis and nano-thin films.

1.3.1 Guest molecules absorption and separation

Initial studies dealing with functional microporous behavior of porphyrinic MOFs were inspired from
similar studies on inorganic Zeolites. As discussed before, PIZA-1 was the first porphyrinic MOF to
exhibit size-, shape- and functional group— selective adsorption behavior for a series of linear amines,

aromatic amines, picoline derivatives, and alcohols.?? PIZA-1 has amuch higher accessible pore volume
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than well-known molecular sieves like Zeolite 4A. The hydrophilic nature of its constrained pores made
it an efficient desiccant for the selective drying of common organic solvents (for example, benzene,
toluene and tetrahydrofuran). However, it is it is still considerably limited by its relatively low surface
area (125 m?/g). Since the discovery of PIZA-1, several breakthroughs have been made in the
preparation of porous porphyrin-derived MOFs with improved gas uptake capacity and separation
ability. For example, PPF-1 was shown to have permanent microporosity, confirmed by a type-I
nitrogen sorption isotherm at 77 K with a surface area of 622.4 m?%g.%

MMPF-1, the first MOP-based MOF reported by Ma and co-workers, selectively adsorbs H.
and O, over N2, and CO over CHa. A significant difference is found in the amount of N, (5 cm?/g) and
H2 (50 cm®/g) uptake at 77 K and 760 Torr.%® Gas adsorption studies conducted at 154 Torr (saturation
pressure of O;) revealed an O uptake of 45 cm®/g, much higher than that of N, (Figure13(a)). It was
also found out that at 760 Torr, MMPF-1 can take up a larger amount of CO, (80 cm®/g) as compared
to CHa4 (18 cm®/g) (Figure13(b)). The selectivity of MMPF-1 is attributed to its small aperture size ~3.5
A, which excludes larger molecules like N2 (kinetic diameter ~ 3.64 A) and CHy (kinetic diameter ~ 3.8
A) but allows entry of smaller molecules like Hy (kinetic diameter ~ 2.89 A), O (kinetic diameter ~

3.46 A) and CO; (kinetic diameter ~ 3.3 A).
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Figure 13. Gas adsorption isotherms of MMPF-1 at (a) 77 K and (b) 195 K*
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1.3.2 Catalysis

Porphyrins and metalloporphyrins are widely accepted as homogeneous catalysts possessing high
catalytic activity towards the hydroxylation of alkanes and epoxidation of alkenes. MOFs that
demonstrate high porosity and incorporate catalytically active porphyrins/metalloporphyrins as struts
can serve as size- and shape-selective heterogeneous catalysts. In addition, the recyclability of the
heterogeneous catalysts is an attractive attribute in large-scale reactions involving separation processes
and waste disposal. Depending on the mechanism involved, the catalytic reactions carried out using
porphyrinic MOFs can be divided into three main categories: oxidation catalysis, Lewis acid catalysis,
and photocatalysis.

1.3.2.1 Oxidation catalysis

MMPF-3, a MOP based porphyrinic framework with a high density of open cobalt sites has
been tested for its catalytic performance in the epoxidation of trans-stilbene.?® Oxidation reactions were
carried out with MMPF-3 and other controls like homogenous Co(dcdbp), fcu-MOF-1, PPF-1(Co), and
MMPF-2 in the presence of an oxidant (Tert-Butyl hydro-peroxide (tbhp)). MMPF-3 demonstrated
better conversion efficiency in comparison to all the controls and also maintained its catalytic activity
for eight cycles without showing any signs of leaching of cobalt ion (active site) or structural
disintegration (Fig. 14).

Styrene epoxidation has been successfully demonstrated using homogeneous catalyst
5,10,15,20-tetrakis(pentafluorophenyl) porphyrin-Mn(ClI) and the heterogeneous framework Mn-RPM
prepared using this ligand?’. In the presence of 2-(tert-butylsulfonyl)iodosylbenzene as oxidant, the
homogeneous catalyst was found to undergo self-oxidative degradations, leading to its deactivation and

reaching the reaction equilibrium after 750 epoxidation turnovers. On the other hand, the heterogeneous
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framework can last for 2150 turnovers without deactivation. This result demonstrates that the

heterogeneous MOF catalyst has a superior stability than its ligand component.
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Figure 14. Kinetic traces of trans-stilbene epoxidation catalyzed by heterogeneous MMPF-3, homogenous Co(dcdbp), fcu-
MOF-1, PPF- 1Co, and in the absence of catalyst®
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Figure 15. Catalytic oxidation of cyclohexane over Zr-PCN-221(Fe) at 65 °C. The curves are to guide the eye and do not

fit to the data®

Zhou and co-workers have explored the catalytic oxidation of cyclohexane using PCN-221 (Fe),
a zirconium based metalloporphyrin framework.%" In the presence of tbhp (oxidant), the reaction
led to an almost quantitative conversion of cyclohexane into its oxidation products. PCN-221

(Fe) afforded high selectivity for cyclohexanone (yield of 86.9%) over cyclohexanol (yield of
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5.4%). These results are ascribed to the high density of available Fe(lll) centers on the pore
surfaces of PCN-221 (Fe).

1.3.2.2 Lewis acid catalysis

ZnPO-MOF(Zn) is a robust framework prepared using the pillared-layer strategy, featuring
Zn(1)dipyridylporphyrin pillars and tertratopic carboxylate struts.?® It has large pores with a
surface area of ~500 m?/g. The accessible Zn(ll) sites incorporated on the surface demonstrate
excellent catalytic activity for an acyl-transfer reaction between N-acetylimidazole and 3-
pyridylcarbinol. In comparison to the uncatalyzed reaction, the reaction rate is enhanced 2420
times. The remarkable catalytic activity of ZnPO-MOF(Zn)MOF is credited to the Lewis acidic
Zn(11) centers that provide coordination sites to substrates and assist in pre-concentrating reactant
molecules in MOF channels.

The capture and sequestration of CO- is a novel method aimed at mitigating the high levels
of atmospheric COz. It involves efficient chemical conversion of CO; into desirable and
economically useful products. Notably, there has been an increased interest in the synthesis of
cyclic carbonates via coupling of epoxide with CO2. Cyclic carbonates have wide applications in
pharmaceutical and fine-chemicals industry. Zhou and co-workers have shown that PCN-224(Co)
can act as a heterogeneous Lewis acid catalyst in the presence of additives for the production of
cyclic carbonates from CO- and epoxides at 100 °C under 2 MPa pressure (Fig. 16).>® PCN-224
(0.1 mol% loading) yielded 42% conversion after 4 hours of reaction time and demonstrated
recyclability after three consecutive runs.

Concentrating Lewis acid sites in confined, accessible pores can promote strong
interactions with the substrate, which in turn promotes catalytic processes. Ma and co-workers

executed this strategy using the MMPF-9 framework, comprising of an octatopic porphyrin ligand
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Cu(11)5,10,15,20-tetrakis(3,5-dicarboxybiphenyl) porphyrin (tdcbpp) and copper paddlewheel
SBUs.® It is a channeled structure featuring a high density of Cu(ll) sites within the confined
nanospace. The high density of open copper sites renders MMPF-9 as a highly efficient
heterogeneous catalyst for chemical fixation of CO> with epoxides at room temperature under 1
atm pressure, yielding 87.4% product in 48 hours (Table 1). Ambient reaction conditions not only
provide an opportunity to decrease the cost of CO: fixation but also pave the way for development

of greener synthetic methods.
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Figure 16. Schematic showing PCN-224(Co) catalyzing a coupling reaction between CO, and epoxide®
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4 Reaction conditions: epoxide (25 mmol) with MMPF-9 (0.03125 mmol),
n-Bu,NBr (0.58 g), at room temperature under 1 atm CO, for 48 hours.

The same reaction conditions as those when loaded with HKUST-1
(0.03125 mmol). © Reaction time was extended to 96 hours under the
similar conditions. ¢ The recyclability test of MMPF-9,

Table 1. Different substituted epoxides coupled with CO; catalyzed by MOFs at room temperature under 1 atm pressure
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1.3.2.3 Photocatalysis

The highly conjugated structures of porphyrins and metalloporphyrins endows them with distinct
chromophoric properties and photocatalytic activities in the homogeneous phase. Incorporating
them into robust porous MOFs can induce electron transfer reactions, potentially leading to
improvements in their chromophoric properties and photocatalytic activities. Porphyrinic MOFs
can also be part of integrated assemblies that carry out electron transfer reactions to drive
photocatalytic reactions. Rosseinsky and co-workers developed a multi-component system
comprising of porphyrin-based MOF/ethylenediaminetetracetic acid(EDTA)/colloidal Pt, to
demonstrate hydrogen evolution from water.®® The porphyrin-based material, Zn-Al-PMOF, is
obtained from a hydrothermal reaction of AIClz and free-base TCPP ligand, followed by
metalation of porphyrin core. It afforded a surface area of ~1400 m?/g and exhibited high thermal
and chemical stability. Zn-Al-PMOF serves as an antenna to harvest light and inject electrons from
the sacrificial electron donor of EDTA to catalytically active centers of Pt. The multicomponent
system shows heterogeneous photocatalytic activity, evolving hydrogen from water in the visible

light range (Fig. 17).

visible light

Figure 17. The photocatalytic reaction using Zn inserted Al-PMOF and colloidal Pt

1.3.4 Nano-thin film fabrication
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In order to apply MOFs in nanotechnological devices, it is necessary to implement them as

as thin films. Because of their versatility and functionality, porphyrins present tremendous
potential as building blocks of MOF thin films. However, the literature dealing with fabrication of
porphyrin/metalloporphyrin -~ MOF  thin  films is scarce as compared to
porphyrinic/metalloporphyrin-based MOFs. The first attempt to fabricate a MOF nano-thin film
was made in 2010 by Kitagawa and co-workers. They reported a facile bottom-up fabrication
technique for growing a MOF thin film that is preferentially oriented on the surface of the substrate
(NAFS-1). The layer-by-layer growth procedure was integrated with the Langmuir-Blodgett
method to provide an effective protocol to create crystalline MOF nanofilms and to systematically
control the film thickness (Fig. 18).*> Synchrotron X-ray surface crystallography was used to
demonstrate that the film exhibits highly crystalline order in both the out-of-plane and in-plane

orientations with respect to the substrate.*®

~. Modularization p

°w°°° + % -

., —_
metal ligand nano-sized modules highly oriented thin film

Figure 18. lllustration of the modular assembly process of the MOF nano- thin film

So et al. grew DA-MOFs as thin films on functionalized surfaces using layer-by-layer
(LBL) approach.*’ In the layer-by-layer approach, the self-assembled monolayers (SAM) coated
substrate is immersed in a solution of metal precursor (of MOF) followed by immersing it in a
solution of organic linker with rinsing in between. The thickness of the film increased
systematically with the number of assembly cycles. Polarization excitation and fluorescence
measurements indicated that the porphyrin units are preferentially oriented in the MOF film. A

far-red emitting squarine dye (S1), which exhibits a high overlap integral with the DA-MOF, was
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deposited onto the surface of the MOF film. Exclusive emission from S1 was observed following
selective excitation of Zn-porphyrin units in a 50-cycle film (Fig. 19). These results suggest that
the films can be used as antennae for light harvesting and efficient Forster energy transfer is

possible within the film, considering the long-distance exciton propagation.
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Figure 19. (a) Schematic diagram showing the preparation of a sensitized DA-MOF film. (b) Comparison of emission
profiles of DA-MOF (green solid), S1 (red solid), and DA-MOF sensitized with S1 (light-green dotted) upon excitation

at 450 nm. (c) Excitation profile of the DA-MOF+SL1 film monitored at 780 nm, where the emission from DA-MOF
is negligible.

1.4 Conclusion

Porphyrin based frameworks are only a small part of the broad family of MOFs but they have
carved out a distinct niche for themselves because of their unique structural features and diverse
applications. Although porphyrinic MOFs have demonstrated great potential over the years, more
work is required in all domains before these materials can be commercialized. Several challenges

dealing with large-scale synthesis and applicability also need to be addressed. In conclusion, the
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field of porphyrinic MOFs that emerged more than two decades ago continues to attract interest of

both the academia and industry, and should continue to grow in the future.
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Chapter 2

Synthesis and defect characterization of pure phase Zr-MOFs based on meso-
tetracarboxyphenylporphyrin

INTRODUCTION

Owing to their ordered crystalline structures, wide range of available topologies and the ability
to incorporate diverse chemical functionalities, metal-organic frameworks (MOFs) have shown
immense potential in a number of applications, including drug delivery,' catalysis,*”’ light

1315 and gas separation.!® Zirconium MOFs based on meso-tetra(4-

harvesting,® ! gas storage
carboxyphenyl)porphyrin (TCPP) are an important sub-class of the broader family of these
materials. The high connectivity and large size of TCPP (~2 nm) assists in generating large pores
inside the frameworks, resulting in open mesoporous structures.'* Zr-TCPP MOFs consist of a
common, periodically repeating building block having a general formula of [ZrsO4(OH)4(P)3],
where P denotes the TCPP linkers that connect the octahedral [ZrsO4(OH)s]'*" nodes. If the Dan
symmetric TCPP linkers fully occupy all the available position around Zrs cluster, the structure
with the highest symmetry should have (4,12)-connected ftw-a topology, reported in MOF-525.%2
However, such an arrangement requires the carboxylate groups of the ligand to be coplanar with
the porphyrin macrocycle. This constraint forces TCPP to adopt an energetically demanding
conformation. To attain linkers in low energy conformation, both the connectivity and the
symmetry of Zre clusters have to decrease giving rise to entirely different topologies (Fig. 1).2

The symmetry reduced TCPP ligands in these networks have a variety of aspect ratios (the ratio

of two sides of the ligand) and dihedral angles between the central and peripheral rings.
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Figure 1. Structures of Zr-MOFs based on meso-tetra(4-carboxyphenyl)porphyrin

Despite exhibiting a diverse variety of structure types, Zr-based TCPP MOFs can be obtained
under similar solvothermal reaction conditions, suggesting the lack of a thermodynamically
dominant phase. As a result, one-pot syntheses often yield MOF powders containing two or more
phases. This behavior reduces the reliability of synthetic procedures and complicates the
determination of structure-property relationships. Several strategies for obtaining pure framework
phases exist. Solvent-assisted separation of MOF components on the basis of their density
difference is one possible approach.”* However, the reported Zr-TCPP MOFs possess similar
densities and therefore cannot be separated without substantial loss of material.>> Another strategy
is the introduction of seed crystals of the targeted Zr-TCPP polymorph into the synthesis solution.?®
Although this method improves the phase-purity of the final product, availability of phase-pure
seed crystals of the targeted MOF is a pre-requisite.

A more attractive approach would be to fine tune the reaction parameters to selectively generate
the desired structures.?’” Similar to other Zr-based MOFs, modulators are typically added during
the synthesis of TCPP containing frameworks. Their primary role is to compete with the bridging
TCPP linkers for coordination to Zr*" ions, and slow down the rate of crystallization, leading to

the formation of highly ordered MOF structures. Furthermore, modulators can act as templating
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agents and directly guide the framework assembly. Therefore, the choice of modulator can be a
useful handle to control the MOF crystallization process, and in turn direct the phase-purity.
Webber et. al. and Islamoglu et. al. have demonstrated that the phase-purity of NU-1000, a related
Zr-based MOF comprised of 1,3,6,8-tetrakis(p-benzoic acid)pyrene (TBAPYy), can be significantly
improved by judiciously selecting a modulator that disfavors the formation of NU-901
byproduct.?®2° Another important consideration is the ability of modulator to induce defect sites
in Zr-based MOFs.3%*! Defects are known to significantly affect the physical and chemical
properties of the material, such as porosity, thermal stability, mechanical characteristics, Lewis
and Brensted acidity, catalytic activity and conductivity.?!® Therefore, a controlled introduction
of defects can allow for straightforward modification of properties of existing frameworks.

To our knowledge, the influence of modulator on the outcome of Zr-TCPP MOF synthesis has
received limited attention compared to the UiO series. Keeping this in mind, we decided to perform
a systematic exploration of the synthetic parameter landscape (modulator concentration, acidity
and chemical properties) to gain deeper insights into the factors governing the formation of these
frameworks. From this study, the synthetic conditions that could reliably produce phase-pure Zr-
TCPP MOFs were identified. The defectivity of these pristine MOFs was further investigated using
a variety of techniques, including 'H NMR spectroscopy, thermogravimetric analysis (TGA),
inductively coupled plasma mass spectrometry (ICP-MS) and N2 gas sorption.

EXPERIMENTAL SECTION

Materials: All the chemicals were purchased from commercial suppliers and used as received.
Meso-tetra(4-carboxyphenyl)porphyrin  (>97%) was purchased from Frontier Scientific.
Zirconium chloride (anhydrous, >99.5%), formic acid (FA, >95%), 4-chlorobenzoic acid (CBA,

99%) were purchased from Sigma-Aldrich. N, N'-dimethylformamide (DMF, spectrophotometric
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grade, >99.9%) and glacial acetic acid (AA, ACS certified, 99.7%) were purchased from Fisher
chemical. Trichloroacetic acid (TCA, >99%), hexanoic acid (HA, >98%), decanoic acid (DA,
>98%), myristic acid (MA, >99%) and stearic acid (SA, >98%) were purchased from TCI.
Propionic acid (PA, 99%), trimethylacetic acid (TMA, 99%), trifluoroacetic acid (TFA, 99%),
benzoic acid (BA, 99%), 4-nitrobenzoic acid (NBA, 99%) were purchased from Alfa Aesar.
Chloroacetic acid (CAA, 99%) was purchased from Acros organics. Difluoroacetic acid (DFA),
2,6-difluorobenzoic acid (DFBA), pentafluorobenzoic acid (PFBA) and 4-methoxybenzoic acid
(MBA) were received from Oakwood chemicals. Deuterated DMSO (DMSO-ds, 99.9%) was
purchased from Cambridge Isotope Laboratories, Inc.

MOF Synthesis: 10 mg of HsTCPP (1.265x107 mol) and 7 mg of ZrCls (3.01x107° mol) were
added to 10 ml DMF in a 6-dram vial and dissolved with the aid of ultrasonication. Modulator was
then added to the vial, which was further sonicated to get a homogeneous reaction mixture. The
vials were placed in an oven at 120 °C for 16 hours. After allowing them to cool down to room
temperature, the resultant MOF powder was collected by centrifugation. It was washed 3 times
with DMF and then soaked in ethanol for 3 days with fresh ethanol replacement every day. The
MOFs were dried at room temperature and then activated by heating at 100 °C under vacuum.

Powder X-Ray diffraction (PXRD): A 600 W Rigaku MiniFlex powder diffractometer with a
CuKo_(0.15418 nm) radiation source was used, with a sweeping range of 2-25° in continuous
scanning mode. PXRD traces were collected in 0.05° increments at a scanning rate of 0.2°/min.

Scanning electron microscopy (SEM): SEM samples were prepared by suspending MOF
powders in ethanol with sonication. The resulting suspensions were drop-casted on precut glass
slides. After drying, the glass slides were mounted on SEM sample pegs with the help of double-

sided copper tape. The sides of the glass slides and the platform of sample peg were coated with
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conductive carbon paint purchased from Electron Microscopy Sciences. A LEO (Zeiss) 1550 field-
emission scanning electron microscope, equipped with an in-lens detector, operating at 5.0 kV was
used to obtain high-resolution images of the MOF particles.

'H NMR analysis: The measurements were conducted using the Agilent U4-DD2 400 MHz
spectrometer. A 15-25 mM solution of the 3-(trimethylsilyl)propionic-2,2,3,3-ds acid sodium salt
(TMSP) was prepared in DMSO-ds (ca. 10 mg mL™"). 700 pL of this solution was added to a
micro-centrifuge tube containing 1.5-2 mg of MOF. A drop of concentrated sulfuric acid (98%)
was added to this mixture and the tube was sonicated to digest the framework. The content of the
tube was quantitatively transferred to an NMR tube that was again sonicated and heated at 80 °C
for 30 minutes to ensure complete digestion.

Thermogravimetric analysis (TGA): A Q-series thermogravimetric analyzer from TA
Instruments was used to assess the thermal stability and defectivity of MOFs. Samples weighing
~3-5 mg were placed on a platinum pan and heated under air at a rate of 5 °C/min over the
temperature range of 25—800 °C.

Gas adsorption isotherms: The N adsorption measurements were conducted using a
Micromeritics 3Flex instrument. A 6 mm large bulb sample cell was used to hold the samples and
was degassed under vacuum at a temperature of 100 °C for 24 h. The surface area of the MOFs
was determined from the N> adsorption isotherms at 77 K by fitting the adsorption data within the
0.05—0.3 P/Pg pressure range to the BET equation.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): The MOF samples were
digested in 70% nitric acid and heated at 90 °C for 1 h. The resulting solution was diluted with

deionized water so that the final concentration of nitric acid was 7% by volume. The samples were
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analyzed for zirconium content using a Thermo Electron X-Series ICP mass spectrometer in
accordance with Standard Method 3125-B.

RESULTS AND DISCUSSION

Synthesis of Zr-TCPP MOFs was achieved by dissolving 3.01x107 mol of ZrCls and 1.26x107
mol of TCPP in 10 mL DMF along with desired amounts of modulator. The mixture was sonicated
for 15 minutes then the vial was placed in an oven and heated at 120 °C for 16 hours. The resulting
polycrystalline MOF powders were isolated by centrifugation, washed with DMF and ethanol and
finally, dried under vacuum. The modulators under investigation were based on monocarboxylic
acid species and were loosely divided into three classes, namely small aliphatic modulators,
aromatic modulators and long chain modulators. The concentration of modulators was varied,
ranging from 10 to 6000 equivalents ([Modulator]/[TCPP]), depending on their acidity, and
solubility in the synthesis solvent. Other factors affecting the MOF synthesis, such as reaction
temperature, time, solvent, solvent volume, precursor concentration, order of addition and reaction
apparatus were kept constant. PXRD patterns of Zr-TCPP MOFs simulated from single crystal X-
ray diffraction data served as reference standards for phase identification of resulting powders.
Routine interpretation of powder patterns is often limited to a qualitative visual comparison of the
peak positions and relative peak intensities of experimental and simulated patterns. Fig. 2a shows
an example PXRD pattern of a mixed-phase MOF powder and the contributions from each
component. However, visual analysis of diffraction peaks underutilizes the available information,
and can lead to incorrect conclusions about the phase composition of reaction product. Quantitative
estimation of phase composition is therefore important for elucidation of factors governing the
formation of Zr-TCPP frameworks. Fitting the sum of individual pure phase patterns to the

experimental data is an effective method to determine the abundance of each phase in the MOF
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sample.’” This approach relies on the additive nature of crystalline components of the powder
pattern. Therefore, the experimental powder patterns were fit to a linear combination of pure phase
patterns (Equation 1)
Y = aX; +bX; + cXz...... (1)

where Y is the column vector representing the observed pattern, 5(:: are the column vectors
representing pure phase patterns and the scalars (a, b, c...) give the relative abundance of each
phase. Equation 1 was represented in a matrix form and the coefficient matrix was calculated with
the help of GNU-Octave software. Fig. 2b shows an example of the fitted pattern of a mixed phase
MOF sample overlaid on its observed pattern. Both patterns are in good agreement, which
indicates that the phase composition obtained from the quantitative analysis is reasonably accurate.
The percentage contribution of each component is reported in Fig. 2b. Similar analysis was
performed on other crystalline MOF samples.

In addition, SEM characterization was carried out as a second method to explore phase-purity
of the MOF samples. The Zr-TCPP polymorphs exhibit distinctly different morphologies, which
can be easily discerned through visual analysis of the SEM images. While SEM imaging is
qualitative in nature, it is particularly useful for detecting small amounts of phase impurities that
might be overlooked in the PXRD analysis. Fig. 3(Left) shows a representative SEM image of a
phase-pure sample with small bean-shaped particles (length ~2 pm). All MOF particles are
morphologically identical and are similar in size. In contrast, Fig. 3(Right) shows the SEM image
of a mixed-phase sample, where distinctly different morphologies corresponding to different
framework components are clearly visible.

After completing phase characterization of MOFs, the data was compiled into three screening

plots, one for each of the modulator series. These plots depict the change in the phase composition
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as a function of modulator concentration and chemical properties (acidity or chain length), from
which trends could be straightforwardly identified. For example, the screening plot for small
aliphatic acids is dominated by PCN-222 and PCN-223 frameworks, with PCN-224 and MOF-525
phases found as minor impurities in some cases (Fig 4a). From these results, reaction conditions
that are able to produce pure phase PCN-223 (propionic acid) and PCN-222 (difluoroacetic and
formic acids) were discovered. When long chain saturated carboxylic acids were employed, the
dominating component in the powder patterns changed compared to small aliphatic modulators.
Under these conditions, MOF-525 was found to crystallize preferentially (Fig 4b). Pure phase
MOF-525 samples were obtained with myristic acid (MA) and stearic acid (SA). On the other
hand, the aromatic modulator series was peculiar in the sense that crystalline MOF powders could
only be obtained within a narrow region of modulator acidity and concentration. All the reactions

in this series yielded mixed-phase powders (Fig 4c¢).
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Figure 2. (2) Visual analysis of the phase composition of a mixed-phase MOF sample. (b) Comparison of experimental
and fitted patterns of a mixed-phase MOF sample. The fit indicates that this sample consists of 38% PCN-222

component and 62% PCN-223 component.
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Figure 3. Left: SEM image of a phase-pure MOF. All particles have the same morphology Right: SEM image of a

mixed-phase MOF.

The screening plots also depict trends that relate the relative concentrations of modulator and
linker ([Modulator]/[TCPP] ratio) to the crystallinity of MOFs. For instance, reactions with low
[Modulator]/[TCPP] ratio yielded poorly crystalline MOF powders of uncertain phase
composition. The crystallization and precipitation of MOFs in this case is rapid and uncontrolled,
which resulted in the formation of poorly defined, largely amorphous material. Increasing the
[Modulator]/[TCPP] ratio was found to dramatically improve the crystallinity of MOF powders.
Higher modulator concentration slows down the coordination reactions and inhibits the framework
assembly, allowing for structural error correction and improving the overall crystallinity. The
screening plots also revealed the existence of an upper limit on [Modulator]/[TCPP] ratio, beyond
which MOF formation does not take place. Using modulators in large excess prevented the MOF
nuclei from attaining the critical size and growing into crystals that precipitate out of synthesis
solution. Therefore, crystalline MOF powders can only be obtained within a finite range of
[Modulator]/[TCPP] ratio. Low crystallininty powders are obtained below this range and no MOF
precipitation occurs above it. It is also worth noting that as the acidic strength of modulator
increased, the working [Modulator]/[TCPP] ratio range narrowed down and shifted to lower
values. For example, weakly acidic modulators like DA, MA, and SA produced crystalline MOFs
in a very broad range of [Modulator]/[TCPP] ratio (1000 to 3000). In fact, the upper limit in this

case was restricted by the physical amount of the modulator which could be fit into the reaction
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vessel. On the other hand, strongly acidic modulators like DFA, CAA, and NBA produced

crystalline MOFs in a more narrow range of [Modulator]/[TCPP] ratio (500 to 1000).
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Figure 4. (a) Screening plot for small aliphatic modulators. The modulators along with their respective pK, values are
— trifluoroacetic acid (0.23), trichloroacetic acid (0.66), difluoroacetic acid (1.24), chloroacetic acid (2.87), formic
acid (3.77), acetic acid (4.76), propionic acid (4.87) and trimethylacetic acid (5.03). (b) Screening plot for long chain
modulators. Modulators used in this series were hexanoic acid (C6), decanoic acid (C10), myristic acid (C14) and
stearic acid (C18). (c) Screening plot for aromatic modulators. The modulators along with their respective pKa values
are — pentafluorobenzoic acid (1.6) 2,6-difluorobenzoic acid (2.34), 4-nitrobenzoic acid (3.41), benzoic acid (4.11)
and 4-methoxybenzoic acid (4.47). The pK, values of modulators used for the construction of screening plots are for
aqueous media (for qualitative analysis of phase distribution). PCN-224 was obtained only in trace amounts and its
percentage contribution to phase composition analysis is not included. Legends: square (black) — low crystallinity
powder, circle (dark blue) — PCN-223, triangle (red) — PCN-222, inverted triangle (magenta) — PCN-224, rhombus

(green) — MOF-525, cross (pink) — no precipitate.

The conditions of the MOF formation reaction, such as temperature, [Modulator]/[Ligand] ratio,
and the allotted reaction time, determine which reaction pathway is favored: either the
thermodynamically controlled or the kinetically controlled one.*® If these competing reaction

pathways lead to different products, then the composition of the resultant MOF powder is
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dependent on whether the reaction is under thermodynamic or kinetic control. Therefore, the
reaction conditions mentioned above influence the selectivity of the reaction. The modulator
screening study offers an opportunity to investigate the effect of [Modulator]/[Ligand] ratio on Zr-
TCPP polymorph selectivity during the synthesis (temperature and time were kept constant for all
reactions conducted in this study). Since PCN-222, PCN-223, and MOF-525 are the predominant
products observed in the modulator screening study, the scope of this discussion will be limited to
these three polymorphs. It is worth noting that a Zr-TCPP MOF reaction solution consists of Zr*"
salt, TCPP ligand with varying degree of protonation (TCPP™, n = 0-4), protonated modulator
(Mod), and deprotonated modulator (Mod"). Out of these, only the fully deprotonated ligand
molecules and deprotonated modulator molecules are directly involved in the coordination. The
ratio of the concentrations of deprotonated modulator and fully deprotonated TCPP ([Mod"
J/[TCPP*]) is therefore a better descriptor of the coordination environment during the MOF
formation process.

The magnitude of [Mod]/[TCPP*] ratio depends on the nature and concentration of modulator.
For instance, strongly acidic modulators afford very high [Mod]/[TCPP*] ratio since they
dissociate to a larger extent, furnishing a greater concentration of deprotonated species.
Furthermore, they shift the equilibrium towards the protonated form of the ligand, lowering the
concentration of TCPP*. If the [Mod ]J/[TCPP*] is very high, then equilibria A, B and C in scheme
1 are shifted in favor of the incorporation of modulator into the pre-nucleation MOF clusters
(molecular aggregates formed prior to nucleation). This prevents the clusters from growing and
attaining the critical size of nucleation. Consequently, the less stable clusters break down and
dissolve in synthesis solution. The stable ones, on the other hand, have a higher probability of

surviving and growing into nuclei. Thus, very high [Mod ]/[TCPP*] ratio can be expected to favor
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formation of the most stable polymorph. Typically, the most stable polymorph is the
thermodynamically favored product. The observed phase composition of MOFs prepared using
strongly acidic modulators like DFA, FA and NBA indicate that PCN-222 is the most stable
polymorph and therefore, the thermodynamically favored product of the reaction between Zr*" and
TCPP.

Scheme 1. Representation of the equilibria governing the formation of Zr-TCPP polymorphs (TCPP* =
fully deprotonated ligand and Mod- = deprotonated modulator (RCOQO))

»i« g ~;«
A
MOF-525

The samples synthesized in the presence of DFA and FA (Fig. 3a) show a gradual increase in
the proportion of PCN-222 phase as the concentration of modulator (Mod) is increased. Similarly,
the crystalline phase obtained in the NBA series is also predominantly PCN-222 framework.
Intermediately strong acids like AA, PA and CBA dissociate to a lesser extent and yield a lower
[Mod]/[TCPP*]. When they were employed as modulators, the major product of the MOF
synthesis is PCN-223. On lowering the [Mod ]/[TCPP*], the MOF assembly and crystal growth

process is expected to proceed faster and the reaction between Zr*" and TCPP is governed by
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kinetics. Thus, PCN-223 can be considered as a kinetically favored product. Interestingly, Feng.
et al. also reported that shortening the reaction time and adding less or weaker modulator leads to
the preferential formation of PCN-223 over PCN-222.'8 Weakly acidic modulators, such as MBA,
DA, MA and SA facilitate the formation of MOF-525. Since [Mod ]/[TCPP*] is too low in this
case, we propose that MOF-525 is the most kinetically favored product of the reaction between
Zr** and TCPP. According to Ostwald’s rule of stages, the rate of formation of less stable
polymorphs is usually higher than that of the most stable polymorph.***’ Since MOF-525 has an
energetically demanding structure, it possibly forms at a much faster rate than PCN-222 and PCN-
223.

DEFECT CHARACTERIZATION

Defects in the framework structure can influence the surface areas, catalytic activities, and
mechanical and thermal stabilities of pristine MOFs.>*3!4142 A controlled introduction of defects
can therefore be used to tailor the framework properties for desired applications. It has been
demonstrated that by varying the acidity and/or concentration of the modulator, the defectivity of
Zr-based MOFs can be systematically tuned.*® High concentrations of strongly acidic modulators
(with pKa. lower than that of ligand) typically afford MOF structures_with high defect
concentrations.’>*>*} This behavior is attributed to the ability of strongly acidic species to
outcompete the ligand for the coordination to Zrs clusters. Consequently, the resultant framework
might contain modulator terminated metal nodes leading to a more defective structure. To probe
this behavior in Zr-TCPP frameworks, the defect chemistry of phase-pure MOFs obtained from
the screening study, namely DFA-600 (PCN-222), FA-6000 (PCN-222), PA-2000 (PCN-223),

MA-3000 (MOF-525) and SA-3000 (MOF-525), was investigated. The sample nomenclature was
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derived from the name and modulator equivalents used in the synthesis, for example, DFA-600
refers to a MOF prepared using 600 equivalents of DFA.

To correlate linker deficiency with the structure defectivity, molecular formulae of the MOFs
and the total modulator to ligand molar ratio in the framework ([Modulator]/[Ligand]) were
calculated.’'*? The first parameter describes the overall defectivity of MOF structure and can be
calculated from TGA data. [Modulator]/[Ligand], on the other hand, only quantifies modulator-
terminated defects and is obtained from '"H NMR analysis. The interpretation of this value can be
complicated by the presence of defect sites that are terminated by other species or trapped
modulator molecules inside the pores of the framework. In addition to these parameters, Zr
recovery from digested MOF samples can provide valuable information about metal deficiency
and the nature of defect sites. Two types of defects are known to exist in Zr-based MOFs: missing
linker defects and missing cluster defects. In the latter case, the entire [Zr¢O4(OH)4]'** node and
all the surrounding linkers are removed. Zirconium deficiency is associated exclusively with
missing cluster defects, whereas the linker deficiency is influenced by either of the two types of
defects. Therefore, zirconium amount in the MOF sample can be directly correlated with
concentrations of missing cluster defects. The ratio of experimental zirconium concentration
(obtained from ICP-MS) and theoretical zirconium concentration (based on ideal structure of
MOF) gives the zirconium recovery of the MOF sample.

BET surface area analysis of MOFs has demonstrated that structural incorporation of modulators
into the defective structures could lead to an increase in surface area and average pore size.*** As
a result, these quantities can be utilized to compare defect concentrations in MOFs prepared under

different conditions. Surface areas and pore size distributions of the phase pure MOFs obtained
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from the screening study were also compared with those reported in the literature, described by
the %S Adgifference parameter (Table 1).

The %linker deficiencies of the two pure phase PCN-222 MOFs (DFA-600 and FA-6000)
revealed that their structures were highly defective with almost 25% linkers missing per cluster
(~2 out of the expected 8 positions around Zrs cluster that are typically occupied by TCPP) (Fig.
6a). Both TGA and 'H NMR based methods determined similar defect levels for the two
frameworks. This result correlates well with other Zr-based MOFs where strongly acidic
modulators also led to increased concentration of defects. Furthermore, both DFA-600 and FA-
6000 were found to be deficient in zirconium, which indicates the presence of missing cluster
defects in these samples (Fig. 6¢). Interestingly, Lillerud and co-workers also proposed that
missing cluster defects are the predominant defect type in UiO-66 MOFs prepared using DFA and
FA as modulators.** The N uptake capacity (and thus the porosity) of DFA-600 and FA-6000 was
comparable between the two samples, with small differences in BET surface area and pore size
distribution (Table 1). Upon comparing all the experimental parameters used to describe
defectivity, it can be concluded that DFA-600 and FA-6000 frameworks display high degree of
similarity in the nature and concentration of their defects. Although DFA is more acidic than FA,
the concentration of the latter (6000 equivalents) used in reaction was much higher than DFA (600
equivalents) affording comparable defectivities of the resultant MOFs.

PA-2000 (pure phase PCN-223) was relatively less defective than DFA-600 and FA-6000 with
only 10% linkers missing per cluster (~1 out of 12 positions around Zre cluster) (Fig. 6a).
Interestingly, the [Modulator]/[Ligand] ratio in PA-2000 was unusually high and overestimated its
defect concentrations (Fig. 6b). This effect may be attributed to residual modulator trapped inside

the pores that was not removed during the activation procedure. Another explanation for such
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Figure 6. (a) %missing linkers per Zrg formula unit of phase pure MOFs calculated_from TGA (DFA-600 and FA-

6000) or a combination of TGA and *H NMR (PA-2000, MA-3000 and SA-3000) experiments. (b) %missing linkers

per Zrg formula unit of phase pure MOFs obtained from [Modulator]/[Ligand]. TGA and 'H NMR analysis was

conducted on three samples of each of the phase-pure MOFs to calculate the standard deviations. (c) %zirconium

recovery of the phase-pure MOFs. Three samples of each of the phase-pure MOFs were digested in nitric acid and

zirconium content analyzed with the help of ICP-MS.

Table 1. Comparison of BET surface areas and pore sizes of MOFs prepared in this study with the MOFs reported

in literature.
MOF SAexp (M?/g) SALi (M?/g) %S Adifr. Average pore | Average  pore
experimental literature SAgxp — SApi | Sizes (nm) sizes (nm)
SALit experimental literature
DFA-600 2380 2312* 2.94% 0.9and 3.9 0.8 and 3.6
FA-6000 2436 2312* 5.36% 0.9and 34 0.8 and 3.6
PA-2000 1809 1600* 13.06% 1.2 11
MA-3000 2012 2620** -23.20% 1land 1.87 1.1and 2.0
SA-3000 1581 2620** -39.65% land 1.75 1.1and 2.0

* BET surface areas obtained from N, adsorption isotherms at 77 K

** BET surface area obtained from Ar adsorption isotherms at 87 K

anomalous behavior could be that reaction by-products, like zirconium propionate contribute to

the increased propionic acid concentrations measured by 'H NMR analysis and skew the

[Modulator]/[Ligand] ratio. PA-2000 samples yielded almost quantitative zirconium recovery,
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suggesting that the missing cluster defects are largely absent in this framework (Fig. 6¢c). AA,
which is similar to PA in terms of pKa, and chain length, has been shown to selectively induce
missing linker point defects in azobenzene-based UiO MOF.>** Hence, it is reasonable to
conclude that defects in PA-2000 framework are predominantly missing linker point defect.

The most surprising behavior however, was observed for long-chain weakly acidic modulators,
such as MA and SA. Both of them resulted in the formation of phase pure MOF-525 samples (MA-
3000 and SA-3000) that were highly defective with 40% linkers missing per cluster (~5 out of 12
positions around Zrs cluster) (Fig. 6a). Considering that MA and SA are not fully miscible with
the reaction solvent, and bulkier than other modulators, the formation of highly defected MOF
structures suggests that these factors play the dominant role in inducing defects in this case.
Missing cluster defects may be prevalent in these MOFs, as evidenced by the decreased zirconium
recovery (Fig. 6¢). BET surface areas and pore size distributions of MA-3000 and SA-3000 were
significantly different from those reported in literature for MOF-525 (Table 1). The %S Adifference
for MA-3000 and SA-3000 was found to be -23.20% and -39.65% respectively. Bulky MA and
SA molecules that are trapped in the pores or bound to Zrs clusters can partially block the access
to the MOF interior, resulting in a pore blockage defect.*** This effect can cause reduction in the
surface area accessible for adsorption and lower the effective diameters of the octahedral and cubic
pores found in MOF-525

To sum up, modulator concentration and acidity play a central role in determining the
concentration and nature of defects in Zr-TCPP MOFs. However, for long-chain weakly acidic
modulators, miscibility and steric effects have to be taken into consideration. As seen in the case
of MA-3000 and SA-3000 frameworks, miscibility and/or steric effects can significantly impact

the defect chemistry of Zr-TCPP MOFs, promoting missing cluster defects and pore blockage. The
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mechanism by which the steric effects and miscibility of modulator in DMF (reaction solvent)
alters the defect chemistry of MOFs is not fully understood. We postulate that if there is a
significant polarity difference between the solvent and modulator (as is the case with MA and SA),
then the modulator can also function as a co-solvent and interfere in the crystal growth process.
Both MA and SA are also sterically demanding modulators, and it is possible that they obstruct
crystallization of the ideal MOF-525 structure, leading to more defects.

CONCLUSION

Facile synthesis of phase-pure Zr-TCPP MOFs is a challenge as they are susceptible to
polymorphism. Syntheses of these frameworks often result in phase mixtures and have poor
reproducibility. To address this issue, a modulator screening study to identify reaction parameters
required for the synthesis of phase-pure Zr-TCPP MOFs was conducted. A variety of modulators
with diverse structures and wide-ranging acidity (pKa) were tested. Reaction conditions that yield
nanocrystalline powders of pure PCN-222, PCN-223 and MOF-525 phase were identified. The
interplay between thermodynamic and kinetic control over Zr-TCPP polymorph formation was
correlated with the modulator-to-ligand molar ratio to elucidate how modulator properties
influence polymorph selectivity during the reaction between Zr** and TCPP.

Defect engineering of MOFs via modulated synthesis is a promising approach for tailoring their
properties. Defect characterization of Zr-TCPP MOFs revealed that in addition to modulator
acidity and concentration, steric effects and solubility also influenced the defectivity of the
resultant frameworks. The nature of defects was also found to be dependent on these factors.
Strongly acidic modulators (DFA and FA) and sterically demanding modulators (MA and SA)
tended to produce missing cluster defects while moderately acidic small-molecule modulator (PA)

predominantly generated missing linker defects.
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Chapter 3
Photophysical characterization of PCN-223(fb)

3.1 Introduction

One of the most important components of artificial photosynthesis assemblies are the antennae,
which collect solar energy and direct it towards the reaction centers. A multi-chromophoric array
with energy cascade can direct sequential photoexcited energy flow and perform the function of
light harvesting antenna assemblies.! Multiporphyrin arrays been studied extensively with the aim
of constructing antenna assemblies that mimic natural photosynthetic systems in terms of the
efficiency of excitation energy transfer (EET). Subtle changes in structural parameters, such as
connectivity, distance, and orientation between porphyrin units in the array can have strong
implications on the nature of interchromophoric interactions, and the rates and efficiencies
of EET.? Highlighted by highly-ordered crystal structures and synthetic tunability via crystal
engineering, metal organic frameworks (MOFs) allow for precise control of distances and angles
between chromophores and their alignment by judicious choice of ligands and metal nodes.>®
Porphyrin based MOFs are therefore ideal candidates to study EET as a function of structural
parameters. Such studies will aid in the design of porphyrin-based architectures that are conducive
for energy transfer. Before examining the role of MOF structure in EET, it is necessary to first
understand the mechanistic aspects of EET and the factors that determine the efficiency of EET in
porphyrin-based MOFs. To address these issues, we probed the energy transfer characteristics of
PCN-223(fb), a Zr-MOF based on meso-tetrakis(4-carboxyphenyl)porphyrin.

Zr-TCPP MOFs have been studied extensively due to their exceptional chemical stability
under harsh experimental conditions and their ability to exhibit a variety of functionalities like
catalysis, light harvesting, gas-storage and sensing.*’~'2 PCN-223, in particular, has a very unique

structure (Fig. 1).2° It consists of unprecedented Den symmetric [ZrsO4(OH)4]*2* nodes connected
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to 12 TCPP linkers, representing the first (4,12)-connected MOF with the “shp” topology. The
closely-packed structure of PCN-223 supports a high density of chromophores that can
simultaneously absorb light and participate in the energy transfer process. PCN-223 also manifests
a small porphyrin-porphyrin torsional angle (~55°) that facilitates strong interchromophoric
electronic coupling between TCPP units.™® Based on these merits, PCN-223 qualifies to serve as a

model system to explore EET mechanism in porphyrin-based MOFs.

Figure 1. View of PCN-223(fb) along the ¢ axis with uniform triangular 1D channels

Herein, we present a detailed study of the photophysical properties of PCN-223(fb). The
effects of pH and temperature on the excited state properties of PCN-223(fb) were investigated
and compared with those of ligand. The triplet state of the MOF was probed with the help of
nanosecond transient absorption spectroscopy. Quenching studies were performed on the ligand

and the MOF to determine the rate and efficiency of EET.

3.2 Materials and Methods

Materials: Meso-tetracarboxyphenylporphyrin (>97%) was purchased from Frontier Scientific
and was used without further purification. Zirconium chloride (anhydrous, >99.5%) was
purchased from Sigma-Aldrich. Dimethylformamide (DMF, spectrophotometric grade, >99.9%)
was purchased from Fisher chemical. Propionic acid (PA, 99%). were purchased from Alfa

Aesar.
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Synthesis of PCN-223(fb): 10 mg of H2TCPP (1.265x10° moles) and 7 mg of ZrCls (3x107°
moles) were added to 10ml DMF and ultrasonically dissolved in a 6-dram vial. 2 ml propionic
acid was added to the vial and the vial was sonicated for 15 minutes to get a homogeneous
reaction mixture. The vial was placed in an oven set at 120 °C for 16 hours. After allowing it to
cool down to room temperature, the resultant nano-crystalline MOF powder was collected by
centrifugation. It was washed 3 times with DMF and then soaked in ethanol for 3 days with fresh
ethanol replacement every day. The MOF was allowed to dry at room temperature and then
evacuated by heating it at 100 °C under vacuum.

Powder X-ray diffraction and Scanning electron microscopy (PXRD): A 600 W Rigaku
MiniFlex powder diffractometer with a Cu (Ko = 0.15418 nm) radiation source was used, with a
sweeping range of 2°-50° in continuous scanning mode. PXRD traces were collected in 0.05°
increments at a scanning rate of 0.2°/min, and patterns were generated with PDXL software.
Scanning electron microscopy (SEM): Samples were prepared for SEM by suspending MOFs
in ethanol and sonicating it. The resulting suspension was drop-casted on precut glass slides.
After allowing the samples to dry, the glass slides were mounted on SEM sample pegs with the
help of double-sided copper tape. The sides of the glass slides and the platform of sample peg
were coated with conductive carbon paint. A LEO (Zeiss) 1550 field-emission scanning electron
microscope, equipped with an in-lens detector, operating at 5.0 kV was used to obtain high-
resolution images of the MOF powders.

Thermogravimetric Analysis (TGA): A Q-series TGA from TA Instruments was used to assess
the thermal stability of MOFs. Samples weighing ~5-10 mg were placed on a platinum pan and

heated under nitrogen at a rate of 5 °C/min over the temperature range of 40—800 °C.
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Gas Sorption Isotherms: The gas adsorption measurements were conducted on a Micromeritics
3Flex instrument. A 6 mm large bulb sample cell was used to hold the samples and was degassed
under vacuum at a temperature of 100 °C for 24 h. The surface area of the MOFs was determined
from the N2 adsorption isotherms at 77 K by fitting the adsorption data within the 0.05-0.3 P/Po
pressure range to the BET equation.

Diffuse absorption spectroscopy: The diffuse absorption spectra of TCPP and PCN-223(fb)
were obtained using an Agilent Technologies 8453 UV-Vis diode array spectrophotometer (1 nm
resolution) where the sample compartment was replaced with an integration sphere. The powder
samples were diluted by mixing with BaSOa.

Steady-state emission spectroscopy and time-resolved emission lifetimes: The steady-state
emission spectra were obtained using a QuantaMaster Model QM-200-4E emission
spectrophotometer from Photon Technology, Inc. (PTI). The excitation light source was a 75 W
Xe arc lamp (Newport). The detector was a thermoelectrically cooled Hamamatsu 1527
photomultiplier tube (PMT). Emission traces were analyzed using Origin. Time-resolved
fluorescence lifetimes were obtained via the time-correlated single photon counting technique
(TCSPC) with the same QuantaMaster Model QM-200-4E emission spectrophotometer from
Photon Technology, Inc. (PTI) equipped with a 350 nm LED and a Becker & Hickl GmbH PMH-
100 PMT detector with time resolution of < 220 ps FWHM. Florescence lifetime decays were
analyzed with the help of origin.

3.3 Results and Discussion: Synthesis of PCN-223(fb) was achieved by following a method that
has been used in a prior work.* Briefly, 3x10° moles of ZrCls and 1.26x10° moles of TCPP
were dissolved in 10 mL DMF along with 2.52x102 moles of propionic acid as the modulator.

The mixture was sonicated for 15 minutes then the vial was placed in an oven and heated at 120
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°C for 16 h. PCN-223(fb) MOF powders were characterized by PXRD (Fig. 2a) and SEM (Fig.
2b). Comparison of the PXRD pattern obtained from synthesis to the simulated pattern from
single crystal XRD data indicated high phase purity. SEM image shows small bean-shaped MOF
particles with a length of ~2 um. All MOF particles are morphologically identical, which further
verifies the phase purity. In addition, thermal stability and surface area of as-prepared PCN-
223(fb) were studied by thermogravimetric analysis and N2 adsorption isotherms, which agree

with literature (Fig. S1 and S2).
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Figure 2. (a) PXRD characterization of PCN-223(fb) (b) SEM image of PCN-223(fh)

To examine how the ground and excited-state properties of TCPP are affected upon
coordination into the MOF structure, the absorption spectra of TCPP and PCN-223(fb) were
compared (Fig. 3). The electronic absorption spectrum of TCPP consists of two distinct regions.
The first involves the transition from the ground state to the second excited state (So — S>2) and the
corresponding band is called the Soret or B band. The second region consists of a weak transition
to the first excited state (So — Si) in the range between 500-750 nm (the Q bands). PCN-223(fb)
displays an absorption spectrum similar to that of TCPP with a sharp Soret band and four Q bands.
The Soret band of PCN-223 is blue shifted by 13 nm relative to ligand, which is attributed to
structural changes that TCPP undergoes as it is incorporated in the MOF. Twisting of phenyl rings

and changes in the macrocyclic ring planarity of TCPP may be responsible for increasing the
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electronic transition energy-gap (So-S2), and thus for the blue shift. The peak positions and the
peak intensities of Q bands of PCN-223 match those of TCPP (SI, Table 1), suggesting that the
energy gap between ground state and first excited state of TCPP is relatively unaffected upon

incorporation in MOF.
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Figure 3. Diffuse absorption spectra of TCPP (black) and PCN-223(fb) (red)

The acid-base properties of porphyrins in aqueous solutions provide important information
about their reactivity, aromaticity, tautomerization mechanisms and stereochemistry.>” The
central macrocycle of porphyrins exhibits an amphoteric behavior and can exist in either neutral
(free-base), protonated, or deprotonated form (Fig. 4). Mono-protonation of the free-base
form induces nonplanar distortions in the porphyrin structure, which makes the second protonation
more favorable.'®1° The first protonation step is immediately followed by the second step, yielding
the porphyrin dication, while the monoprotonated species is present in very small amounts at any
given time. To determine the pKa values corresponding to the two protonation steps, a 10° M
TCPP solution was titrated against a 0.01 M NaOH solution (Fig. S3(a)). The pH corresponding
to the half equivalence point was found to be 3.14 (pK: = pKs = 3.14). A suspension of PCN-
223(fb) was also titrated against 0.01 M NaOH solution to find the pK, values corresponding to

protonation of TCPP units incorporated in MOF (pK:2 ~ pKz = 4.03) (Fig. S3(b)).
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Figure 4. Protonation and deprotonation processes of TCPP in acidic and basic media.? pK3, pKz and pK3 represent

the pK, values associated with these processes. The first and second protonation processes almost indistinguishable,
such that pKz ~ pKs. The equivalence point corresponding to the protonation of TCPP and PCN-223(fb) were found
to be at pH 5.54 and 5.70 respectively.

Varying solution pH can shift the protonation-deprotonation equilibrium of the macrocycle
in favor of a particular form, which has been shown to greatly influence the photophysics of the
porphyrin molecule.'® Non-planarity induced in the porphyrin structure due to protonation of the
free-base form breaks up their m-electron conjugated double-bond system. Loss of conjugation
promotes non-radiative relaxation of excited state that results in significant fluorescence quenching
and short fluorescence lifetimes.?’ To investigate the effects of pH variation on the fluorescence
properties of TCPP and PCN-223(fh), their steady-state emission spectra were measured in an
experimental pH range of 3.5 t0 8.5 (Aexcitation = 415 nm). Given that PCN-223(fb) is stable in
aqueous environments with pH values ranging from 0 to 10,° the experimental pH range is suitable
for investigating the photophysics of the MOF without loss in crystallinity. The peak positions and

intensities of fluorescence spectra of TCPP and PCN-223(fb) were found to be strongly correlated
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with pH of solution/suspension. The fluorescence spectra of the neutral form of TCPP and PCN-
223(fb) (5.5 < pH < 8.5) displays a sharp band at 645 nm (Q(0,0)) and a relatively weaker band at
720 nm (Q(0,1)) (Fig 5a and 5b). The intensity of the band at 720 nm is highly diminished and is
not noticeable in Fig 5. Structural changes induced in the porphyrin macrocycle due to protonation
of central nitrogen atoms cause the band at 645 nm to broaden and red shift by 35 nm. As a result,

the fluorescence spectrum appears to be a single, broad band with a maximum at 680 nm (Fig. 5c).
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Figure 5. (a) Fluorescence spectra of TCPP in water (10-°M) as a function of pH (b) Fluorescence spectra of PCN-
223(fb) in water as a function of pH. (c) Spectral evolution in pH range 5 to 6.5 of PCN-223(fb).

Time resolved fluorescence measurements were also conducted to monitor the

fluorescence decay kinetics of TCPP and PCN-223(fb) in the experimental pH range. The
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fluorescence lifetime of TCPP (Aexcitation = 415 NM, Aemission = 645 nm) was found to be strongly
dependent on the pH value of solution (Figure 6a). The fluorescence decay curves of TCPP
obtained in the pH range of 5.5 to 8.5 were almost identical and best fit to a mono-exponential
decay model. The fluorescence lifetime extracted from the decay model corresponds to neutral
TCPP form (9.84 + 0.32 ns). At pH lower than the equivalence point (pH < 5.54), the fluorescence
decay curves were best fit to a bi-exponential decay model having a short component (from the
protonated form, 3.52 + 0.57 ns) and a longer component (from the neutral form, 9.72 + 0.41 ns)
(SI, Table 2). A gradual rise in the contribution of the shorter component was observed as the pH
of solution was decreased from 5.5 to 3.5, suggesting that the lifetime is sensitive to the relative
concentrations of protonated and neutral forms of TCPP in solution.

Time resolved fluorescence measurements on PCN-223(fb) (Aexcitation = 415 NM, Aemission =
645 nm) offered great insight into its energy transfer characteristics (Figure 6b). PCN-223(fb)
exhibits monoexponential decay kinetics in the pH range of 5.75 to 8.5 with a lifetime similar to
that of neutral TCPP form in solution. The absence of shorter component of lifetime indicates that
the population of protonated TCPP linkers in this pH range is negligible. At pH lower than the
equivalence (pH < 5.70), the fluorescence lifetimes of MOF suspensions were very short and
beyond the resolution of the fluorimeter (t < 200 ps). The highly diminished lifetime of the MOF
in acidic conditions provides evidence in support of intermolecular energy transfer between TCPP
linkers. We propose that upon photo-excitation, the excitation energy migrates across neutral
TCPP linkers until it is quenched by a protonated linker. Protonated linkers act as dark quenchers
that deactivate the excited state to the ground state via non-radiative decay pathways, without the
emission of light. It is worth noting that at pH = 5.5, the population of protonated linkers in the

MOF is expected to be very small (as the pH is close to the equivalence point). Despite their small
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population, protonated TCPP linkers are still capable of significantly quenching the fluorescence
intensity and drastically reducing the lifetime of MOF. The remarkable quenching abilities of

protonated TCPP linker in the MOF point towards a very efficient energy transfer process.
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Figure 6. (a) pH dependence of the observed fluorescence lifetimes of TCPP in water (10 M) (b) pH dependence of

the observed fluorescence lifetimes of PCN-223(fb) in water

Temperature dependence of the fluorescence decay rates (Kobs) Of an emissive MOF can
give insight into the mechanism of energy transfer.?® At room temperature, there are various
vibrational degrees of freedom that allow the excited state to fully relax between excitation energy
transfer events. However, at low temperatures (~77K) some of the vibrational degrees of freedom
are frozen out. If the electronic interactions between the linkers in a MOF are very strong (strong
coupling regime), then at low temperatures the rate of energy transfer can exceed that of vibrational
relaxation. In such a scenario, the excitation energy can move as an exciton that is delocalized over
the whole system.?® The MOF behaves as an “aggregate” and the energy transfer process is
termed as “coherent”. In contrast, if the electronic interactions between the linkers in a MOF are
weak (weak coupling regime), then vibrational relaxation dominates at all temperatures. Ata given
time “t”, the excitation energy remains localized on a linker. The MOF behaves as a “monomer”

and the excitation energy transfer is termed as “incoherent”.
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To determine whether PCN-223(fb) belongs to the strong coupling regime or the weak
coupling regime, the temperature-dependent fluorescence decay kinetics of TCPP and PCN-
223(fb) were compared. The fluorescence decay rates of TCPP and PCN-223(fb) were obtained at
temperatures ranging from 77K to 333K (Fig. 7a and 7b). The experimental decay rates were fit
to Eqn. 1 to plot the temperature dependence curves.

Kobs = Ko + kie ~AE/KBT (Equation 1)
where ko is the temperature independent term and the Arrhenius term describes the temperature

dependence of Kobs 2”2 The parameters extracted from the fits are reported in Table 1.

Table 1. Experimental parameters associated with TCPP and PCN-223(fh)

ko (s) ki (s1) AE (J/molecule)
TCPP 6.66 * 107 + 0.07 x 107 4.02* 107+ 0.022 x 107 7.34*%1021+0.19 x 10%
PCN-223(fb) 6.36 * 107 + 0.21 x 107 3.33* 107+ 0.60 x 107 8.31 %1021+ 0.53 x 10%

The pre-exponential factor or the frequency factor (ki) and the activation energy for transitioning
from the ground state to the excited state (AE) of TCPP and PCN-223(fb) are very similar,
suggesting that the temperature-dependent fluorescence behavior of the MOF is comparable to that
of monomer TCPP units. This result implies that PCN-223(fb) belongs to the weak coupling
regime. Therefore, we propose an incoherent mechanism for EET in PCN-223(fb) MOF.

In the weak coupling regime, excitation energy transfer primarily occurs through two coupling
mechanisms: Dexter exchange mechanism and Forster dipole-dipole mechanism.?® The Dexter
mechanism requires the presence of electronic communication between the donor and acceptor via
orbital overlap.?>%® Since the orbital overlap between adjacent porphyrin struts in Zr-based MOFs

with porphyrin linkers is poor, the Dexter mechanism may not be suitable to describe energy
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transfer in these MOFs.?® The Forster mechanism, on the other hand, adequately describes the
“through space” energy migration in these MOFs. Conventionally, Forster mechanism is
applicable only when an excitation from an electronically excited donor in a singlet state is
transferred to produce an electronically excited acceptor in asinglet state.3! Triplet states are
typically not involved in the energy transfer processes governed by Forster mechanism. So far, we
have only investigated the singlet excited states of TCPP and PCN-223(fb). To probe the triplet

state of TCPP and PCN-223(fb), transient absorption spectroscopy was employed.
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Figure 7. (a) Temperature dependence of the observed emission decay rates of TCPP in MeOH-EtOH (3:1 v/v)
mixture (pH = 8) (b) Temperature dependence of the observed emission decay rates of PCN-223(fb) suspension (3:1
v/v) mixture (pH ~ 8)

Nanosecond transient absorption difference spectra for TCPP solution and PCN-223(fh)
suspension were acquired in water at pH 8 (Fig 8a and 8b). The difference spectra for TCPP and
PCN-223(fb) were almost identical, having an intense bleach at ~420 nm and excited state
absorption centered near 470 nm. The bleach at 420 nm indicates the depletion of ground state of

TCPP while the absorption maximum at 470 nm can be ascribed to triplet—triplet absorption. The

transient absorption decays of TCPP and PCN-223(fb) at 470 nm exhibited single-exponential
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kinetics. The triplet lifetimes of TCPP and PCN-223(fb) were found to be 267 pus and 220 us
respectively. The shorter triplet lifetime of PCN-223(fb) can be attributed to several factors, such
as (a) scattering of excitation beam by macroscopic MOF particles (in suspension), (b) triple state
quenching by trace amounts of oxygen trapped in MOF suspension, (c) triple state quenching via
energy transfer to protonated TCPP units, and (d) triplet state quenching due to electron injection
from TCPP into the Zrs node. Further research efforts are needed to determine which of these

factors is predominantly responsible for the quenching of triplet state of PCN-223(fb).

(@) (b)

(c) (d)

Figure 8. Transient absorption difference spectra of (a) TCPP and (b) PCN-223(fb) measured in degassed water at
room temperature following 532 nm pulsed laser excitation (12-15 mJ/pulse, 5—7 ns fwhm). Both difference spectra
represent an average of 30 transients. (c) Fitted transient absorption decays of TCPP along with the residual (green

colored). (d) Fitted transient absorption decays of PCN-223(fb) along with the residual (green colored).
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By quantifying the energy transfer efficiency of PCN-223(fb), we can compare its EET
performance with other porphyrin-based MOFs reported in literature.?>323% Son et al. has shown
that energy transfer efficiency of a MOF can be evaluated by relating the amount of quencher to
the extent of quenching in MOFs.34® The relationship between the quencher concentration and
extent of quenching is provided by Stern-Volmer equation (Eqgn. 2), where lo is the fluorescence
intensity without the presence of quencher, | is the fluorescence intensity at a particular
concentration of quencher, Ksv is the Stern-VVolmer quenching constant, and [Q] is the quencher

concentration.

170 = 1+ Ks[Q] (Equation 2)
The quenching rate ko can be calculated by dividing Ksv with the fluorescence lifetime in the
absence of quencher (o). A higher kq value translates into higher EET efficiency. Stern-Volmer
plots of TCPP and PCN-223(fb) were obtained using potassium ferricyanide as the quencher (Fig.

8). Upon complexation with TCPP, potassium ferricyanide is known to quench its singlet excited

state via reductive electron transfer.®
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Figure 8. (a) Stern-Volmer plot of TCPP (10°M) (b) Stern-Volmer plot of PCN-223(fb)

The Stern-Volmer rate constants and quenching rate constants of TCPP and PCN-223(fb) are

provided in Table 2. Interestingly, the Stern-Volmer rate constants and quenching rate constants
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indicate that MOF is quenched to a lesser extent than monomeric TCPP. This may be due to the
binding (association) constant of TCPP-Ferricyanide complex being higher in solution than in
suspension (with MOF).*" It is also possible that potassium ferricyanide selectively adsorbs on the
surface of the MOF and does not penetrate inside the pores, which lowers the number of TCPP
linkers that can directly interact with ferricyanide. Efforts to identify quenchers that can penetrate
the surface of PCN-223(fb) and quench the excited state of TCPP via an energy transfer process

are currently in progress.

Table 2. Stern-Volmer rate constant and quenching rate constants of TCPP and PCN-223(fh)

Ksv (Ml) kq (M'ls'l)
TCPP 120558 1.19 *10%®
PCN-223(fb) 43328 48* 107

3.4 Conclusion

Photophysical characterization of PCN-223(fb) was carried out with the help of diffuse reflectance
spectroscopy, steady-state emission spectroscopy, time resolved fluorescence spectroscopy and
nanosecond transient absorption spectroscopy. The pH dependence of the fluorescence decay
kinetics of PCN-223(fbh) revealed that protonated TCPP linkers act as energy traps that deactivate
the excited state in a very efficient manner. Temperature dependence of the observed fluorescence
decay rates of PCN-223(fb) was comparable to that of monomeric TCPP units, suggesting that the
interchromophoric interactions between TCPP linkers belong to the weak coupling regime.
Therefore, an incoherent, hopping type mechanism was proposed for EET in PCN-223(fb).
Fluorescence quenching experiments with potassium ferricyanide as the quencher showed that

PCN-223(fb) (in suspension) is quenched to a lesser extent than ligand (in solution). This can be

62



attributed either to lower binding constants of TCPP-Ferricyanide complex in PCN-223(fb) or to

the inability of potassium ferricyanide to access the pores of MOF.
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3.6 Supplementary information
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Table 1. Absorption data measured for TCPP and PCN-223(fh)

B(Soret) Qy(1,0) Qy(0,0) Qx(1,0) Qx(0,0)
TCPP 425nm 525nm 561nm 597nm 652nm
PCN-223(fb) 412nm 524nm 561nm 595nm 652nm

Table 2. Fluorescence lifetimes of TCPP as a function of pH

pH Short component, t1 (ns) Long component, t2 (ns)
(% contribution) (% contribution)
3.5 31+031
4 4.7 +0.41 (80.23%) 9.23 £ 0.22 (19.77%)
4.5 4.40 £ 0.19 (55.56%) 9.65 + 0.87 (44.4%)
5 4.01+ 0.29 (22.23%) 10.17 £ 0.45 (77.77%)
55 4.43 + 0.55 (14.36%) 9.80 £ 0.63(85.64%)
6 9.34+£0.37
6.5 9.55 +0.47
7 9.50+0.51
75 9.43+0.36
8 9.67 £ 0.39




Table 3. Fluorescence lifetimes of PCN-223(fb) as a function of pH

pH Short component, t1 (ns) Long component, 12 (ns)
(% contribution) (% contribution)

3.5 - -

4 - -

5 - -
5.5 - -
5.75 - 8.75+0.14

6 - 8.99+0.28
6.5 - 9.04 +£0.48

7 - 9.01+0.26
7.5 - 9.23+0.69

8 - 9.26 £ 0.78
8.5 9.19+£0.32
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Chapter 4
Energy Transfer in Metal-Organic Frameworks

4.1 Background information about energy transfer

In order to create technologies based on excitation energy transfer (enhanced photovoltaic
cells, more efficient photocatalytic reactors, etc.), one must first have a firm understanding of the
underlying quantum mechanical mechanisms. In other words, how does energy in the form of an
initially excited chromophore (donor) transfer to a different chromophore (acceptor)? To answer
this question, it is helpful to first consider this as a simple two-state model. In the “initial state”,|i),
the donor is excited, and the acceptor is in its ground-state: |D*A). In the “final state”,|f), the
acceptor is excited, while the donor is now in its ground state: |DA*). This is represented
schematically in Figure 1. Assuming the chromophore’s nuclei are frozen and the electronic
coupling between the states is static (i.e.,V = (i|H|f) # V(t)), the excitation energy will simply
oscillate between the two chromophores at a frequency determined by both V and the energy gap
between the states, ws; = Ef — E;/h. The exact solution to the time-dependent Schrodinger

equation is trivially obtained, and the functional form illustrates the oscillatory behavior:

4|V /w%i V|2
Pr(t) = ——5——sin?| [—=+——t €]
r(® 0% + 4lV2 4 TR

where P (t) is the time-dependent probability that the system is in state |f).">*
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Figure 1: Schematic representation of the initial state and final states of a chromophore dimer. Note, that the actual
symmetry adapted combinations of the single particle excitations have been neglected for graphical clarity. The

HOMO and LUMO orbitals on Donor and Acceptor are labelled by the letters, i, a, j, and b, respectively.

4.1.1 Coupling Regimes

In reality, these two electronic states are not completely insulated from the rest of the molecule.
As time evolves, so too do the chromophores’ nuclei, and we must take into account the
interactions between the electronic and nuclear degrees of freedom. To incorporate this nuclear
motion, one usually categorizes a problem as existing in one of two limiting cases: 1) strong

chromophore coupling, and 2) weak chromophore coupling.

4.1.1.1 Strong Coupling:

For very strong chromophore interactions, V, the oscillations occur very quickly, much quicker
than the heavy nuclei move, and we say that the excitation energy transfers coherently. This
language implies that it is more appropriate to describe this system as existing in coherent
superpositions of the |i) and |f) states. As such, the |i) and |f) states are quantum mechanically
entangled, and thus behave somewhat like a two-level system (at least at very short times), with

populations oscillating quickly between the two chromophores. As a result of the coherent
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superposition of states occurring at different positions in space, the strongly coupled regime leads

to states which are delocalized in space. In order to model the time evolution of both the electronic

and nuclear degrees of freedom, density matrix approaches are often used,*° and one attempts to

numerically integrate the Louisville-von Neumann equation.

4.1.1.2 Weak Coupling:
In contrast, if the coupling between the two states is weak such that the rate of state-to-state

oscillation is slow compared to the nuclear motion, we can assume that the vibrational state fully
relaxes between excitation energy transfer events, and we label this excitation energy transfer as
incoherent. The metal organic frameworks (MOFs) discussed in this chapter are found to exist in
this regime, and thus incoherent mechanisms will be solely discussed. In order to make progress
towards understanding excitation energy transfer in the weakly coupled regime, we will make use
of the fact that V is small and then employ perturbation theory. Applying first-order perturbation
theory to the time-dependent Schrddinger equation, one finds the probability of populating the
final state, |f), to be:

v|?

4|V O)fl'
Pr(t) = ——5sin? (—=t),
f hzw%l- ( 2 ) @

which is a direct simplification of Equation 1.

This rate does not yet include any coupling to the nuclear motion, which has the effect of
“smearing” out the state energies. As a consequence, at any given time the initial state |i) has the
opportunity to transfer to an effectively different final state (since the nuclear motion continually
changes the electronic environment). This probability becomes sharply peaked around values
where the initial and final states are degenerate, such that if the long-time limit is considered, the

probability of the system transitioning to the final state is only non-zero when the two states have
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equal energy. The equation which summarizes this is the state-to-state form of the famous Fermi’s

golden rule?:

21 3
Py (1) =ﬁ|V|26(Ef—Ei)t ®)
In this form, the delta function, is the resonance condition. And the rate, of this process is simply
the time derivative of Equation. 3,
_2m e (4)
ke =271V §(Er — E;)

Note that one of the key features of Fermi’s Golden Rule, is that the rate of transition is not a

function of time. In order to obtain the actual rate from this equation, one must of course be able

to compute the electronic matrix element, V = (i|ﬁ|f). This is the topic of the next section.
4.1.2 Coupling Mechanisms

If we take Figure 1 literally and assume? that each chromophore’s excited state involves only
a pair of symmetry adapted excitations between a single occupied and a single virtual orbital, the

two states very simply can be written:

N e a (5)
It)—ﬁ(lwdillpi )
1 (6)

F) ==}y & [¥2))

V2

where, the bar above orbital indices denote electrons with g spin. For positive and negative
superpositions (spin singlet and triplet states, respectively), the Hamiltonian matrix elements are:

! This assumption is only used to simplify discussion, and is not needed in a full treatment. However, if natural
transition orbitals (instead of the canonical Hartree-Fock orbitals) are used to define these orbitals, then this minimal
picture becomes much more realistic.
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(i*| A|f*) = 2(ailjb) — (ablji) Singlet Coupling (7)

(3| A|f?) = —(ablji) Triplet Coupling (8)
These two distinct types of electron repulsion integrals (ai|jb) and (ab|ji) are associated with
the conceptual mechanisms illustrated in Figure 2. From here, it is clear that singlet states have

two distinct mechanisms of energy transfer, Forster and Dexter, while triplet states have only one

mechanism, Dexter.

4.1.2.1 Distance dependence of coupling mechanisms

As illustrated in Figure 2, the two types of integrals coupling the excited states have different
qualitative interpretations. Forster type coupling involves only intra-chromophore electron
transitions, whereas Dexter type coupling has only inter-chromophore electron transitions.
Intuitively, we should then expect to see different behaviors between the two mechanisms when
the chromophore-chromophore distance changes. This is indeed the case. The distance dependence

of the Dexter and Forster integrals will be inspected in the following two subsections.

D" A D A
Singlet
Singlet = (ablji)
&Trlplet [ _ 1 Dexter

Figure 2: Connection between the conceptual transfer mechanisms and the mathematical description present in the
electron repulsion integrals of the Hamiltonian matrix elements. (ai|jb) contribute to Forster type coupling between

singlet states, while (ab|ji) contributes to Dexter type coupling between both singlet and triplets.
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4.1.2.2 Dexter type integral, (ab|ji): To understand the nature of the Dexter (or exchange)

interaction, we write out the integral explicitly:

(@blj) = J dradrodaa)bo 1) -1 10)01 (1) ©
The only time that the product of molecular orbitals, ¢, ()¢, (r) or ¢;(r)¢;(r), can be non-
zero is if there is spatial overlap between the pairs. Note, that this is not a statement about orbital
orthogonality, as all orbitals are assumed orthogonal. Since orbitals i and a are on the donor, and j
and b on the acceptor, this requires the two chromophores to be close to one another. Because of
the exponential decay of the wavefunction in free space, the overlap between these orbitals decays
exponentially. Consequently, the Dexter type interaction also decays exponentially with increasing
inter-chromophore distance. This means that at long distances, only singlet states can undergo
excitation energy transfer, since the Dexter (or exchange) pathway is closed. However, through
indirect coupling with intermediate states, more complicated Dexter pathways can also exist,
which relax this constraint somewhat®’. The short-range nature of Dexter type interaction makes
it strongly sensitive to the chemical structure between the chromophores and may potentially be
helpful in directing energy into spatially localized energy transfer conduits or pathways. One
dimensional (1D) energy transfer networks maybe particularly desirable for solar energy capture
and conversion because they can direct energy in a specific direction towards a catalyst. Fine-
tuning the directionality of such energy transfer pathways by manipulating the intervening

molecular structure and inter-chromophore distances can enable the design of smart energy

collecting materials.®
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Figure 3: llustration of the coordinate system used for expressing the two electron repulsion integrals as a dipole-

dipole interaction

4.1.2.3 Forster type integral, (ai|jb): For the Forster (or coulomb) term, the explicit forms of
this integral is

1
(ailjb) = [ drAer¢a(rA)¢i(rA)aqu(rD)qbb(rD) (10)

Unlike with the Dexter integral, the orbital products occur between orbitals on the same

chromophore, and so no overlap dependence arises. To understand the distance dependence of this

integral, it is helpful to focus on the % part. Referring to Figure 3, the following substitution can
DA

be made to remove the explicit inter-electron coordinate:

FDA = ﬁ + FD - FA
=R+7 (11)
where, ¥ =1, — 7.

Considering the fact that the inter-chromophore distance is typically much larger than the

fluctuations of the electrons about each chromophore, leading to a binomial expansion,
= (12)

1
o= 2 ()

k=0
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This expansion is rapidly convergent (only a few k values needed) when x <« 1, which happens

to be true in our case since,

(r? + 27 R) (13)
TR

and R is much larger than r. Using this expansion, we obtain,

1 1 #y-fig—74- g 3@F -7ig)?—12 14
—=" D RRzA R+ ( 2};)3 + Higher-order terms, (14)

where, 71y is the unit vector pointing along R. It is easy to see that, because the molecular orbitals

are orthogonal, the first term does not contribute to the (ai|jb) integral.

1
(ailjp) = [ drAer¢a(rA)¢i(rA)E(pj(rD)(pb(rD)

1
= Ef drAd)a(rA)d)i(rA)f erd’j(rD)d)b(rD)

1

= =(0)(0) = 0

The same is readily seen for the second order-term. One then finds that the first non-zero term

is the third-order term, which decays with %,

dy-dp—3(dp - 7g)(ds - 7 (15)
(ailjb) = adp = 3( 23 r)(da - 7in) + Higher-order terms,

where definition of the transition dipole moment, JA or ch, has been introduced,

CZA = f drAd’j(rA)d)b(rA)FA- (16)
Thus, the Forster type integral, (ai|jb), has an R dependence on the inter-chromophore

distance. This allows this mechanism to occur at rather long distances. For convenience, one often
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defines a unit vector 74 in the direction of the dipole transition moment such that JA = ||y, to

isolate all the orientational dependence into a single constant, x:

K= ﬁA : ﬁD - 3(7_1)0 'ﬁR)(ﬁA : ﬁR)v (17)

which leads to,
. leallup [ 18
(ailjp) ~ HA2E2 19

Substituting this into Fermi’s Golden Rule, Equation 4, we see the characteristic R~ distance

dependence of Forster energy transfer,

5 210 |ug|? lup 12 (19)
frter = S 85y ~ B
%
X X ¥
-—
time

Figure 4: Cartoon representation of the time dependence of the Donor and Acceptor excitation energies.

Resonance transitions only occur when the energy gap goes to zero, highlighted in grey.

This, however, is not the typical form of the rate expression used. Because the energy transfer
can only occur when the energy gap Er — E; goes to zero, a system in state |i) must wait until the
thermal motion creates a curve crossing between the chromophore energies, as shown in Figure 4.
Thus, the long-time probability of making a transition dependence on how “correlated” the motion
of the two chromophores is. Correlation functions are the mathematical way to quantify this

“correlation”. By using the integral definition of the delta function,

1 [ . 20
6(Ef—Ei)=£f_ el(Er-Edt e, (20)
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to define a time propagator and thermally average over final states, one can transform the above
rate expression into one which depends on the product of transition dipole moment correlation
functions on the donor and the acceptor. Then, taking into account that the absorption or
fluorescence spectrum is simply the Fourier transform of the transition dipole-moment correlation

functions, and using Parsival’s theorem, one can then write the Forster rate expression in terms of

oa(w),
lwal

the experimentally available normalized absorption and emission spectra,® 6, (w) =

) 2|lup|?Kk? [® 21
JForster — |MA|h|2.l;DG| f EA(a))ﬁD(w)dw ( )

This is the equation typically used for determining the Forster rate, and which is employed
throughout the rest of this chapter. As can be seen from Equation 21, optimizing the rate of Forster
energy transfer in materials like metal organic frameworks will require careful attention to the
choice of chromophore and framework symmetry as well as other parameters like fluorescence
quantum yield and chromophore oscillator strength. The key challenge is that all of this must be
performed without sacrificing the integrity of MOF structure or introducing defects that may

unproductively trap excitons.®

4.2 Why MOFs

Metal-Organic Frameworks (MOFs), sometimes referred to as porous coordination polymers,
have wide-ranging applications in light-harvesting, luminescence, artificial photosynthesis,
photocatalysis and photovoltaic as hybrid materials.®'® Understanding the exciton transport
process within well-defined 3D solid phases will aid in the design of novel materials for highly
efficient directional energy transport. MOFs offer a rich diversity of unique platforms to study
energy transfer (ET). Highlighted by highly-ordered crystal structure and synthetic tunability via
crystal engineering, MOFs allow for precise control of distances and angles between

chromophores and their alignment by judicious choice of ligands and metal nodes. The main ET

79



pathways observed in MOF matrices could occur between different ligands, from ligand to metal
centers (or metal to ligand), metal to metal nodes and guest to MOF skeleton, as shown in Scheme

1_14

' metal-to- ¥
. metal

A

Scheme 1. A schematic representation of different ET processes which could occur in a MOF matrix.'

The aim of this chapter is to give a comprehensive overview of MOF materials for energy
transfer. Because the composition of bridging linkers and inorganic nodes can significantly affect
the ET process within MOFs, herein, we will discuss ET mechanisms and structural motifs in
MOFs based on different types of energy donor/acceptors. In general, four scenarios can be

distinguished in reported studies:

1. MOFs containing lanthanide metal ion, either as the metal nodes of the framework or trapped

in the MOF pores as guest cations.

2. Doping well-known transition-metal complexes, Ru(bpy)s?*/Os(bpy)s?* as the chromophores in

Zn/Zr based MOFs.
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3. MOF materials constructed from porphyrins and metalloporphyrins as crystalline powders or

thin films.
4. Using organic chromophores as bridging linkers to prepare designed MOFs.
In summary, to construct a MOF system to probe ET, several criteria need to be considered:

1. The chromophores should have intense absorption and emission bands in UV-Vis range
and relatively long emission lifetimes in order for the photoexcitation and excited-state
dynamics to be easily probed.

2. Good overlap between the emission spectrum of the donor and the absorption spectrum of
acceptor are necessary to favor the ET process.

3. The energy transfer efficiency depends on the donor/acceptor ratios and highly efficient
and rapid directional ET is desired for further applications.

4. It is advantageous to choose well-studied molecular chromophores, in which the
photophysical and photochemical properties in solution are well established in order to
model the more complicated solid-state photodynamic processes and ET mechanisms in a

MOF matrix.

4.3 Lanthanide-based Luminescent MOFs

Luminescent lanthanide-based materials have been widely used in light-emitting systems and
biological, environmental and clinical analysis owing to the unique luminescence that results from
intra-4f transitions of Ln®". Characterized by sharp emission bands, long excited-state lifetimes
and large Stokes shifts,'> Ln3* ions provide sufficient band gaps between their 4f states. Gd®* can
emit in the UV region, Sm®*, Eu®*, Th%*, Dy®** and Tm®* are useful luminescence centers in visible

light range, while Nd**, Yb%*, Er** and to a lesser extent Pr¥*, Sm*, Dy**, Ho®*, Tm®" in near-
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infrared region.® Although the photoluminescence of lanthanide ions is an efficient process, intra-
4f transitions are “Laporte forbidden”, and therefore, light absorption by direct 4f excitation is
weak and results in low intensity luminescence.' *” This problem can be overcome in Ln-based
MOF systems, where the organic ligands can be utilized as antennas for the metal ions. The effect
that the organic chromophores absorb the light and funnel the excitation energy to Ln3* is known
as antenna effect or sensitization. Furthermore, ET processes from metal-to-metal in heterometallic
Ln-MOFs can be used to tune the photoluminescence properties. Overall, two strategies have been
used to probe ET in Ln**-MOFs: (1) MOFs with Ln®*" metal nodes and (2) MOFs with encapsulated

Ln®* in the pores.

Table 1. Summary of chromophores in lanthanide-based MOFs
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4.3.1 Energy transfer in Ln-node based MOF

The long-range ordered organization of photophysically active units at supramolecular level

on nano- to micrometer scale is important in energy-transfer processes in photosynthetic systems,

as well as electronic devices based on organic compounds. Self-assembly provides an efficient and

inexpensive way for assembling large numbers of molecules into structures that can bridge length
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scales from nanometers to macroscopic dimensions. Two examples of Ln-node based MOFs
constructed by self-assembly exhibited efficient light-harvesting properties by using linear -
conjugated ligand with high fluorescence quantum yield.?¥° In these MOFs, ligand-to-ligand
energy transfer (LLET) was exploited to extend the absorption spectrum of the MOFs and tune the

emission properties.

Uvdal and coworkers prepared MOFs that display 1D channels through the self-assembly of
n-conjugated dicarboxylate linkers (L) and Ln(OAC)s (Ln = Gd, Eu, Yb) in DMF.X® These
nanoscale MOFs have Ln®" metal clusters that can bind to solvent or small anions when the main
ligands do not saturate the high coordination number of the lanthanide ion. This results in a
negatively charged local environment around the metal node. Therefore, cationic guest molecules
such as trans-4-[4'-(N,N- diethylamino)styryl]-N-methyl pyridinium iodide (D1) and methylene
blue (MB™) (D2) can be encapsulated into the MOF channels and the loading amount can be
controlled by reaction temperature. For example, in the Gd3+-L MOF, the guest loading amount
based on ligand L can be up to ~6.7 mol% for D1 and ~2.8 mol% for D2 at 140 °C. More interest-
ingly, the guest encapsulated in MOFs at 140 °C can be released gradually at room temperature in
DMF and this process is reversible (Scheme 2).12 Photoluminescence and fluorescence lifetime
decay studies showed that the D1-loaded MOFs exhibit efficient light harvesting with ET from the
framework to the guest molecule. As shown in Figure 5, the emission peak of L has large overlap
with the absorption spectrum of D1. When L mixed with D1 in a homogeneous DMF solution at
amolar ratio of 1:2, the emission of L was quenched but no ET could be observed (Figure 5, curve
b). The authors postulate that this was due to favorable collisional electron transfer and/or the
formation of nonemissive aggregates. With the addition of Gd(OAc)z and MOF self-assembly,

emission from D1 at ~580 nm appeared upon MOF excitation at 365 nm, which is optimal
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excitation of L (Figure 5, curves ¢ and d). Therefore, MOF incorporation and chromophore
isolation led to efficient ET between the donor L with the acceptor D1, not observed in
homogeneous solution. It is important to note that in this case the Gd** did not play an active role
in the ET chain. The main role of the Gd** was to organize and isolate the chromophores in 3D
space, thus preventing electron transfer and/or the formation of nonemissive aggregates.

Scheme 2. Schematic illustration of the light-harvesting lanthanide MOFs with L that exhibit reversible temperature-

dependent encapsulation and release of acceptor molecules D1.2
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Figure 5. PL spectra of L (a), L + D1 (b), and L + D1 + Gd(OACc); prepared at 20 °C (c) and 140 °C (d) in DMF. All
of the samples have the same concentrations of L; samples b, ¢, and d have the same concentration of D1. The dotted
line is a UV-vis spectrum of D1 in DMF. Inset: photo images of samples (a) and (d) under UV light (365 nm).*®
LLET is not only limited in the host-guest system, but also can be observed in the frameworks
with mixed ligand. Compared with encapsulation, which occurs by weak noncovalent interactions,
strong coordination between metal and ligand can preferentially orient the linker components to
enhance ET efficiency. Stable 3D networks were constructed by lanthanide ions (Ln = Gd, Eu,

YD) and a series of different n-conjugated dicarboxylate ligands with different side-chain lengths
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Figure 6. Chemical structures of the ligands with different -conjugation lengths and differing side chains.®
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Figure 7. Synthesis and light harvesting study of multicomponent nanoparticles: a) Illustration showing the
preparation of Gd—-L1-L2 multicomponent nanoparticles. b) Schematic representation of the energy transfer in long-
range ordered MOFs. ¢) Normalized absorption and emission spectra of H,L1 and H.L2 in DMF. d) Emission spectra
of Gd-L1, Gd-L1 mixed with 2 mol% Gd-L2, Gd—(L1+2 mol% L2), and Gd-L2 nanoparticles. The gray curve is the
excitation spectrum of Gd—(L1+2 mol% L2) nanoparticles; inset (from left to right): photo-images of Gd-L1, Gd-L2,
and Gd-L1-L2 nanoparticles in daylight (upper row) and under an ultraviolet lamp (365 nm; bottom row). €) Time-

resolved fluorescence decay of Gd-L1, Gd-L2, and Gd—(L1+2 mol% L2). Inset: photo-image of Gd—(L1+2 mol%

L2) nanoparticles under excitation by laser (370 nm).%°

(Figure 6).*° The long alkyl chains in the ligand prevent aggregation of the nanoparticles, while

the absorption and fluorescence of the MOFs can be tuned by using different monomeric units.
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The structural similarity in the main chain of the ligands ensured that the forces between
dicarboxylate linkers and Ln metal ions are approximately similar and lead to the same crystal
structure for designed MOFs. Doping H2L2 into Ln-L1 MOFs afforded efficient Forster resonance
ET (FRET) from L1 to L2 within the framework, and did not alter the MOF structure (Figure 7).
The excitation spectrum and time-resolved fluorescence decay of Gd-L1-L2 nanoparticle
dispersions in DMF confirmed the ET from L1 to L2 under the photo-irradiation at 365/370 nm.
The ET from L1 to L2 is evidenced by the apparent quenching for strong emission of Gd-L1 and
the concomitant increase in the acceptor emission L2 at 550 nm when excited at the 365 nm (the
absorption maximum of donor L1) (Figure 7d). Similar FRET process from L3 to L4 can be
observed in Gd-L3-L4 system where 1% mol of H.L4 was doped in Gd-L3 MOF. Moreover, very
efficient sensitization of Eu(l11) has also been observed by replacing Gd with Eu in Gd-L3 MOF,
characterized by the efficient emission quenching of L3 by Eu(lll). In a model MOF, Gd(111)o.95-
Eu(111)0.0s-L31.47-L40.03, the acceptor ligand, L4, and the Eu®* ion can be co-sensitized by the same
donor, L3, revealed by multiband emissions which covered the characteristic emission band from
Eu®* and L4 under the excitation of L3. The multicomponent nano-MOFs could potentially be used

for barcodes and FRET-based sensors.

To further enhance the efficiency of LMET, photophysical properties can be modulated
through the heavy atom effect (HAE). To briefly intro- duce this concept, the spin configuration
of ligand and Ln®*" excited states must be considered. Upon the irradiation of light, organic
chromophores form singlet excited states. The excited states of Ln®" ions are formally triplets.
Therefore, to promote efficient ET between spin-conserved states, the organic chromophore must
first intersystem cross (ISC) to its triplet state. When the energy gap between singlet excited and

triplet excited states of the ligand is greater than 5000 cm™2, the I1SC process will be effective in
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accordance with Reinhoudt’s empirical rule. The HAE enhances spin-orbit coupling between the
singlet and triplet states. Therefore, ISC is favored in the presence of heavy atoms, such as iodine
or bromine. Jayakannan and coworkers investigated the HAE concept using iodo-substituted
carboxylic ligands to build 1D and 3D MOFs with Eu®*.2° Close packing of the bisiodo ligand in
the solid state through n—m stacking restricted vibrational relaxation, reduced the radiative decay
through S1 to SO transition and promoted the population of triplet states by ISC, which further
facilitated LMET from the ligand triplet excited state (T) to the metal ion (5Do for Eu®*) in the Eu-

MOFs (Figure 8).
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Figure 8. The HAE-assisted ligand to metal energy transfer (LMET) concept.?

The efficiency of LMET in Ln-based MOFs could be modulated by small guest molecules and
ions in the pores of the MOF matrix, leading to the change of its luminescence properties, making
these materials promising platforms for sensing applications. The interaction between the guest
molecules with the ligand could either enhance or quench the luminescence of the MOF, which
provides a significant difference for desired detection. Song and coworkers prepared a luminescent
lanthanide MOF, which can selectively detect DMF vapor. The 3D MOF [Eu;L3(H20)4]-3DMF
was synthesized by heating of 2',5'-bis(methoxymethyl)-[1,1":4',1"-terphenyl]-4,4"-dicarboxylate
and Eu(NOs)s in DMF/H,0.2* As shown by X-ray crystal analysis, DMF is located in the solvent

channel along the a-axis in the framework, which can be replaced by water to form an isostructural
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MOF. The MOF with H2O in the pores exhibited fast response rates to DMF, revealed by the
significant increase of luminescence intensity. This DMF sensitization is caused by DMF-ligand
interactions that presumably shift the energy level of excited ligand and facilitates the LMET
process. Similarly, a family of Ln-MOFs can effectively sense acetone molecules based on
fluorescence quenching.?? Ln-MOF {[Tha(us-OH)4(BPDC)3(BPDCA)o.5(H20)6]Cl04-5H20},
where BPDC?* = 3,3'-dicarboxylate-2,2"-dipyridine anion and BPDCAZ?= biphenyl-4,4'"-
dicarboxylate anion, could sensitively detect small molecules and ions especially benzene,
acetone, Cu®" and CrOs*~.2 An anionic MOF Ks[Tbs(IDC)s(0x)s] (IDC, imidazole-4,5-
dicarboxylate, ox, oxalate) had a selective response with enhanced emission when guest K*
exchanged with Ca?*.2® Qian and coworkers reported a microporous luminescent MOF,
Eu2(FMA),(0X)-(H20)4-4H20 (FMA, fumarate; OX, oxalate) that exhibited highly selective and
sensitive sensing of Cu?* in aqueous solution (Figure 9).2* Zhang and coworkers prepared Th(I11)-
based MOF using a blue emitting ligand 2-(4-pyridyl)-1H-imidazole-4,5-dicarboxylic acid
(HsPyIDC), which showed good selectivity and sensitivity toward Fe** in water.?® Finally, as an
example of competitive absorption, a family of Ln-MOFs has been shown to effectively sense
acetone molecules based on fluorescence attenuation caused by the overlap absorption between

acetone and the ligand.?

Synthetically, it is easy to get isostructural Ln-based MOF using mixed lanthanide metal ion.
Therefore, metal-to-metal energy transfer (MMET) has been widely used to tune the emission
color of designed MOFs without altering the structure, especially the MMET between Th3* and
Eu®*. The emission color can be quantitatively characterized by using the color coordinates

according to the Commission Inteanationale de L’Eclairage (CIE) 1931 diagram.?”?® The CIE
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XYZ color space was derived from a series of experiments done in the late 1920s by William?’

and John?, and the coordinates x and y represent red and green color components, respectively.

Figure 9. (Left) X-ray single crystal structure of MOF Euz(FMA)2(0OX)(H20)4-4H,0. (Right) The luminescence
change after the addition of Cu?* (1072 M) on MOF under UV light.?®

Rodrigues et al. reported a complementary experimental and theoretical investigation of the
ET mechanism between Th** —Eu®*" in two isomorphous 2D heterometallic lanthanide-organic
framworks,?® [(ThogsEuo.0s)(DPA)-(HDPA)] » (1) and [(TbosEuos)(DPA)(HDPA)] » (2), where
H2DPA is pyridine 2,6-dicarboxylic acid. Steady-state emission spectra of both MOF samples
showed the high quenching effect on Th®" emission caused by Eu®* ion indicating an efficient
Th¥* —Eu® ET. The Th®* —Eu®" ET rates (ker) for (1) and (2) and rise rates (kr) of the Eu®*ion
for (1) were investigated at different temperatures. kr and ket for (1) were on same order of
magnitude, indicating that the sensitization of the Eu®" °Dy level is driven by the ET from °D; of
Th®" ion. The Th**—Eu® ET efficiency ner and Ro values in (1) varied between 67~79% and in
between 7.15~7.93 A, whereas for (2) the ET occurs on average with ner and Ro of 97% and ca.
31 A, respectively. The role of the dipole—dipole (d—d), dipole—quadrupole (d—q), quadrupole—

quadrupole (q—q), and exchange (Ex) mechanisms in ET processes were estimated by Malta’s
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model. ET rate values for a single Tb**—Eu®* process are lower than those experimentally
obtained; however, it may be justified by the fact that theoretical model that does not consider the
role of phonon assistance in the Th*—Eu® ET. The ET processes investigated were

predominantly governed by d—d and d—q mechanisms.

In a series of isotopic, 2D MOFs, [Gd2-x.yEuxTbyCle(bipy)s] - 2bipy (Figure 10A), where 0<Xx,
y<0.5, bipy = 4,4'-bipyridine, the emission color in-between green and red can be tuned.*
Specifically, 4,4'-bipyridine functions as an antenna, providing the T;—4f LMET to Eu®"and Tb%*,
giving a red luminescence for Eu®"and a green luminescence for Th®", respectively. Since the °Dx
excited states of Eu** and Tb®" are very close to the T state of the ligand, efficient ET from T1 to
*Dx through non-radiative relaxation significantly reduced the energy back-transfer (Figure 11).
Different ratios of Eu**and Tb3* can be incorporated into the MOF by mixing their metal salts with
GdCls under solvent-free melt conditions of 4,4'-bipyridine. The introduction of Gd®* into the
MOF matrix hindered back energy transfer due to the large energy gap between the excited state
and ground state of Gd** (Figure 10B & C). The combination of Eu®*and Tb®* lead to MMET

from Tb**—Eu®*, which could tune the emission color (Figure 10D).

Zang’s group synthesized a series of isostructual lanthanide MOFs, LnL (Ln = La, Ce, Pr, Nd,
Sm, Eu, Gd, Thb, Ho, Er), under solvothermal conditions using flexible multicarboxylic acid (HsL
= 5-(3,5-dicarboxybenzyloxy)-isophthalic acid). Efficient ET from the ligand to Th®" or Eu®" was
observed.3! The emission from the Eu* center was further sensitized by Tb®* and the colors can
be controlled by adjusting the molar ratio between them. White light emission was achieved by
combination of the blue emission of the ligand and the intense emissions of lanthanide ions (Figure

12). The corresponding international commission on illumination (CIE) coordinates of the MOFs,

93



(0.330, 0.334) and (0.332, 0.338), for Euo.17Tho.1sLao.esL. and Euo.16Tho.1olao.6esL, respectively, are

very close to the coordinates for ideal white-light (0.333, 0.333).
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Figure 10. A. Depiction of the connectivity in the 2D layer structure of 2..[Ln,Cls(bipy)s]-2bipy. B & C. Schematic

depiction of the energy transfer processes between metal ions and ligands. D. Photoluminescence of the series of solid
solutions of 2 [Gdzx.yEuxTb,Cls(bipy)s] - 2bipy under UV light (A = 302 nm).*°

Similarly, two novel isostructural Ln-Zn (Ln=Eu and Tb) heterometallic frameworks have
been prepared by 4-(1H-tetrazol-5-yl)-biphenyl-3-carboxylic acid (4-Htbca) under hydrothermal
conditions.® Both Eu-Zn and Th-Zn MOFs showed characteristic red and green luminescence,
respectively, due to antenna effect from the ligand. Remarkably, the photoluminescence spectra
indicated that, not only can the ligand in Tb-Zn MOF transfer energy to Th** centers to emit green
light, but it can also maintain effective blue luminescent properties of the 4-Hjtbca ligand.
Therefore, additional doping of Eu®* into Th-Zn MOF can tune the luminescence from green to
red towards white. The CIE coordinates of the emission spectra of 0.4% to 1.5% Eu*-doped Th®*

MOFs fall in the white-region. When the doped ratio of Eu** is 0.5%, nearly ideal white light
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emission with the CIE coordinate of (0.331, 0.328), a high color rendering index (CRI) value of

81.7 and a favorable correlated color temperature (CCT) magnitude of 5562K was achieved.
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Figure 12. (a) PL emission spectra of the Eu/Tb doped La compound (Aex= 367 nm, solid samples). (b) CIE
chromaticity diagram for Euo 17T0o.1sLaoesL (A) and Euo.16Tho 1ol a0 esL (B).3:

Mixed lanthanide MOFs can also act as luminescent thermometer since some of those
frameworks exhibited temperature-dependent luminescence. Qian, Chen and coworkers reported
two isostructural 3D MOFs Tb-DMBDC and Eu-DMBDC using 2,5-dimethoxy-1,4-benzene-
dicarboxylate (DMBDC) as the organic linker.>® Owing to the sensitization effect from DMBDC,
LMET to Tb3* lead to green emission at 545 nm and LMET to Eu®" lead to red emission at 613
nm. By increasing the temperature from 10 K to 300 K, the emission intensities gradually
decreased due to the thermal activation of non-radiative decay. Intriguingly, the mixed doped MOF
EUo.0069 Tho.993:-DMBDC exhibited unique temperature-dependent luminescence behavior that
differed from Th-DMBDC and Eu-DMBDC. With the increase of temperature, the probability of
Th¥* —Eu® ET was significantly enhanced. Therefore, at 10 K, the emission bands of Eu** and
Th* have comparable intensity, while at 300 K, the emission of Eu®" dominates the overall
luminescence color. Additionally, a linear correlation between temperature and emission intensity
ratio in Euo.ooee Tho.093:-DMBDC was observed from 50 to 200 K, which indicated that the MOF is
an excellent candidate for self-referencing luminescent thermometers (Figure 13). A follow up
study reported ThogEuo1PIA (H2PIA = 5-(pyridin-4-yl)isophthalic acid) as a luminescent
thermometer whose sensitivity is more than nine times higher than Euo.oos9 Tho.993:-DMBDC in an
even boarder temperature range of 100 to 300 K, due to the higher triplet-state energy of the
ligand.3* Similarly, Hasegawa and coworkers reported [ThogsEuo.o1(hfa)s(dpbp)]s (dpbp: 4,4’-
bis(diphe-nylphosphoryl) biphenyl) as a novel thermosensor over a wide range of 200 to 500 K

with high sensitivity (0.83% °C1).%
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Figure 13. A. Temperature dependence of the integrated intensity ratio of Th% (545 nm) to Eu3* (613 nm) for
EUo.0069 Tho.0931-DMBDC (black squares), and temperature dependence of integrated intensity of Tb®* (545 nm) for Th-
DMBDC (red triangles). (Inset) Fitted curves of the integrated intensity ratio for Eug.oose Tho.g931-DMBDC from 50 to
200 K. B. CIE chromaticity diagram showing the luminescence color of EuooossTho9931-DMBDC at different
temperatures.®

The two-photon (TP) sensitization in lanthanide complexes provides opportunities to develop
better bioimaging materials. This technique uses the lower-energy excitation in the near-infrared
region (700-900 nm) to emit higher-energy photons with shorter wavelength in the visible region.
Su and coworkers synthesized lanthanide homometallic and d-f heterometallic Eu(l11)-based
MOFs containing a functionalized tripodal ligand, triCB-NTB (4,4',4"-(2,2',2"-nitrilotris-
(methylene)tris(1H-benzo[d]imidazole-2,1-diyl)tris(methylene))tribenzoic acid).*® Due to the
non-inversion symmetry imposed on the central Eu(l11) and the large polarizability of the ligand,
one-photon (OP) luminescence, based on the ET from ligand to Eu®" and two-photon (TP)
luminescence, based on the hypersensitive transition of the Eu®* ions are observed in the MOFs.
As shown in scheme 3, for OP luminescence, the ligand absorbs the UV light to S; state and then

populates T1 state through ISC. LMET forms the excited state of Eu®" (°Dg) and the OP

luminescence is observed when the °Do converts to “Fo ground state through radiative decay. While
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Scheme 3. Mechanism of OP and TP emissions in the reported Eu(l11)-based MOFs.%
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Figure 14. Stepwise assembly of MOFs 2-Ln-Ag (top) and representation of dual-emitting pathways in 2-Eu-Ag

generating white-light emission (bottom).*’
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for the TP process, the ground state ‘Fo of Eu®* absorbs two photons and is excited to the
hypersensitive transition state °D, which is sensitized in reported two MOFs due to their spatial
and electronic structures. Then, the energy is relaxed to the emitting °Do state and finally returns
to the ground state 'Fo, characteristic red emission is observed. The parallel study from same group
synthesized a single-phase Eu-Ag MOF that exhibits dual emission.>” A bifunctional NTB
(tris(benzimidazol-2-ylmethyl)amine)-type ligand, containing coordination discriminable tripodal
benzimidazolyl and monodentate pyridyl groups, tris((pyridin-3-ylmethyl)benzoimidazol-2-
ylmethyl)amine (3-TPyMNTB), was used to assemble 4d—4f heterometallic three-dimensional
MOFs in a stepwise method. In the Eu-based MOF, the ligand acts as an antenna to transfer
absorbed energy to the Eu®" center, resulting in characteristic red luminescence. Remarkably, in
heterometallic MOF 2-Eu-Ag, the ligand-centered emission was resensitized by Ag* ions to
generate dual emission, resulting in white-light emission from a single crystal (Figure 14). The
heterometallic MOF material showed a new design strategy for the multicomponent white-light

materials.

4.3.2 Ln@MOF

The luminescence intensities of lanthanide cations are often limited in aqueous media due to
the low quantum yields. MOFs provide a rigid scaffold that can serve as the host for protecting the
Ln cations from solvent quenching. Therefore, encapsulation of Ln within MOFs is an alternative
strategy to probe the ET process for Ln-MOFs. Moreover, the trapped Ln cations in the porous
framework could enhance the biocompatibility of lanthanide molecular complexes, which further

extend their biomedical applications.

Luo et al. prepared microporous MOF [NHa4]2[ZnL]-6H.O (L = 1,2,4,5-benzenetetra-

carboxylate) with regular one dimensional channels, which were occupied by [NH4]" counter
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ions.®® The lanthanide (I11)-trapped MOF can be simply generated by using lanthanide ions replace
counter ions in water. It is interesting that the original blue emission of the MOF can be easily
tuned by doping the framework with Eu**or Th** to produce red or green emission, respectively.
Different transition-metal ions have a range of effects on the luminescence intensity, in particular,
Cu?*and Co**showed significant effects on the Eu®* and Th** doped MOF, respectively. This result
indicated that the lanthanide-encapsulated MOF provides a highly selective and sensitive method
for Cu?* and Co?" detection in aqueous solutions.

Rosi, Petoud and coworkers prepared a porous anionic MOF, bio-MOF-1 with the structure
[Zng(ad)s(BPDC)sO+2Me2NH2, 8DMF,11H20] (ad = adeninate; BPDC = biphenyldicarboxylate;
DMF = dimethylformamide), that acts as a scaffold for hosting and sensitizing several visible
(Sm3* Tb3* Eu®") and near-infrared (NIR) emitting (Yb®*") lanthanide cations.®® The loading of
lanthanide cations into the pore of bio-MOF-1 can be achieved by a simple cation exchange
process and is confirmed by the luminescence properties of the resulting host-guest materials
(Figure 15 A, B and C). The powder X-ray diffraction (PXRD) showed that Ln** loading did not
impact the crystalline integrity of bio-MOF-1 (Figure 15 D). Excitation and emission spectra of
Ln@bio-MOF-1 revealed the energy migration from MOF chromophoric structure (BPDC based)
to Ln®* guest cation under irradiation at 340 nm (Figure 15 B). Although water is a highly
quenching solvent for the emission of lanthanide ion, the bio-MOF-1 could serve as a “lantern” to
protect the lanthanide cations and enhance their luminescence in water. Moreover, the preliminary
O, detection experiments using Yb**@ bio-MOF-1 demonstrated that Ln**@ bio-MOF-1
materials can potentially be used as versatile high surface area sensors for small molecules, such

as dioxygen.
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Figure 15. Bio-MOF-1 encapsulation and sensitization of lanthanide cations. (A) Schematic illustration of Ln3*
incorporation into bio-MOF-1 and subsequent Ln3" sensitization by the framework. (B) Excitation and emission
spectra of Sm3* @bio-MOF-1 (i), Th* @bio-MOF-1 (ii), and Eu** @bio-MOF-1 (iii). (C) Samples of Ln®** @bio-
MOF-1 illuminated with 365 nm laboratory UV light. (D) PXRD patterns of Ln®* @bio-MOF-1.%

Zang and coworkers reported a 3D MOF structure, {[Zn2(L)-H20]-3H.0-3DMAC-NH>-
(CH3)2} (Zn(1)-MOF), which was prepared from HsL (3,5-bis(1-methoxy-3,5-benzene
dicarboxylic acid)benzoic acid), DMAc (N, N -dimethylaccetamide) and ZnCl, under solvothermal
conditions.** The Zn(I)-MOF is anionic and contains 1D nanotubular channels with
dimethylammonium cations. Post-synthetic exchange the dimethylammonium cations with Ln%*
ions can trap the Eu®* and Th®" into the pores of MOF materials, which induced interesting
luminescence properties. Again, variation of the dopant amounts of Eu®* and Th®* could tune the
emission bands of MOF materials, which resulted in white light emission. The best combination

of Eu® and Tb% concentration in the Ln3*-exchanged materials for white light emission is
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Eu*0.127/Th* 0.43:@Zn(11)-MOF (the quantum yield is 1 = 7%) and Eu®"0.183/Tb%*0.40s@Zn(11)—
MOF (the quantum yield is n = 8%) with the corresponding CIE coordinates being (0.312, 0.335)
and (0.339, 0.327), respectively; both are very close to the coordinates for ideal white-light (0.333,

0.333), according to the 1931 CIE coordinate diagram (Figure 16).
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Figure 16. (a) Emission spectra of 0.127Eu®/0.432Th**@Zn(I1)-MOF and 0.183Eu®"/0.408Th*@Zn(11)-MOF
excitation at 359 nm. (b) CIE chromaticity diagram for the XEu**yTb¥*@2zZn(11)-MOF monitored under 359 nm ((A)

x =0.127, y = 0.432 and (B) x = 0.183, y = 0.408).%

4.3.3 Summary

Lanthanide MOFs provide a versatile platform to exploit different ET processes to tune the
resultant luminescent properties. Indeed, ET tuning has led the demonstration of Ln-MOF utility
in sensing, luminescence thermometers, and solid-state lighting. Key findings are summarized

below:

e LLET, LMET, and MMET have been demonstrated in Ln-MOFs.

e The well-known HAE is transferrable to MOF systems and can enhance the efficiency of

LMET in MOF constructs.
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e Near ideal, white-light emission can be achieved through a combina- tion of ligand based
sensitization of Ln3+ ions (antenna effect/LMET and MMET).
e Encapsulation of Ln3+ ions can attenuate the effect of solvent-based luminescence

quenching and opens Ln3+ materials to application in aqueous media.

4.4 Ru/Os based MOF
Ru(bpy)s?* and Os(bpy)s>* (bpy = bipyridine) are ideal photoactive compounds to dope into a

MOF matrix due to their relative long-lived excited states and redox activity. The photochemical
and photophysical properties of Ru(bpy)s2* and Os(bpy)s>* have been well established in molecular
systems. The well-defined crystal structure of the MOFs allows for precise control of
interchromophore distances and angles via crystal engineering. Based on the utilization of different
MOF matrices, current studies have focused on the incorporation/encapsulation of Ru/Os
chromophores in Zn-node or Zr-node based MOFs. The reported MOFs containing Ru/Os

chromophores are shown in Table 2.

Table 2. Summary of MOFs containing Ru/Os chromophores

MOF Chemical Formula Ligand Structure Guest

Ref

MOF-1 [ZnL1]-2DMF-4H,0 Li=

M=Ru or Os

[45]
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MOF-2 [Zn(H.L2)]-3H-.0 L= [46]
COOH
M =Ru or Os
MOF-3 [Zns(Ls)z: (MOH)- Ls= [47]
(HCOO)-DMF-2H,0]-
6H,0 2+
_ ‘ COOHT
Y
HOOC /N\‘\\\“‘CEN
HOOC. -~ "T\C\
\‘ N R
\
# COOH
M =Ru or Os
MOF-4 [M(bpy)s?*1[Zn2(C204)3] Oxalate = [48]
(0]
HO
MOF-5 | [M(bpy)s2*][NaAl(C204)s] OH
0]
RU@IRMOF- | Ru(bpy)(dpbpy)@Zn.O Bpdc = [49]
10 (bpdc)s HOOCCOOH
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RuDCBPY- Zrs04(OH)4(RUDCBPY)x Bpdc = [53]
Uio67 (BPDC)sx HOOCCOOH
RUDCBPY =
= ‘ COOH 2+
| SN i A
HOOC /N\R'u»“‘N &
AN l\N/ |
~ Ne S
‘ F
RuDCBPY- Zrs04(OH)4(RUDCBPY)x DCBPY = [54]
Uio-67- (DCBPY)s.x 7N\ _

4.4.1 Ru/Os in Zn-node based MOFs
Energy flow from polypyridyl-based metal-to-ligand charge transfer (MLCT) excited states of

Ru(ll) to Os(Il) has been studied in a variety of systems, such as ligand-bridged complexes,
supramolecular assemblies,** polymers*? and crystalline molecular solids,***** in order to elucidate
the energy transfer dynamics. The Lin and Meyer groups first observed this classic Ru-to-Os
energy transfer process in MOFs using the derivatives of Ru(bpy)s?*/Os(bpy)s®* as the building
units and Zn clusters as metal centers to construct a 2D bilayer structure.*® As shown in Scheme
4, the phosphorescent MOF-1, based on Ru(l1)(bpy)(4,4'-dcbpy)2 (L1-ru), where 4,4'-dcbpy = 2,2'-
bipyridine-4,4'-dicarboxylic acid) building blocks, has strong absorption in the visible region and
can easily be excited to the long-lived triplet metal-to-ligand charge transfer (MLCT) states. Upon
doping the Os(I1) (bpy)(4,4'-dcbpy)2 (L1-os) into the framework structure, the mixed-metal MOF-
1 was obtained with 0.3, 0.6, 1.4 and 2.6 mol % Os loading. Time-resolved emission studies were
performed with a two-photon excitation at 850 nm and energy migration from photoexcited Ru to
Os trap sites was observed (Figure 17a). The lifetimes of Ru(ll) excited states decreased
progressively with the increasing doping of Os from 0.3 to 2.6 mol % (Figure 17b). The

sensitization of Os loading was proposed to occur via a Ru-to-Ru energy hopping followed by Ru-
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t0-Os energy cascade due to the lower energy state of Os acting as a trap site (Figure 17c). Analysis
of the crystal structure indicated that the quenching radius of an Os trap site is around ~40 A, based

on the assumption of 3D migration pathways.
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Figure 17. (a) Transient emission decay profiles for Lru and Los MOF-1 monitored at 620 and 710 nm respectively
following two-photon excitation at 850 nm. (b) Transients for 1.4 and 2.6 mol % Os-doped MOF-1 at 620 and 710

nm with emission at 620 nm dominated by Ru(ll)* and at 710 nm by Os(I1)*. (c) Schematic depicting the hopping of

the Ru(l1)*-bpy excited states in MOF-1.%

Following the energy migration studies, Lin, Meyer and co-workers used redox luminescence
guenching to probe the charge separation ability of MOF-1 and MOF-2, which are built from a

similar ruthenium-based bridging ligand (L2.ru = Ru(4,4'-dcbpy)2(CN)2).*¢ The quenching
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experiments were performed with stirred suspension of the MOF microcrystals in degassed

acetonitrile in the presence of an oxidative quencher (1,4-benzoquinone, BQ) or a reductive

Zn(NOg),
——— »  [Zn(Ly)-2DMF-4H,0
DMF/H,0
MOF-1

M =Ru (Lyry) or Os (Ly.0s)

Zn(NO3),
——————»  [Zn(H,L2)]'3H,0
DEF/H,0
MOF-2

M = Ru (Lz.ry) or Os (L2.0s)

WC=N Zn(NO3),
[Zns(L3),* (u-OH)-(HCOO)-DMF-2H,0]-6H,0

T e
HoOC ST DMF/H,0
2 = 2
\N Cn MOF-3
N S
Z > COoOH

M = Ru (L3.ry) O Os (L3.0s)

i N

O OO 0, OO

BOQ TMBD mB* mvZ*
Scheme 4. Synthesis of phosphorescent MOF-1, MOF-2 and MOF-3 and chemical structure of various redox
quenchers.
quencher (N,N,N',N'-tetramethylbenzidine, TMBD). Both MOFs showed that the extent of Ru(Il)*
emission quenching increases as the quencher concentration is increased. Up to 98% quenching
was achieved for MOF-2, with either BQ or TMBD, as a result of rapid energy migration over
several hundred nanometers followed by efficient electron transfer quenching (Figure 18). The
quenching process was proposed to take place at the MOF/solution interface as the MOF channels

are too small to allow the diffusion of quencher molecules. Another study from the same groups
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demonstrated an amplified luminescence quenching for MOF-2 with methylene blue (MB") as
quencher.*” Strong non-covalent interactions between the MOF surface and cationic quencher
molecules coupled with rapid energy transfer through the MOF microcrystal lead to a 7000-fold
enhancement of Stern-V6lmer quenching constant compared with the ligand (L2-ru) in solution. It
IS important to mention that the rate of energy transfer through MOF plays a very important role
in changing the quenching efficiency. MOF-3 was synthesized with Ls-ru by changing the Ru(4,4'-
dcbpy)2(CN)2 in MOF-2 to Ru(5,5'-dcbpy)2(CN)2, resulting in a three-dimensional framework.
Although similar ionic interaction between the quencher and MOF surface would be expected,
emission quenching efficiency saturates at 80% with methyl viologen (MV?*) for MOF-3, mainly
due to the competition between excited-state decay process with energy transfer via hopping
mechanism. However, for MOF-2, the intra-MOF ET is more rapid than MOF-3, so that the
complete emission quenching was achieved with MV?2*. These results highlight the effect of 3D
structure on ET efficiency. The chromophores in MOF-2 and MOF-3 differ only in the position of
the carboxylic acid units. Although, the ET efficiency is drastically different, which may be in part

due to the change in angles between interacting chromophores.

Due to their porosity and aperture size tunability, photoactive Ru/Os polypyridyl complexes
can also be encapsulated into the MOFs as guest molecules to probe energy transfer. The Lin and
Meyer groups synthesized two non-porous MOFs with caged Ru(bpy)s?*/Os(bpy)s**
chromophores, [M(bpy)s?*1@[Zn2(C204)s] (MOF-4) and [M(bpy)s**]@[NaAl(C204)s] (MOF-
5).%8 Long-lived *MLCT excited states with lifetimes of 760 and 1305 ns were observed in Ru-
MOF-4 and Ru-MOF-5, respectively, under anaerobic conditions. With the presence of trace
amount oxygen, the lifetimes were significantly shortened to 92 ns for MOF-4 and 144 ns for

MOF-5, due to energy transfer from Ru(I1)* to O, . Similar to MOF-1 and MOF-2, Os(bpy)s**
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could act as energy trap sites at doping level of 0.2-1.0%. Kinetic studies showed that the entrapped
chromophores in three-dimensional frameworks MOF-4 and MOF-5 provides a network for rapid
excited state energy transfer migration among Ru(bpy)s?* units, ultimately, finding an Os(bpy)s*

trap site.
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Figure 18. (a,b) Steady-state (black) and time-resolved (red) Stern—Volmer quenching analysis of MOF-2 with BQ

\

(@) or TMBD (b). (c) Schematic showing the light-harvesting process in MOF microcrystals as a result of a rapid

energy migration over several hundred nanometers followed by efficient electron transfer quenching at the

MOF/solution interface.*6

Theoretical analysis was performed on ET in MOF-1 and MOF-4 to show how the MOF
structure influences the pathways for exciton flow.2 The analysis showed that the exciton states

are localized on single Ru(bpy)s?* or Os(bpy)s®* sites and the ET is dominated by a Dexter
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mechanism. Both MOFs indicated ~ 10 ns exciton hopping times between adjacent Ru-polypyridyl
sites separated by 8-10 A. The excitons can make 3-6 hopping steps (~ 30-60 A distances) within
their lifetimes, depending on the dimensionality of the hopping network. The computed Dexter
couplings in the MOFs showed that the exciton transport takes place in a 1D network in MOF-1,
while ET in MOF-4 occurs through a 3D network. The kinetic analysis allowed direct comparison
of ET efficiency between the two MOFs and indicated that the higher dimensionality coupling
pathways weakly enhance the quenching efficiencies. In summary, the dominance of the weak
Dexter coupling interactions leads to ET that is highly sensitive to metal-metal distance and to the
existence of localized excitons and of hopping transport. One possible approach to improve the
speed of ET in the Dexter coupling mechanism is to enhance Dexter coupling interactions by

constructing MOFs with shorter intermetallic distances or more highly conjugated bridging units.

Yan and coworkers reported the encapsulation of Ru(bpy)2(dpbpy) (dpbpy = 4,4'-
diphosphonate-2,2'-bipyridine) into the biphenyl-based MOF (refered to as Ru@IRMOF-10).%°
The designed material exhibited well-defined blue/red luminescence at the crystal interior and
exterior as detected by 3D confocal fluorescence microscopy. By controlling the amount and
location of the Ru chromophores, the intensity ratio of blue to red emission can be varied at
different regions within the MOF crystal. Specifically, at a low loading percentage of RU@MOF
(2.25%), the crystal interior exhibited blue luminescence, which was assigned to IRMOF-10
emission, while the surface of crystal exhibited emission at 600 nm, which can be attributed to the
luminescence of the Ru chromophore. Those observations indicated the non-uniform distribution
of Ru complex within the nanochannel, which is consistent with the gradual diffusion process of
the Ru(bpy)2(dpbpy) molecules into the MOF matrix. Moreover, the decrease in the intensity ratio

of blue to red emission in the selected region close to the MOF surface suggests the occurrence of
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energy transfer between the MOF host and Ru chromophore guest. A higher population of

Ru(bpy)2(dpbpy) molecules close to crystal exterior leads to more efficient energy transfer from
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Figure 19. (a) Schematic structure of RU@MOF/TIO, as photoelectrode on a FTO (Fluorine-doped Tin olxide)

support. (b) Energy level positions of Ru complex, MOF, and TiO; relative to the NHE. (¢) Photocurrent—time

measurements with a chopped light from a Xe lamp light source (100 mW/cm?) and at an external bias (0 V vs

Ag/AgCI) for RU@MOF (2.25%)/TiO2, RU@MOF (4.97%)/TiO2, and Ru/TiO2 (0.1 M phosphate buffer, pH 7). (d)

Dependence of IPCE values on incident wavelength for RU@MOF (4.97%)/TiO, and Ru/TiO,.%°

the MOF matrix to Ru chromophore compared with that in the center of MOF. The energy transfer

processes from host to guest molecule and the intramolecular MLCT process were further
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confirmed by DFT calculations, which were consistent with the experimental results. Upon
attaching on the rutile TiO2 nanoarray, the Ru@MOF system showed enhanced incident photon-
to-current conversion efficiency (IPCE) relative to the pristine Ru-based complex directly
anchored to the semiconductor surface (Figure 19). Therefore, by the appropriate choice of MOF
and photoactive complex with suitable energy levels and luminescence, the host-guest

photofunctional materials have potential applications in luminescent and optoelectronic materials.

4.4.2 Ru(bpy)s** doped zirconium(lV) MOFs

UiO-67 is a water-stable framework containing Zrs(p3-O)4(p3-OH)4 nodes connected by twelve
4,4'-biphenyldicarboxylate (BPDC) linkers (Figure 20A).>° The structure contains pores with two
distinct geometric environments: an octahedral pore of 23 A diameter and a tetrahedral pore of
11.5 A diameter (Figure 20B).>' UiO-67 provides a unique platform for incorporation of
organometallic photosensitizers, such as [Ru(dcbpy)(bpy)2]** (RuDCBPY), by the simple
replacement of one the bipyridine ligands with 2,2'-bipyridyl-5,5'-dicarboxylic acid (DCBPY).5?
(Figure 20B) Lin and co-workers were the first to report this mix-and-match synthetic strategy to
dope different transitional-metal molecular catalysts, including RuDCBPY, into the UiO-67
framework.%?> The dependence of the photophysical behavior on Ru(bpy)s** loading was later
probed by the Morris group.>*->* The changes in excited-state lifetimes and spectral differences
observed with increasing dye concentration were attributed to dipole-dipole homogeneous
resonance energy transfer (RET) and loading-dependent differences in incorporation/

encapsulation environments (vide infra).53->

The photophysical properties of RUDCBPY-UiO-67 were first probed as a function of the
doping concentrations. The steady-state diffuse reflectance of the RUDCBPY-UiO-67 powder

showed an absorption maximum at 455 nm, which was attributed to a singlet metal-to-ligand
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charge transfer (*MLCT) characteristic of Ru(bpy)s?* and its derivatives.>® > This absorption band

broadened with increased loading percentage, while the absorption maximum remained constant
9 A

D

/s A

C\‘/ >YO-&R

Figure 20. A) Crystal structure of UiO-67, Zre(ls-O)a(ps-OH)4(BPDC)12, where BPDC = biphenyldicarboxylic acid:
black, carbon; red, oxygen; cyan, zirconium. B) Octahedral cavity (left), the tetrahedral cavity (right), RUDCBPY
(middle).%

at all doping concentrations. However, the energy of the emission maxima and excited-state
lifetimes were found to be quite sensitive to the concentration of RUDCBPY incorporated into
UiO-67. At low doping concentrations (< 16.4 mm), the excited-state properties of RUDCBPY in
the MOF deviate markedly from those in aqueous solution, but resemble those in DMF.
Specifically, the emission maximum centered around 630 nm, was slightly bathochromically
shifted relative to RuDCBPY in DMF (625 nm).>® The emission decay can be adequately modeled
using a single discrete exponential decay function with an observed lifetime of 1.4 us, which is
longer than that of RUDCBPY in DMF (890 ns). This increased lifetime is due to the fact that
vibrational decay pathways are hindered when the chromophore is in incorporated into a rigid
matrix. Interestingly, at higher doping concentrations (> 16.4 mm), the emission spectra
demonstrated a bathochromic shift relative to the low doping materials, displaying an emission
maximum around 650 nm. The observed emission decays at high loadings were biphasic with a

concentration-dependent long lifetime component (t~165-210 ns) and a concentration
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independent short lifetime component (~24 ns) resembling the lifetime of RUDCBPY in water (~

38 ns).

A two-state model was proposed to explain the biphasic nature of the decay at high doping
concentration (Figure 21). At low doping concentrations, RUDCBPY was said to preferentially
occupy the larger octahedral cages of UiO-67 by incorporation into the backbone of the cage. As
a result of residual solvothermal reaction solvent (i.e. DMF) in the pore, this population
experiences a dimethylformamide (DMF)-like solvation environment. However, at higher doping
concentrations, in addition to the RuDCBPY incorporated into the backbone of UiO-67,
populations of RUDCBPY were found to be encapsulated in separate octahedral cavities of the
MOF (Figure 21). Encapsulation is assumed to restrict the solvent (DMF) occupancy within the
pore and the u-O and p-OH bridges of the Zr-nodes were thought to impose a polar water-like
dielectric on RUDCBPY so that the solvation environment resembles that of bulk water. The result
was emission spectra and lifetimes dominated by water-like photophysical properties. RUDCBPY
has shorter emission lifetime (~38 ns) in water than in DMF, mainly due to the sensitivity to solvent

(particularly solution pH) arising from preferred localization of the SMLCT on the DCBPY ligand.
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Figure 21. Two-state model of concentration dependent RuDCBPY doping behavior®®

The concentration dependence of the long lifetime component observed for RUDCBPY -UiO-
67 was attributed to RET between RuUDCBPY 3MLCT states. The emission lifetime data for
RuDCBPY-UiO-67 at the doping concentration between 3 mm and 21 mm was fit to the Inokuti-
Hirayama function, which lead to 1/r* distance dependence for the energy transfer rate. This
suggests a dipole-dipole RET process lying on a continuum between the Perrin weak coupling and
Forster very weak coupling regimes, which has been proposed by Kenkre and Knox.*® This
indicates that the framework imparts a stronger dipole coupling between the incorporated
RuDCBPY chromophores. The RUDCBPY incorporated in the MOF are locked into a specific
geometry dictated by the crystal structure of the UiO framework. Such preferential orientation of
chromophores enables dipole alignment, stronger dipole-dipole coupling, and longer range energy

transfer.

RuDCBPY-UiO-67-DCBPY was prepared by a post-synthetic approach in order to
incorporate the transition metal complex directly into the backbone of UiO-67 MOF in situ.>* The
emission decay of RuUDCBPY-UiO-67-DCBPY can be fit in a more general model, suggested by
Klafter and Blumen, which indicates concentration-dependent dimensionality of RET. Confocal
fluorescence microscopy was used to study the bulk distribution of RUDCBPY centers within MOF
crystallites as fractal-like so that the rate of energy transfer would depend on the fractal dimension
d. Detailed fitting showed at low loading of RuDCBPY (< 10 mm) RET was one-dimensional, at
concentrations between ~10 and ~50 mm the RET was two-dimensional, and at a concentration

above which a percolation limit was met, the RET was three-dimensional. (Figure 22)
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Higher Doping

Figure 22. The assumption of FRET mechanism on dependence of RUDCBPY loading.>*

4.4.3 Summary

The excited state behavior of Ru/Os polypyridyl photosensitizers immobilized in MOF
crystalline networks is unique and requires further study. Ru/Os based MOFs provide a special
model to probe and explore ET in solid states. Understanding the ET process and mechanism in
these MOFs would lead to the design of MOFs as functional materials in the fields of light
harvesting, photocatalysis and photovoltaic devices. More importantly, figuring out the limitation

of ET in these MOFs would lead to the intelligent design of a better generation in the near future.

4.5 Porphyrin and metalloporphyrins based MOFs materials

Porphyrins and their derivatives are a class of well-known molecular chromophores that
typically have strong light absorption in the visible region. Porphyrin-containing struts are the
primary building units used in MOFs that target solar light harvesting.® Table 3 summarizes the

porphyrin-based MOFs that have been reported in the literature.
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Table 3. Summary of MOFs containing porphyrin-based ligands

MOF Chemical Porphyrin  based  Ligand Co-ligand Ref
Formula Structure
F-MOF F-HzP = [57]
HoOC O O COOH
HOOC O O COOH
DA-MOF [57]
HOOC O O COOH
HOOC O O COOH
BOP MOF Cr7HasBF2NgO9Zn TCPP = [58]
[Zn2(ZnTCPP) TCPP = BPMT= [59]
(BPMT)osgs
(DEF)1.15]
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DBP-PI-1 [Zny(ZnTCPP) TCPP =
(DPBBI)0.8s(DMF)1.14]
-(DMF)g.86(H20)20

[Zn(ZnTCPP)
DBP-PI-1’ (DPBBI)o.64(DEF)0.36]-
(DEF)g.04:(H20)12.55

[60]

BI@2 Pb2(TCPP)-4DMF TCPP =

[60]

4.5.1 Porphyrin-based MOFs as crystalline powder

In natural photosynthesis, energy (exciton) migration primarily occurs in highly ordered
porphyrin-like pigments (chlorophylls). Hupp, Wiederrecht, Farha and their co-workers designed
two Zn-porphyrin based MOFs (DA-MOF and F-MOF) to mimic the light-harvesting behavior of
natural photosynthetic systems (Figure 23).%” Photogenerated exciton migration was investigated
based on fluorescence quenching experiments and theoretical calculations. In F-MOF, a
photogenerated exciton only migrates over a net distance up to ~3 porphyrin struts (8 hops) within
its lifetime. Remarkably, the exciton migrates up to ~45 porphyrin struts (2025 hops) in DA-MOF
with a high anisotropy along a specific direction. This implied that the molecular structure of the
porphyrins plays a significant role in exciton hopping. As shown in Figure 24, the addition of two
acetylene moieties in the porphyrin molecule enhances the -conjugation in DA-H2P ligand, which
leads to higher absorption and a red-shifted Q-band, better absorption/emission overlap, greater
dipolar coupling and much faster exciton hopping compare with F-ZnP. Under the excitation at

446nm, DA-MOF would generate a singlet exciton that can migrate by site-to-site hopping within
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the MOF until it decays or is quenched by electron transfer to the excited linker from an axially
ligand donor molecule (such as pyridyl-ferrocene, FcPy). If the quencher is present at only low
concentration, rapid exciton migration results in amplified fluorescence quenching. The efficacy
of exciton migration relative to the nonreactive exciton decay can be determined by measuring the
extent of quenching with different levels of FcPy incorporation (Figure 25). DA-MOF provided
the first example of long distance and directional energy migration in MOF materials and afforded
useful guidelines for the development of efficient ligand-harvesting and energy-transport

materials.

DMF, 80 °C

"% DA-ZnP

Figure 23. Synthesis routes of the isostructural DA-MOF and F-MOF compounds.®’
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Figure 24. UV-vis absorption (blue) and emission (red) spectra of F-ZnP (a) and DA-ZnP (b) molecules in DMF.
Their chemical structures are shown in the inset.>”
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Figure 25. (a) Photograph of a DA-MOF particle from which fluorescence is recorded based on laser excitation at

-

446 nm. Luminescence quenching measurements are conducted to probe the energy (exciton) migration dynamics.

(b,c) Schematic representation of the exciton migration and quenching processes.’
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Hupp and co-workers incorporated boron dipyrromethene (bodipy) and porphyrin complexes as
complementary pairs of chromophores in pillared-paddlewheel type MOFs.*® As shown in Figure
26, BOB MOF was prepared via solvothermal methods in DMF using Zn(NO3z)2:6H20, 1,4-
dibromo-2,3,5,6-tetrakis(4-carboxyphenyl)benzene and dipyridyl boron dipyrromethene in the
presence of HNOs BOP MOF was synthesized using a two-step method, which relies on delaying
the addition of the dipyridyl strut until after the tetraacid porphyrin has begun to assemble the zinc
ions. The bodipy linkers absorb and emit in the green spectral region and serve as antenna
chromophores for the excitation of porphyrinic struts via RET. By incorporation of the porphyrin
units, the absorption of the bodipy-porphyrin-based (BOP) MOF crystals is extended even further
into the visible range, so that the MOF crystals appear nearly black compared to just the bodipy-
only MOF material. As shown in Figure 27, excitation of bodipy in BOB MOF at 543 nm results
in typical bodipy fluorescence behavior with the emission maxima at 596 nm. However, excitation
of same strut in BOP MOF at 543 nm is emissive in the 650-710 nm range, and indicates that

sufficient energy is transferred from the bodipy strut to the Zn-porphyrin within BOP MOF.

Zn(NO,),*6H,0,
DMF, HNO,/EtOH, 80°C

250 pm
BOB MOF

= =
N.
E

z
z
N

z

B N
~ Zn(NO,),+6H,0 ™
\ / COOH

y

v

DMF, 80°C HNO,/EtOH, 80°C

COOH 250 pm

L2 BOP MOF
Figure 26. Synthesis of the Isostructural BOB MOF and BOP MOF.%
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Figure 27. Confocal laser scanning microscopy (CLSM) images of crystals of: (a) BOB MOF and (b) BOP MOF.*8

After mimicking the light harvesting in the natural photosystem using highly ordered porphyrin
as chromophore in MOFs, the next challenge is how to direct excitation-energy funneling along a
predesigned pathway. One attractive strategy is to coordinatively immobilize a photochromic
compound as pillars inside porphyrin-based MOF, which allows control of framework emission
as a function of excitation wavelength. In that case, the photochromic diarylethene-based ligand
acts as photo-switching because of its two discrete states upon photoirradiation.>® Shustova and
coworkers reported a 3D framework, [Zn2(ZnTCPP)(BPMT)o.e5(DEF)1.15], composed of bis(5-
pyridyl-2-methyl-3-thienyl)-cyclopentene (BPMTC) and tetrakis(4-carboxyphenyl)-porphyrin
(H4TCPP) ligands. The photochromic diarylethene-based derivative BPMTC maintained its
photoswitchable behavior and can direct the excited-state decay pathway of the host after
coordinative immobilization in a MOF matrix. Specifically, the porphyrin-based linker acts as the
donor and transfers excitation energy to the acceptor BPMTC (Figure 28). Photoisomerization of
BPMTC resulted in the tunability of the MOF emission as a function of excitation wavelength. As

shown in Figure 28b, irradiation of the MOF at 365 nm led to the closed form of BPMTC, which
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quenches the photoluminescence of the MOF through FRET with an estimated Ro (Foster radius)
of around 30 A. When irradiated at 590 nm, BPMTC isomerization to the open form successfully

eliminates the ET pathway and the PL response of the porphyrin was observed.

Harkening back to the bioinspired nature of porphyrin light harvesters, the Shustova group
extended their mixed ligand MOF studies to explore a MOF mimic of a highly efficient ET process
observed between green fluorescent protein and a heme-binding cytochrome. Two approaches to
study ET in a MOF mimic were explored including (1) direct incorporation of the donor and
acceptor species as the linkers in a 3D framework and (2) the encapsulation of the donor in the
pores of the MOF, termed BI@2 (Figure 29). Two unique MOFs with the donor (BI, 4-
hydroxybenzylideneimidazolinone) and acceptor (tetracarboxyphenylporphyrin) incorporated into
the backbone were achieved upon changing the solvothermal reaction conditions,
[Zn2(ZnTCPP)(DPB-Bl)ogs  (DMF)1.14]-(DMF)gss(H20)20 (1) and  [Znz(ZnTCPP)(DPB-
B1)o.64(DEF)0.36]- (DEF)6.94-(H20)1255 (1).%° All three materials (1), (1'), and BI@2 showed
efficient ET indicated by the complete disappearance of donor emission. Combining the time-
resolved PL studies with spectral overlap function calculations, quantitative values of ET
efficiency ®er, ET rate constant, ke, and the Forster radius were determined and summarized in
Table 4. Although, the efficiency of ET did not match that of the protein pair, the ®et BI@2 was
72%. There were slight differences between the photophysical behaviors of (1) and (1), which
was attributed to the differences in interlayer stacking observed via single-crystal X-ray

diffraction.

123



wavelength, nm

) ﬂ
T
open @ l energy
form transfer
— AN PL e —
= B s (! closed
N = ~N

open form form
BPMTC

Figure 28. a) Forster ET between porphyrin-based ligand and photochromic BPMTC inside the MOF matrix. b)
Emission spectra recorded for the porphyrin photoswitch MOF, scaled to give intensity (lo) of 1.0 on the first scan at
Aex=590 nm. The inset shows the epifluorescence microscopy images of the photoswitchable MOF crystal. c)
Porphyrin-based donor and BPMTC acceptor (the latter is shown in the open form). d) A simplified diagram

demonstrating the transitions responsible for fluorescence and FRET.°

Table 4. The amplitude-weighted average lifetimes (tay), ET rate constants (ker), Foster critical radii (Ro), ET

efficiency (FET), and spectral overlap functions (J) for DPB-BI, DPB-BI-1, DPB-BI-1', BI, and BI@2 samples.®

DPB-BI  DPB-BI-1  DPB-BI-1’ Bl Bl@2

(r,,) [ns]® 1.09 0.38 0.51 1.89  0.53
ker [x10'% 57 - 1.71 1.04 - 1.36
R, [A] - 23 23 - 21
Der [%] -~ 65 53 - 72
Jx10 " em’m ] - 6.25 6.25 - 4.57
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Figure 29. (top) Representation of ET between the two coupled chromophore cores of a green fluorescent protein
variant (EGFP) and the electron-transfer protein, cyth562.[19] (bottom) Approaches | and Il involved incorporation
of chromophores with HBI- and porphyrin-based cores inside the rigid scaffold. Approach | focused on coordinative
immobilization of both chromophores in crystalline scaffolds 1 and 1’ while Approach II is based on inclusion of the

BI donor in the porphyrin-based framework 2.6°
4.5.2 Porphyrin based MOFs materials as thin films
The discovery of porphyrin-based MOFs materials with light-harvesting and rapid energy
transfer provides a variety choice of promising candidates in designing solar energy conversion
devices. Fabricating MOFs in thin-film form on desired substrates is an especially attractive
approach. Ideally, the designed MOF thin-films should meet certain criteria for practical

application:

1. The thickness of films should be able to be precisely controlled by synthetic approach.
2. Directed exciton migration should be achieved with high efficiency and fast ET rate.
3. The exciton propagation distance should meet or exceed the MOF film thickness in order

to move the exciton toward either an underlying electrode or external redox phase.
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Following the study on DA-MOF in the powder form, So et al. grew DA-MOF as thin films
on functionalized surfaces using a layer-by-layer (LBL) approach.®! The thickness of the film
increased systematically with the number of assembly cycles. Polarization excitation and
fluorescence measurements indicated that the porphyrin units are preferentially oriented in the
MOF film. A far-red emitting squarine dye (S1), which exhibits a high overlap intergral with the
DA-MOF, was deposited onto the surface of the MOF film. Exclusive emission from S1 was
observed following selective excitation of Zn-porphyrin units in a 50-cycle film (Figure 30). These
results suggest that the films can be used as antennae for light harvesting and efficient Foster

energy transfer is possible within the film, considering the long-distance exciton propagation.®
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Figure 30. (a) Schematic diagram of preparation of sensitized DA-MOF film. (b) Comparison of emission profiles of
DA-MOF (green solid), S1 (red solid), and DA-MOF sensitized with S1 (light-green dotted) upon excitation at 450

nm. (c) Excitation profile of the DA-MOF+S1 film monitored at 780 nm, where the emission from DA-MOF is

negligible.®
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In order to eliminate undesired exciton intralayer hopping, the Hupp’s group converted a
pillared paddlewheel porphyrin containing 3D MOF thin film to a 2D framework by solvent-
assisted linker exchange (SALE).%? As shown in Figure 31, the pillar ligand 4,4'-bipyridine has
been replaced by non-bridging ligand pyridine, leading to the collapse of the 3D MOF structure to
a layered 2D coordination polymer. The distance between inter-layer chromophores significantly
decreased due to the structural change, which resulted in enhanced energy transfer through the 2D
MOF film. Pd-TCPP (P2) was used as an efficient, nonfluorescent energy acceptor (quencher)
sited at the terminus of the film. Steady-state emission spectroscopy combined with time-resolved
emission spectroscopy indicated that excitons can travel through about 9-11 porphyrin layers in
the 2D films whereas, in the 3D films, exciton propagation only occurs through 6-8 chromophore
layers. Considering the effective elimination of void space between porphyrin layers by SALE,
one would expect a decrease in donor-acceptor separation distance, r, which should result in an
enhancement in exciton migration through the 2D MOF films, from the simplest Foster energy
transfer theory consideration. However, SALE-induced MOF collapse is accompanied by the
lateral shifting of alternating 2D layers, which did not minimized the dipole-dipole coupling
distance between the porphyrin chromophores as expected. Therefore, future direction for this
strategy should focus on extending exciton propagation by diminishing chromophore interlayer
spacing without also affecting the chromophore alignment and dipole— dipole coupling as a

consequence.

127



i

= mO MmO MmO .-
F-OmmOmO ==

Figure 31. Free-base porphyrin P1 and linker L1 were used to fabricate N (number of cycles) cycles of MOF thin
films followed by N + 1 and N + 2 cycles by palladium porphyrin P2 and linker L1.5?

Ideally, MOF thin films for solar energy conversion not only need directional ET in high
efficiency, but also require high absorption which covers the visible light region as much as
possible. Park et al. reported the synthesis of MOF-like thin films containing two perylenediimides
(PDICIs, PDIOPh,) and a squaraine dye (S1), using a layer-by-layer assembly method.®® As shown
in Figure 32, 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (L1) units as tetratopic linkers coordinate
pairs of Zn(ll) ions in paddlewheel fashion, and either (or both) N,N'-di(4-pyridyl)-1,7-di(3,5-
ditert-butylphenoxy)-3,4,9,10-perylenetetracarboxylic diimide (PDIOPh2) and N,N'-di(4-
pyridyl)-1,6,7,12-tetrachloro-3,4,9,10-perylenetetracarboxylic diimide (PDICl4) linkers serve as
Zn(I1)-ligating spacers/pillars between the L1-defined layers. The thickness of each layer with
different building blocks can be precisely controlled through LBL assembly. Interestingly, the
multicomponent MOF-like films can absorb light across visible light region and slightly beyond
(350-750 nm) based on the functionalized perylene-diimide- and squaraine-type chromophores.
Due to the high spectral overlap and oriented transition dipole moments of the donor (PDICI4 and
PDIOPh,) and acceptor (S1) components, directional long-range energy transfer from the bluest

to reddest absorber was successfully achieved. The observed panchromatic absorption and
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cascade-type transport and delivery of molecular excitons over tens of nanometers to the film

exterior have significant implications for the application in solar energy conversion.

(a) LAYER-BY-LAYER GROWTH OF MOF FILM
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Figure 32. (a) Schematic diagram for sequential deposition of the MOF-like film via LBL assembly. Over N cycles,
the thin MOF-like film is formed on silicon platform functionalized with 3-APTMS. Introduction of Zn(l1) is followed
by L1, and then PDICI4 or PDIOPh2. Note that the bay positions of the PDI are functionalized with either chlorine or

3,5-di-t-butylphenoxyl groups. (b) Prepared thin MOF-like films of film A, film B, film C, film D, and film D+S1.63

4.5.3 Summary

The use of porphyrin linkers in MOF assemblies not only mimics the molecular speciation of

natural systems but also provides a scaffold for 3D control of orientation similar to protein
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environment. While the pioneering examples here do not directly match the efficiency of

biological approaches, critical information has been gained to guide future study:

1. Long-range ET comprised of approximately 200 hops can be achieved between porphyrin

chromophores.

2. The interporphyrin spacing is critical for efficient ET. Indeed, a factor of 2 in terms of number

of hops can be achieved by collapsing parent MOF structures.

3. Photo-isomerizable linkers can be used as molecular switches to turn-on and turn-off

photoluminescence via ET quenching.

4. LBL thin films of MOFs can result in efficient ET cascade assemblies, providing the potential

for directional ET and charge separation at interfaces.

4.6 Non-porphyrinic, Organic Chromophore based MOFs

Organic chromophores such as naphthalene and stilbene have been used to study ET in MOF
materials. Using different chromophores as ligands to construct heterolinker MOFs or assembling
chromophore guests with MOF as host matrices are two common approaches that have been

reported. Table 5 summarizes the reported MOFs that contain organic chromophores as ligands.

Table 5. MOFs constructed from ligands containing organic chromophores

MOF Chemical Formula Ligand Structure Guest

Ref

DCM@IRMOF-8 Zn:0(C12Hs0x) DCM =

[64]
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DCM@stilbene- Zn40(C15HloO4)3 DCM = [65]

MOF
Zr-NDC Zr504(OH)4(CleGO4)6 NDC = C153 = [66]
Zr-NADC Zr604(0OH)4(C12He04)s NADC = [67]
«(C12H7NO4)x NH, O [68]

OH
HO
0]

Yan and coworkers reported the incorporation of a laser dye, 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran (DCM), into stilbene-based and naphthalene-based
(IRMOF-8) MOF systems (Figure 33).% The resulting materials exhibit blue/red two color
emission, corresponding to the MOF emission and DCM emission, respectively. Probed by 3D

confocal fluorescence microscopy, the intensity ratio of blue to red fluorescence varies in different
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planes within the MOF single crystals (Figure 34). The ratio is a function of the different degrees
of energy transfer between the MOF hosts and guest molecules due to the non-uniform distribution
of DCM within the MOF matrix. More DCM molecules are populated into the nano-channel away
from the central plane of the MOF crystal than in the central plane itself, thus the energy transfer
from the host matrix to DCM is more effective in those regions. The DFT calculations also indicate
that host-guest energy transfer occurs for two DCM@MOF systems. Moreover, the luminescence
response of the DCM@MOF systems is sensitive to volatile organic solvents (methanol, acetone
and toluene), in that both the emission wavelength and the intensity ratio of blue to red emission
vary after exposure, showing that the materials have potential applications in the fabrication of

ratiometric luminescent sensors.

Figure 33. Incorporation of DCM guests into the nanochannels of MOFs. (A) The molecular structure of DCM; the
host structures of stilbene-MOF (B) and IRMOF-8 (C); the schematic host—guest structures of DCM@stilbene-MOF
(D) and DCM@IRMOF-8 (E).®*

A more detailed study to probe the energy transfer between MOF host with dye guest
molecules has been reported by Douhal et al.®® Three different laser dyes, Coumarin 153 (C153),

Nile Red (NR) and 4-(dicyanomethylene)-2-methyl-6-(4-dimethyl-aminostyryl)-4H-pyran
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(DCM), were trapped into a Zr-naphthalene dicarboxylic acid (Zr-NDC) MOF. By trapping these

dyes into the Zr-NDC porous structure, the emission of the dye@MOF materials can be tuned due
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Figure 34. (a) 3D fluorescence image of the selected single crystal MOFs; (b) the two-color fluorescence spectra and
intensity ratios of blue to red emission (inset) of an individual DCM@stilbene-MOF single crystal (outlined by the
white color in the inset of b) in different xy-planes based on z-axis scanning. Inset photographs show the fluorescence
images in focal planes at different distances (33, 65, 92, 123, and 151 pum) from the excitation laser (372 nm).5

to energy transfer photoevents. For example, encapsulating C153 or NR, the original blue emission
from MOF could be changed to green (C153) or red (NR). Moreover, the white-light-emitting
composite materials can be obtained by simultaneously doping C153 and NR, or DCM, with
quantum yields up to 41%. The obtained white light has CIE coordinates (0.32, 0.34), which are
very close to the ideal ones (0.33, 0.33). The dynamic studies showed that different dyes lead to
different energy transfer process, mainly due to their different occupancy in the MOF pores. For
C153, it can occupy two different pores of the MOF dependent on doping concentration. At lower

C153 loading concentrations the mean ET process time (from MOF monomers to C153) is ~3.3
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ns, whereas at higher concentrations, it is ~360 ps. While for NR and DCM, the ET process

happens from the MOF excimer to the trapped dyes.

Douhal and Sanchez reported the spectral and dynamic properties of two Zr-based MOFs, Zr-
2,6-naphthalenedicarboxylate (Zr-NDC) MOF and 4-amino-2,6-naphthalenedicarboxylate (Zr-
NADC) MOF.%5¢8 They first observed intraparticle excimer formation between neighboring
naphthalene organic linkers in a diluted Zr-NDC MOF suspension.®® Excimer formation is
reflected by a broad red-shifted band in the Zr-NDC emission spectrum and also by its dynamics
composed of three components; 11 = 650 ps (excimer formation process), t2 = 3.7 ns (monomer
lifetime) and 13 = 13.9 ns (excimer lifetime). By increasing the polarity of the solvent, blue shifts
in both the absorption and the emission spectrum were observed. Furthermore, the excimer
formation time changed significantly from 490 ps in ACN to 840 ps in DCM, which may be
attributed to the MOF structure breathing effect, induced by the filling of solvent. Interestingly, at
higher concentrations of MOF particles in suspensions of THF, fs-dynamic studies showed an
ultrafast intercystal excimer formation occurring in ~5 ps. The observation is attributed to the

interaction between naphthalenes of closely associated MOF particles (Figure 35).

A follow-up study constructed a Zr-NADC MOFs by using heterolinker, a mixture of 2,6-
naphthalenedicarboxylate (NDC) and 4-amino-2,6-naphthalenedicarboxylate (NADC). The
fraction of NADC relative to NDC varied from 2% to 35% in these MOFs.%” Increase percentages
of NADC linkers in the MOF led to a decrease in the lifetime of NDC excimer formation, which
can be explained by an increase in energy-transfer probability between NDC and NADC.
Meanwhile, the emission intensity of NADC experienced a drop at the highest doping percentage

in the MOF, mainly due to the ultrafast charge transfer assisted by the amino group. Specifically,
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at the lowest NADC doping concentration (2%), the photodynamics are similar to Zr-NDC, mainly

dominated by NDC-excimer photo-formation. With increase of NADC linkers in Zr-NADC MOFs

== Interparticle Excimers Formation (~5 ps)

Figure 35. Representation of the excimer photoformation in (A) diluted suspensions, due to the interaction between
naphthalenes of the same MOF crystal and (B) concentrated THF suspension, owing to interactions between
naphthalenes of closely associated MOF crystals.

(5 and 10%), the lifetime of excimer is decreased because of higher probability for ET between
NDC and NADC. For NADC fractions of 20 and 35%, we observed a very fast rise component
(1.2 ps) in the emission signal due to the related ET between the heterolinkers. These results
showed that by using MOFs with heterolinkers, it is possible to trigger and tune excimer formation

and ET processes.

4.6.1 Summary

While organic chromophores typically exhibit short lived excited states, they have still found
utility in MOF ET studies. Of particular interest is the work on in-MOF excimer formation and the
effect on observed photophysics. There appears to be a moderate effect of encapsulation species

on the formation of these excimers and further study is needed to uncover the guiding principles
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behind this phenomenon. Additionally, the use of perylenediimides led to the first example of a

multicomponent ET cascade in MOF-like thin films.
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