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ABSTRACT

Harvesting sunlight as a clean and renewable energy source has long been a goal of the
scientific community. One potential route for developing artificial light harvesters is using a
bioinspired approach which utilizes the critical features found in these natural systems. Such
features include a way in which to capture a broad range of the solar spectrum, fixed distance and
orientation of redox pairs to facilitate efficient directional transfer of electrons, transfer of electrons
to a terminal acceptor, and recovery of the systems for repeated use. Metal organic frameworks
(MOFs) are attractive candidates for developing light harvesting systems due their ability to
effectively encapsulate a variety of photoactive catalysts including transition metal polyimines and
metalloporphyrins. Of particular interest is the MOFs ability to modulate guest photophysics
particularly those of Ru2+ polyimines. It has now been demonstrated that for certain MOFs the
lifetime of the triplet metal to ligand charge transfer excited state ( 3MLCT) for Ru polyimines
encapsulated in a MOF was nearly double or triple that of the complexes lifetime in solution.
Extending the lifetimes of the chromophores directly increases their efficiency for artificial
photosynthesis by minimizing the energy loss through nonradiative mechanisms. In the process of
developing light harvesting systems, ruthenium tris(2,2’-bipyridine) (RuBpy) also demonstrated
an ability to template new MOF topologies when introduced during the synthetic of previously
reported materials. This discovery led to a series of RuBpy templated MOFs, the RWLC series,
which exhibit biphasic emission decays consistent which two populations of RuBpy. The
photophysics of the long-lived population are consistent with RuBpy encapsulated within a

x

restrictive environment which inhibits access to a rapidly decaying triplet ligand field (3LF) state.
Controlling the population of the 3LF state could provide one potential avenue for tuning the
excited state lifetimes in order to increase the efficiency of MOF based light harvesting systems.
To that end, the photophysics of the RuBpy guest were further tuned by modifying the
coordinated ligands. In addition, the preliminary results reported herein demonstrates the potential
of select Ru@MOFs in light harvesting application such a singlet oxygen generation or
photoinduced electron transfer (PET). Overall, the results presented here establish a foundation on
which future developments in MOF-based photocatalysts can be applied to light harvesting
applications.

xi

Chapter One: Introduction
1.1 Light Harvesting in Nature
In nature, light harvesting encompasses a wide variety of processes which convert the energy of
an absorbed photon to a chemical potential energy. One of the best known examples of light
harvesting occurs in nature as photosynthesis. In green plants, harvesting light is accomplished by
a series of complex membrane bound proteins and other cofactors which are broken into two main
groups: photosystem 1 (PSI) and photosystem II (PSII).1 The photosystems are composed of light
harvesting complexes (LHC) which act as an antenna and are made up of multiple proteins and
pigments, and a reaction center (RC) that contains a pigment which is oxidized. In PSI, the pigment
is

oxidized

by

a

ferredoxin-like ironsulfur cluster protein
while PSII utilizes
plastoquinone as the
electron acceptor as
shown in (Figure 1.1).
Once the electron is
transferred from the

Figure 1.1 Illustration of the photosynthetic pathway involved in PSI and PSII (Somepics,
distributed under a CC-BY-SA 4.0 license)

reaction center it is
replaced by an electron from an electron donor. For oxygenic photosynthesis, which occurs in

1

green plants and algae, the electron is scavenged from a water molecule which results in the release
of molecular oxygen. In anoxygenic photosynthesis, the sacrificial donor is typically hydrogen
sulfide or thiosulfate which generates sulfur and sulfate ions, respectively.

Figure 1.2 Isolated RC of Rbs2

The photosynthetic system found in the purple bacterium rhodobacter sphaeroides (Rbs) is one of
the simplest models for developing bioinspired artificial photosynthesis. This example consists of
three components: the LHC, a single RC, and the cytochrome bc1 complex. As with most
examples, the LHC of Rbs utilizes several carotenoid antennae complexes to convert the
photogenerated excitations through charge separation with a second acceptor with very high
efficiency. The RC of Rbs also contains a pair of bacterial chlorophyll chromophores (P)
whereupon the initial light capture occurs in conjunction with the carotenoids of the LHC. The RC
2

branches into two arms composed of monomeric bacteriochlorophylls (BChlM and BChlL) and
bacteriopheophytins (BPhM and BPhL) and the L branch connects to ubiquinones QA and QB
separated by an iron sulfide cluster (Fe2S2) as shown in (Figure 1.2).2 Upon excitation, an electron
transfer (ET) cascade occurs from P→BChlL→QA→QB with each step occurring much faster in
the forward direction.
1.2 Critical Light Harvesting Components
The potential of using practically limitless free energy in the form of sunlight has garnered much
attention from the scientific community for decades. In recent years the drive to develop
ecofriendly solutions to meeting the energy needs of the civilized world has pushed for the
development of more efficient artificial light harvesting systems. As discussed, nature has
optimized the light harvesting systems involved in photosynthesis over billions of years. Thus, the
relatively simple model of Rbs can serve as a model providing critical information on the essential
components for developing more efficient light harvesting systems. First, the LHC of Rbs uses
several pigment proteins to capture a broader range of the solar spectra. Therefore, a photostable
chromophore or chromophores must be selected which have reasonable absorption matching that
of the solar spectrum. Second, the redox potential and lifetime of the chromophore must be such
that the ET yield to a corresponding acceptor and associated rate are optimized. Third, the donoracceptor distances and orientations must be fixed as to facilitate uni-directional energy migration
through the intervening media. Fourth, a supporting material which can facilitate and maintain the
previous three requirements.

3

1.3 Transition Metal Polyimines as Light Harvesters
Transition metal polyimines belong to an important class of photoactive complexes which are of
particular interest for light harvesting applications. Among the most widely studied members of
this group are the of ruthenium polyimines, specifically, RuBpy whose excited state photophysics
serves as the general model for transition metal polyimines. These complexes possess thermal and
optical stability, relatively high molar extinction coefficients in the visible spectrum, and
suitability for redox chemistry due to a relatively long-lived MLCT state.3-5 The excited states of
ruthenium polypyridyls are particularly well suited for light harvesting due to the nature of the
interactions between transition metals and the coordinated ligands. Specifically, substitution of
one or more of the bpy ligands results in significant changes to the observed photophysics. This
characteristic can be used to tune the reduction potentials of the excited state and/or alter the
absorption and emission bands arising from the transitions from ground to excited state. 6-8
1.4.1 RuBpy Absorption
The absorption bands of RuBpy are composed of two regions of absorption. The visible region is
dominated by the MLCT transition, and the ultraviolet (UV) region associated with absorption
bands from the aromatic ligands as shown in (Figure 1.3). RuBpy displays a characteristic
absorption band in the visible region centered at ~450 nm composed of a 1(dπ6→1(dπ5π*1)
transition, giving rise to the singlet ground state (1GS) to the singlet MLCT (1MLCT). A shoulder
with a lower extinction coefficient appears on the low-energy side of the 1MLCT which arises
from direct population of the 3MLCT. It’s important to note for future discussion that the 1MLCT
state of RuBpy undergoes a rapid intersystem crossing to the 3MLCT with near unit efficiency.
The bands centered at ~300 to ~350 nm arise from a higher energy MLCT transition to the π*2 of
the bpy ligands. The absorption bands in the UV region are dominated by π→π* transitions of the
4

coordinated ligands. The extent to which vibronic modes of the ground and excited states couple
allows for the appearance of the spin-forbidden transition directly from 1(dπ6)→3(dπ5π*1)
1.4.2 RuBpy Excited state
The excited states of RuBpy have been extensively studied and possess relatively well understood
photophysical properties.9-11 As shown in (Figure 1.4), excitation of the ground state RuBpy results
transfers a single electron from a non-bonding metal-d orbital of t2g symmetry to an vacant π
orbital on the ligand. This 1MLCT state is centered at 452 nm with the electron initially delocalized
over all coordinated ligands. This state undergoes rapid (<100 fs) intersystem crossing (ISC) to a

Figure 1.3 Absorption spectra of RuBpy in CH3CN with electronic transitions
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3

MLCT state. The similar

electronic configuration
between the 1MLCT and
3

MLCT gives rise to

significant

spin-orbit

coupling resulting in an
ISC of unit efficiency. At
low temperatures,
3

the

MLCT resolves into a

manifold of three states
all within ~100 cm-1.12 A
Figure 1.4 Franck-Condon potential energy surface illustrating the vibrational overlap
between the excited states of RuBpy.

barrier of ~3600 cm-1
modulates thermal access

to the triplet ligand field state (3LF) with a decay rate constant which is several orders of magnitude
larger than that of the 3MLCT. As the 3LF state is thermally accessible, population of this state is
strongly temperature dependent. Fitting of the emission decay data to (eqn. 1.1) provides
photophysical details of the excited states:
𝑘𝑜𝑏𝑠 = (𝑘𝑛𝑟 + 𝑘𝑟 ) ∗ 𝑘1 𝑒 −∆𝐸1 /𝑘𝑏𝑇

(eqn. 1.1)

where kobs is the observed decay rate, knr and kr are the nonradiative and radiative decay rate
constants from the 3MLCT, respectively, k1 and ΔE1 are the decay rate constant associated with
the 3LF state and the corresponding energy barrier, respectively, and kb is Boltzmann’s constant.
At this point, it’s important to note that the emission lifetime of RuBpy is relatively long (~620
ns) in deaerated EtOH. This is the result of the 3MLCT→1GS being a spin-forbidden transition
6

due to a mismatch in the triplet and singlet spin configurations. The probability of a transition
occurring between the ground state (ΨGS) and the excited state (ΨES) depends upon the coupling
between the states. This coupling is dependent upon the transition moment matrix element,
(<ΨGS|μe|ΨES>), where μe is the transition dipole moment. By the Franck-Condon principle, excited
state transitions occur through the overlap of vibrational wavefunctions associated with the ground
and excited state potential surfaces within the Franck-Condon framework. The total state
wavefunction (Ψ) is a product of the electronic wavefunction (ψe), the vibrational wavefunction
(ϕv), and the spin wavefunction (ϕs).
Ψ = 𝜓𝑒 𝜙𝑣 𝜙𝑠

(eqn. 1.2)

The probability of an excited state transition between spin forbidden states is described by Fermi’s
golden rule:
𝜆𝐸𝑆→𝐺𝑆 =

2𝜋
ℏ

𝜌|⟨Ψ𝐸𝑆 |𝐻𝑆𝑂𝐶 |Ψ𝐺𝑆 ⟩|2

(eqn. 1.3)

where HSOC is the part of the Hamiltonian responsible for spin-orbit coupling and ρ is the density
of states at a given energy. For spin-allowed transitions:
𝜆𝐸𝑆→𝐺𝑆 =

2𝜋
ℏ

𝜌|⟨Ψ𝐸𝑆 |𝜇|Ψ𝐺𝑆 ⟩⟨Φ𝐸𝑆 |Φ𝐺𝑆 ⟩⟨𝜐𝐸𝑆 |𝜐𝐺𝑆 ⟩|2

(eqn. 1.4)

where μ is the transition dipole moment operator given by the symmetry elements with
contributions from the spin and vibrational eigenfunctions. The vibronic coupling between the
excited state and ground state allows the normally spin forbidden transition to occur.
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1.4.3 RuBpy Steady state emission
The emission spectra of RuBpy arises from the radiative decay from the 3MLCT state centered
~608 nm in ethanol. Fitting the emission data to the Franck-Condon expression (eqn. 1.5) provides
details on the vibronic character of excited state complex:
𝑀
4
−𝑆𝐻 )𝑛 ⁄ ][( −𝑆𝐿 )𝑚 ⁄
𝐼 (𝐸 ) ∑𝑁
𝑛! 𝑒
𝑚!]𝑒𝑥𝑝 [−4 ln 2(𝐸 −
𝑛=0 ∑𝑚=0[(𝐸00 − 𝑛ℎ𝜔𝐻 − 𝑚ℎ𝜔𝐿 ) ⁄𝐸00 ] [(𝑒
2

𝐸00 + 𝑛ℎ𝜔𝐻 + 𝑚ℎ𝜔𝐿 ⁄Δ𝜐1⁄2 ) ]

(eqn. 1.5)

where I(E) is the intensity at energy E, E 00 is the energy of the relaxed emitting state, ∆1/2 is the
width at half maximum of the emission band, n and m are the vibrational quantum numbers
associated with the average high and low-frequency acceptor modes in the excited state, SH and
SL are vibronic coupling factors for the high and low-frequency modes, and hH and hL are the
average vibrational frequencies of the acceptor modes. 13 The Huang-Rhys factors can be used to
determine the extent to which the ground and excited state geometries (ΔQ) are distorted by using
(eqn. 1.6)
𝑆 = 𝑀(1/2)(ℎ𝜔⁄ℏ)(Δ𝑄)2

(eqn. 1.6)

where M is the reduced mass of the molecule. Determining the reduced mass proves unnecessary
as rearranging (eqn. 1.6) gives the ratio of the ground to excited state potential surface
displacements (eqn. 1.7)

(Δ𝑄𝑀𝑂𝐹 ⁄Δ𝑄𝑆𝑜𝑙 ) = (𝑆 𝑀𝑂𝐹 ℎ𝜔𝑠𝑜𝑙 ⁄𝑆 𝑆𝑜𝑙 ℎ𝜔𝑀𝑂𝐹 )1/2

8

(eqn. 1.7)

1.5 Current Ruthenium Polypyridyl Light Harvesting
The use of dye-sensitized solar cells (DSSCs) for light harvesting applications has garnered
considerable attention due to the relatively low-cost conversion of solar-to-electrical energy.
Unfortunately, current production methods of semiconductor materials only allow for a limited
selection of fixed band gap systems which hampers future growth of such materials without
improvements to the underlying support matrix. Despite the limitations, DSSCs were the first
organic photovoltaic materials to be marketed in 2006 by G24 Innovations Limited (G24i). 14 The
advantages of DSSCs are the variety of molecular dyes which can be used to sensitize the porous
nanocrystalline metal oxides to absorb the visible spectrum. The diversity in ruthenium
polypyridyl complexes provides opportunities to develop additional functionality within dye
sensitized solar cells (DSSC) due to favorable photoelectrochemical properties which make
practical applications more feasible. Of particular importance is the ability to alter the bipyridyl
moiety to broaden the effective absorption range and tune the excited state energy levels to align
with the conduction bands of semiconductor material. Thus modulating solar-to-electrical energy
conversion efficiencies.15, 16 While a number of porphyrin and cyanine based dyes have also
appeared in DSSC, ruthenium complexes consistently produced the best yields due to the favorable
properties of their long-lived MLCT state.17
1.6 Porous Support Materials
Porous materials have a wide range of applications including separations18-21 gas storage22, 23,
catalysis.24, 25 Among the most widely known naturally occurring porous material are zeolites.
Crystalline aluminosilicates possess pore apertures ranging from 4-13Å and are well suited as
catalysts in organic synthesis such as cracking, isomerization and hydrocarbon synthesis.
Additionally, synthetic zeolites have been used on an industrial scale as molecular sieves for a
9

Figure 1.5 Number of recorded structures in the Cambridge Crystallographic Data Center (CCDC) since inception. The graph
indicates the rapid growth of reported structures starting the early 2000’s

number of critical areas in petroleum refinement including drying, purification and separations.
Unfortunately, the number of available zeolite topologies is limited and the frameworks cannot be
functionalized. Metal-organic frameworks (MOFs) belong to a class of inorganic porous materials
which were initially developed in an attempt to improve upon the high surface area and gas
sorption affinity of zeolites.26-28 MOF development has rapidly expanded in recent years, as shown
from the increasing number of reported structures (Figure 1.5).
MOFs possess properties which can be tailored to suit a wide range of applications such as gas
sorption,29 separations,30 sensors,21, 22 catalysis,31, 32 and light harvesting.33, 34 While the available
zeolite topologies are fixed, MOFs can be assembled using a wide range of components to provide
numerous topologies which possess advantages over other porous materials. MOFs can be tailored
10

to fit such a large variety of applications due to the intrinsic tunability of the inorganic molecular
building block (MBBs) and/or organic linkers. Through appropriate selection, the geometry and
orientation of the MBB-ligand couple can be used to modulate the MOF’s physical properties.
This control extends to using the pore apertures to restrict access to the internal cavities by reducing
the apertures of adjacent cavities allowing for the exclusion of bulky molecules but allowing small
molecules to diffuse through the pores. In this fashion the MOF aperture can act as a molecular
sieve to enhance size selective chemistry. To date, numerous reviews have been devoted to
cataloging the structures which were developed by extending linkers or manipulating MBB
geometries to produce novel topologies.35-37 Furthermore, the organic linker or MBB can be
functionalized to impart additional properties into the MOF such as conductivity, redox activity,
or luminescence.21, 38-40 The variety of MBBs and linkers available for MOF design results in
frameworks with diverse structural and chemical properties not attainable in other porous
materials. MOFs are ideally suited to developing light harvesting systems by incorporating the
critical components discussed in the Rbs model. As discussed, uni-direction electron migration
depends upon control over distances and orientation. In a crystalline MOF the photoactive
components will remain fixed within the structure thereby maintaining the separation of the
photoactive components.
1.7 MOF Design
The inorganic MBBs of MOFs are typically composed of transition metal or metal oxide clusters.
Each transition metal has a preferred coordination number and geometry which can be used to
predict the geometries of the MBB. This predictive design process is commonly referred to as
reticular synthesis and is a reoccurring concept when discussing MOF design. Reticular synthesis
is widely used when targeting new MOF topologies and in MOF development.41-44 In addition to
11

providing a node for the assemblage of the 3-D network, metal ions incorporated into the MBBs
can provide additional functionality to the final material. For example, Reedijk et al. reported the
synthesis of two MOFs composed of 2-amino-1,4-benzene dicarboxylic acid (NH2BDC) linkers
connected to Eu and Tb MBBs which exhibited antiferromagnetic and photoluminescent
properties.45 These MOFs also exhibited high stability which could serve as excellent platforms
for developing multifunctional materials. Generally, the stability of a MOF is largely dependent
upon the composition of the MBBs and the strength of the coordination bond between the MBB
and linker. Therefore, the chemical stability of a framework can be tailored to suit harsh solvent
environments by selecting stable MBBs which form strong coordination bonds to the linkers. One
such example, is that of the Zeolitic-Imidazole framework (ZIF) series pioneered by Yaghi et al.
in 2006 which demonstrated exceptional chemical stability in various solvents including water.45
Due to their chemical stability, ZIFs have been used in a variety of applications such as carbon
capture21, separations46, drug delivery47, and catalysis.48 Among the highest stability frameworks
are those which incorporate (ZrO2)n nodes. Uio-66 and Uio-67 were among the first MOFs to
demonstrate the extreme stability of these Zr clusters.49 Zirconium-based MOFs have received
much attention for their thermal stability of up to 540 C, stability in a wide pH range, and
mechanical robustness.16
In addition to selecting the MBB composition, the geometry and orientation of the organic linker
is essential in MOF design. For example, Yaghi et al.16 demonstrated precise control of the pore
apertures in IRMOF series through a systematic expansion of the linker as shown in (Figure 1.6).
In this case, the expansion of the linkers produces cubic (pcu) structures due to the geometry of
the MBBs and linear linkers. This expansion strategy has led to the development of many novel
topologies and remains one of the major routes for future MOF development. Much like the MBBs,
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Figure 1.6 Examples of IRMOFs developed by extending linker length while maintaining structural similarity32

the organic linkers can also provide a platform from which to introduce additional functionality in
to the framework either via de novo syntheses or post-synthetic modification. For example, a MOF
composed of porphyrin linkers may exhibit photoactivity while a MOF with exotic linkers may
cause the topology to distort based upon changes to the solvent environment.50 Ultimately this
method often requires lengthy process of linker design to produce topologies with the desired
properties. The second method however incorporates linkers which have groups that can be postsynthetically modified to provide the additional functionality such as uncoordinated carboxyl
groups introduced into Uio-66-NH2 using post-synthetic modification with oxalyl choride.51 The
carboxyl modified Uio-66-NH2 exhibited a much higher adsorption affinity for triclosan, indole,
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and quinoline when compared to Uio-66-NH2 and Uio-66. The increased adsorption efficiency of
the MOF was attributed to the presence of additional H-bonding character of the carboxyl group.
This strategy is generally preferred due to the relative ease in which functional groups may be
attached.
1.8 MOF Applications:
1.8.1 Gas Storage and Separation
As previously discussed, the properties of MOFs are largely dependent upon the combination of
MBBs and linkers. The high internal surface area of MOFs provides ample physisorption and
chemisorption sites which are utilized in a variety of applications such as gas storage and molecular
separations. When compared to naturally occurring zeolites or similarly porous materials, MOFs

Figure 1.7 BET surface area of select MOFs from 1999 to 2012 demonstrating significantly higher gas sorption properties of
MOFs compared to other porous materials. 58
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generally exhibit higher Brunauer, Emmett and Teller (BET) surface areas which indicates a higher
adsorption of gas molecules. The BET surface area is often used to assess a MOFs potential for
gas storage applications and provides a numeric benchmark through which new topologies can be
evaluated. As shown in (Figure 1.7), the development of high BET surface area MOFs has far
exceeded that of other similar porous materials.14
However, while a larger BET surface area does reflect the adsorption capacity of a porous material
it does not always directly correlate with an improved selectivity of specific gas molecules. For
example, CO2 is a particularly attractive target for gas sorption due to an increasing concern over
the growing atmospheric concentration. MOFs with selective sorption of CO2 could be ideal
candidate for developing light harvesters which photochemically reduce CO2 into a chemical
feedstock products. To maximize the efficiency of CO2 uptake at room temperature (RT) requires
consideration of the interactions between the MOF and CO2 rather than just the BET surface area.
For example, Farha et al. reported that NU-111, with a BET of 4930 m2 g-1 and a pore volume of
2.09 cm3 g-1, exhibits a higher uptake of CO2 at RT compared to NU-100 which possesses a higher

Figure 1.8 Linker for NU-111(Left) and NU-100(Right)
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BET surface area.24, 52 Both frameworks possess the same copper paddlewheel cluster and cubic
space group with the increased uptake of CO2 of NU-111 being attributed to the difference in the
linkers (Figure 1.8).
Improving the storage and separation capacity for specific molecules can be accomplished by
incorporating functional sites such as Lewis acids/bases or open metal sites into the MOFs.52 These
functionalized sites, either through electrostatic or physiochemical interactions, can facilitate
selective retention of specific gas molecules. Chen et al. demonstrated the Cu2+ open metal sites
of HKUST-1 lead to significantly improved uptakes of acetylene due to the interactions with the
open metal sites which in turn could be used to minimize the potential risks of RT storage.15 The
same authors also demonstrated that improved adsorption of H2 at low pressure can be achieved
through favorable hydrogen-bonding interactions with the Cu nodes of MOF-505.16 These
improvements in selective gas uptake and retention could provide one avenue to address the poor
economics of cryogenic H2 storage and expand into fuel cell usage for renewable energy
applications.
MOFs are also commonly used as molecular sieves and selective sorbents for numerous small
molecules. Among the most notable are their use in the separation of hydrocarbons52, 53, solvents54,
stereoisomers19, and various gases.27,

55

Prior to the introduction of MOFs, many of these

separations could not be performed using traditional porous solids and those which did relied upon
nonideal sorbents such as zeolites or carbon-based materials. For example, the separation of olefins
and paraffins in the petrochemical industry currently relies upon the use of cryogenic distillation
which is an energy-intensive process.56 Separating hydrocarbons with traditional porous materials
is challenging due to poor kinetic separation and lack of selectivity. However, the Cu-trimesate
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framework, HKUST-1, possesses open metal sites which proved effective at separating ethylene
from ethane due to increased interaction with the π-electrons of the ethylene.57
1.8.2 Heterogenous Catalysis
In addition to capture/separation chemistry, MOFs have proven ideal for use as heterogenous
catalysts. Catalysis plays a significant role in the economic success of many processes in the
chemical industry without which many critical technologies and developments would not be
possible. In fact, nearly 90% of the newly developed chemical processes rely on the use of a
catalytic mechanism to be practical.58 In that regard, the use of heterogenous catalysts over
homogenous catalysts has provides advantages in industrial applications due to their ease of
recovery. However, heterogenous catalysts typically suffer from low activity and selectivity
relative to their homogenous counterparts.59 As discussed previously, the flexibility in MOF design
allows for a multitude of chemical properties to be incorporated into a structure either through
functionalization or post-synthetic modification. In recent years, MOFs have been used as
heterogenous catalysts to facilitate a wide range of well-known organic chemical reactions.60 One
particular example is the Knoevenagel condensation which takes place between an aldehyde (or
ketone) and a molecule which contains an active methylene group. This reaction is catalyzed by
basic sites present in either the pristine or post-synthetically modified MOF structure. When
compared to homogenous catalysts the catalytic performance of a MOF is considered based on its
basic strength and number of active sites. With post-synthetic modification, the catalytic
performance of a MOF can be further tuned by incorporating additional active sites. For example,
pristine UiO-66 showed negligible catalytic activity and yields of less than 1% for the reaction
between benzaldehyde and malonitrile after 2 hrs while under the same conditions, a NH2-NHUiO-66 sample exhibited higher activity and a 97% yield. 61 With the additional basic site present
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in the modified MOF the catalytic performance drastically increased without further refinement.
In addition, MOFs have shown similar utility for use in other common organic reactions such as
in Aldol condensation, Michael addition, Henry reaction, transesterification, and cycloaddition
reactions.62-65 MOFs have also been used in the recovery of various industrial byproducts (CO,
CO2, and CH4) by their capture and conversion into useful chemical precursors (methanol,
gasoline, formic acid, and acetic acid).66
1.9 Development of Photoactive MOFs for Light Harvesting:
Typically, two approaches are used for developing photocatalytic MOFs (PMOFs). The first
strategy relies upon the introduction of photoactive components into the material either through
MBB functionalization or by choice of specific organic linkers. The second strategy encapsulates
a photoactive complex without covalent linkage to the framework.
1.9.1

Functionalization

using

MBBs
When considering incorporating
photoactive

MBBs,

often

lanthanides are used due to the
versatility
geometry

in
and

coordination
unique

luminescence. For example, Tb
and Eu are common components of
MBBs due to the highly sensitive
nature

of

the

metal-ligand

Figure 1.9 Illustrated mechanism for the sensitization of the Eu-MBB using
antenna ligands.70
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coordination bond. Majima et al.67 demonstrated this property with a MOF composed of 1,3,5tris(4-carboxyphenyl)benzene and Eu in the presence of a variety of organic quenchers of varying
diameter and oxidation potential. As shown in (Figure 1.9), the proposed mechanism involves the
linker acting upon the MBBs as an “antenna” for an energy transfer process whereupon an electron
transfer process occurs at the MBB. As lanthanides typically possess low molar extinction
coefficients, lanthanide-based MOFs often use the MOF linkers as an antenna to overcome this
limitation and produce unique luminescent properties. Interestingly, these lanthanide MOFs utilize
the same principle for light harvesting as those found in the Rbs model. In this case, the linkers act
like the LHC to capture the light and then transfer the energy to the MBBs where the ET process
takes place.
1.9.2 Functionalization using Linkers
Another method of
developing
photoactive
is

MOFs

through

the

incorporation

of

photoactive linkers
into the framework.
Figure 1.10 Thin-film of MOF-525 used for conversion of CO2 to fuel.71

The most common
examples being the use of porphyrinic linkers or metal complexes with appropriate ligands which
can coordinate to the MBBs. Of the two, porphyrin linkers have received the most attention due to
their high extinction coefficients and exchangeable metal centers. One advantage of this type of
PMOF is the large number of catalytic sites which reside through the framework. For example, the
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Zr-Tetrakis(4-carboxyphenyl)porphyrin based thin-film MOF (MOF-525) shown in (Figure 1.10)
was developed for CO2-to-fuel conversion and attained a catalytic density of ~1015 sites/cm2 which
far exceeded similar thin-film materials.68 While the numerous catalytic sites allows for a large
catalytic turnover, the catalytic sites located on the surface of the frameworks limit the selectivity
of PMOFs developed using this strategy.
1.9.3 Photoactive Guest Encapsulation
An alternative class of PMOFs involves the use of a non-covalently bound photoactive guest
molecule encapsulated within the MOF cavities. This strategy provides an avenue for utilizing
well studied photoactive molecules and with the vast library of available topologies to develop
new light harvesting systems. Utilizing this methodology provides multiple advantages relative to
the previous methods, among the most significant is that the properties of the guest and framework
are well established and can selected to include desired properties without requiring more complex
MOF design and synthesis. Additionally, comparing the isolated catalyst to the encapsulated guest
provides a feedback mechanism in which the photophysics of the catalyst may be tuned using the
MOF cavity. This iterative tuning process is particularly useful for developing efficient light
harvesters as it provides insight into mechanistic controls which modulate the photophysics of the
encapsulated guest. At this point, a variety of photoactive guests have been encapsulated within
MOFs including Keggin-type polyoxometalate (POM) clusters69, metallo- and free-base
porphyrins70-73, and transition metal polypyridyls.74-78
1.10 Precedent for MOFs for Light Harvesting Applications
Recently, the concept of applying MOFs as a scaffold for developing light-harvesters has gained
wide acceptance due to their highly crystalline nature which can be optimized to enhance photon

20

collection and subsequent energy migration. In the ship-in-a-bottle approach to encapsulation, the
guest molecule is too large to diffuse through the pore apertures effectively trapping the guest
within a single cavity. Thus, the distances between donor-acceptor pairs encapsulated in adjacent
cavities can be controlled through varying the cavity sizes. One example of a RuBpy-derived MOF
doped with Os2+ reported by Meyer et al.79 exhibits long-distance energy migration via triplet
charge-transfer states. This rapid energy migration was facilitated by the fixed distances between
donor-acceptor pairs which ultimately lead to a higher efficacy of the light-harvesting system by
minimizing energy loss. Building upon a crystalline MOF structure also allows for multiple
chromophores to be incorporated into a single material increasing the potential to capture a broader
range of the solar spectrum. For example, Farha et al.80 paired a zincated porphyrin with boron
dipyromethene to develop a BOP-MOF with high extinction coefficients ranging over the visible
spectrum.
1.11 Motivation behind work:
The rationale behind this work is to build upon the existing catalog of ruthenium guest-based
MOFs in an effort to develop efficient light harvesting systems. To that end, an emphasis was
placed on understanding the interaction which caused the observed changes in the guest
photophysics. Establishing the factors which control how the guest photophysics are modulated
will provide the “toolbox” with which the photophysical properties of guest complexes can be
altered to develop more efficient light harvesting MOFs. Once this “toolbox” is established, the
photoactive guest will be tuned to have a broad absorption in the visible/near-IR region, a long
lifetime and favorable redox potential, and be directionally oriented at fixed distances with donoracceptor pairs.
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Chapter Two: Physical Methods

2.1 Materials and Methods
All of the reagents were purchased from Sigma Aldrich and used without further purification
including Zn(NO3)2·6H2O, Co(NO3)2·6H2O, 2,2’-bipyridine, 1,3,5-tris(4-carboxyphenyl)benzene,
benzene-1,4-dicarboxylic

acid,

1,3,5-triscarboxyphenylethynylbenzene,

4,4’-dimethyl-2,2’-

bipyridine, 9,10-anthracenedicarboxylic acid (H2ADC), dichlorotris(2,2’-bipyridyl)ruthenium(II)
hexahydrate,

dichlorotris(1,10’-phenanthroline)ruthenium(II)

bipyridine)ruthenium(II)

hydrate,

hexafluorophosphate, ruthenium(III) chloride hydrate,

dimethylformamide.
2.2 Synthesis of RWLC-1 and RWLC-2
The original synthesis of
RWLC-1

and

RWLC-2

was based upon a modified
synthesis

procedure

for

MOF-39. The MOF default
was prepared by adding
15.4 mg (0.035 mmol) of
1,3,5-tris(4-

Figure 2.1 Synthesis of RLWC-1 and RWLC-2 and structures

carboxyphenyl)benzene
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tris(2,2′ethanol,

(H3BTB) to 3 mL of a 1:1 (v/v) ethanol/dimethyformamide (EtOH/DMF) solution. Whereupon
40.2 mg (0.135 mmol) of Zn(NO3)2·6H2O, dissolved in 0.5 mL of H2O, was added to the
scintillation vial and heated at 105 °C for 12 hr. The resulting crystals were removed and washed
repeatedly with ethanol until the supernatant remained clear. RWLC-1 and RWLC-2 were
synthesized by the procedure above but adding RuBpy (80 mg of the Cl− salt (0.11 mmol)). This
resulted in both topologies appearing in the reaction vial which then required manual separation.
With further refinement, a method for producing isolated RWLC-2 was developed by using 69.4
mg (0.093 mmol) of the RuBpy (Cl- salt) in place of the 80 mg originally published.
2.3 Synthesis of RWLC-3
The RWLC-3 material was prepared by the
addition of benzene-1,4-dicarboxylic acid (BDC)
(20 mg, 0.12 mmol) in 3 mL of a 1:1 (v/v) ethanol–
dimethyformamide

(EtOH–DMF)

solution

to

Zn(NO3)2·6H2O (35 mg, 0.12 mmol) in 0.5 mL
H2O. To this mixture was added 20.0 mg of RuBpy
(Cl-)(0.027 mmol) followed by heating in a
scintillation vial at 105 °C for 18 hr in an oil bath.

RWLC-3

Figure 2.2 Synthesis of RWLC-2 and structure

The crystals were repeatedly washed with EtOH. Approximately 25 to 50 mg of crystals were
recovered from the solution.
2.4 Synthesis of RWLC-6
The RWLC-6 framework was prepared by adding 1,3,5-triscarboxyphenylethynylbenzene (17.8
mg, 0.035 mmol)(BTE) and RuBpy (40.0 mg, 0.053 mmol of Cl-) to 3 mL of a 1:1 (v/v)
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ethanol:dimethylformamide

(EtOH:DMF)

solution. To this solution, Zn(NO3)2 ·H2O (40.0

Zn2+

+

RuBpy

+

mg, 13 mmol) in 0.5 mL of H2O was added and
placed in a 25 mL scintillation vial. The solution
was heated in an oil bath at 105 °C for 12 hr. After
the allotted time, red crystals were obtained. The
isolated crystals were then rinsed 3–4 times with 5
mL of ethanol until the supernatant was colorless.

Figure 2.3 Synthesis of RWLC-6 and structure

2.5 Synthesis of HKUST-1(Zn) and RuBpy@HKUST-1(Zn)
The synthesis of HKUST-1(Zn) was accomplished by
adding 1,3,5-benzene tricarboxylate (BTCA) (55 mg,
0.26 mmol) and Zn(NO3)2 · 6H2O (110 mg, 0.37 mmol)
to 10 mL of dimethylformamide (DMF) in a 25 mL
scintillation vial. The solution was heated in an oil bath
at 90 °C for 18 hr. Clear and colorless cubic crystals were
collect and washed 3 times with 5 mL of ethanol. To
prepare RuBpy@HKUST-1(Zn) the same procedure was

Figure 2.3 Synthesis of RuBpy@HKUST-1(Zn)
and structure

followed with the addition of RuBpy powder (25 mg,
0.033 mmol of Cl− salt). The solution was heated in an oil bath at 90 °C for 18 hr. Dark red cubic
crystals were collected and washed 3 times with 5 mL of ethanol.
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2.6 Synthesis of Tris(4,4’-dimethyl-2,2’-bipyridyl)dichlororuthenium(II) hexahydrate
(RuDMe)
RuDMe was prepared by adding 4,4’-dimethyl-2,2’-bipyridyl (66.3 mg, 0.36 mmol) and
ruthenium(III) chloride hydrate (24.9 mg, 0.12 mmol) in a 3:1 ratio to a round bottom flask with
10 mL of dimethylformamide (DMF). This solution was stirred while degassing with Ar for 10
minutes. The round bottom flask was heated at 120°C in an oil bath for 12 hr while attached to a
condenser. After the first hour a color change from black to dark red was observed. The reaction
was monitored by TLC and UV-vis to confirm the synthesis of RuDMe.
2.7 Synthesis of RLWC-2(DMe)
The RLWC-2(DMe) framework was prepared by adding 15.4 mg (0.035 mmol) of 1,3,5-tris(4carboxyphenyl)benzene (H3BTB) and 22.5 mg (0.027 mmol, Cl- salt) of RuDMe to 3 mL of a 1:1
(v/v) ethanol/dimethyformamide (EtOH/DMF) solution. Whereupon 40.2 mg (0.135 mmol) of
Zn(NO3)2·6H2O, dissolved in 0.5 mL of H2O, was added to the scintillation vial and heated at 105
°C for 12 hr. The resulting red crystals were removed and washed repeatedly with ethanol until
the supernant remained colorless.
2.8 Synthesis of RWLC-2(Phen)
The RWLC-2(Phen) framework was prepared by adding 15.4 mg (0.035 mmol) of 1,3,5-tris(4carboxyphenyl)benzene (H3BTB) and 19 mg (0.027 mmol, Cl- salt) of RuPhen to 3 mL of a 1:1
(v/v) ethanol/dimethyformamide (EtOH/DMF) solution. Whereupon 40.2 mg (0.135 mmol) of
Zn(NO3)2·6H2O, dissolved in 0.5 mL of H2O, was added to the scintillation vial and heated at 105
°C for 12 hr. The resulting red crystals were removed and washed repeatedly with ethanol until
the supernant remained colorless.
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2.9 Synthesis of RWLC-(Co)
The RWLC-(Co) framework was prepared by adding 1,3,5-triscarboxyphenylethynylbenzene
(17.8 mg, 0.035 mmol)(BTE) and RuBpy (40.0 mg, 0.053 mmol of Cl- salt) to 3 mL of a 1:1 (v/v)
ethanol:dimethylformamide (EtOH:DMF) solution. To this solution, Co(NO3)2 ·6H2O (120 mg,
0.41 mmol) in 0.5 mL of H2O was added and placed in a 25 mL scintillation vial. The solution was
heated in an oil bath at 105 °C for 12 hr. After the allotted time, red crystals were obtained. The
isolated crystals were then rinsed 3–4 times with 5 mL of ethanol until the supernatant was
colorless
2.10 Synthesis of USF-2 and RuBpy@USF-2
The USF-2 topology was prepared by layering 5 mL of a solution containing 55 mg (0.26 mmol)
of 1,3,5-benzene tricarboxylate (BTCA) and 110 mg (0.38 mmol) of Zn(II)(NO3)2·6H2O in
methanol over 5 mL of toluene containing 115 μL of analine in a 25 mL scintillation vial. After
24 hr, clear crystals were observed on the sides and bottom of the vial. The crystals were collected
and washed 3 times with 5 mL ethanol. RuBpy@USF-2 was prepared as per USF-2 with the
addition of 25 mg RuBpy to the methanol solution containing the BTCA and Zn(II)(NO3)2·6H2O.
After 24 hr, light orange crystals formed and were collected and washed.
2.11 X-Ray Structure
The crystallographic data for the single crystals produced were analyzed by the University of South
Florida Solid-State Structure Core Facility. The X-ray diffraction data were collected using a
Bruker D8 Venture PHOTON 100 CMOS diffractometer equipped with a Cu Kα INCOATEC
ImuS micro-focus source (λ = 1.54178 Å). The data was processed using APEX3 software.1 The

32

structure was solved with SHELXT2 and refined using SHELXL-20173,

4

within an OLEX2

interface.5 All non-H framework atoms have been refined anisotropically.
2.12 Steady-State Emission:
The steady state emission measurements were obtained with an ISS PC1 spectrofluorometer
measured 90° relative to a 450 nm excitation. The emission measurements involved crystalline
materials of various degrees of stability and size. The methods used varied depending upon the
emissivity of the material in question. Generally, the steady-state emission of the MOF was
collected using a four-sided quartz cuvette and a quartz slide. Briefly, a thin layer of silicon vacuum
grease was applied to one side of a quartz slide. To this a generous amount of MOF crystals were
pressed into the grease using a square glass slipcover. The crystals were then rinsed in fresh solvent
which served to remove any crystals not stuck to the grease as well as any mother liquor still
present on the slide. The quartz slide was then placed in the four-sided quartz cuvette and fresh
solvent was added to the bottom of the MOF crystals was above the solvent as to ensure the crystals
did not dry out during the experiment. However, if the emissivity of the material was low the
Rayleigh scatter from the vacuum grease would overwhelm the signal from the crystals. If this
were the case, the MOF would be broken down into smaller crystals either through sonication or
centrifugation and then suspended in an appropriate solvent. The supernatant of this suspension
was monitored by UV-Vis to ensure none of the photoactive guest molecule released into the
solution.
2.13 Lifetime Decay Kinetics:
Emission lifetime measurements were obtained using a similar procedure for the steady state
emission measurements with the addition of a degassing step. Briefly, the cuvette used in the
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steady state emission measurements was sealed using a rubber septum and deaerated using Ar. The
cuvette was placed in a temperature controlled sample holder (Quantum Northwest) and excited
with a frequency-doubled Nd:YAG laser (Continuum Minilite II, 7 ns fwhm, ~1 mJ/pulse). Total
emission was focused onto an amplified Si Diode (EOT2030A, 500 ps rise time) and the resulting
signal was fed into a Tektronix TDS-7404 4 GHz digital oscilloscope. The emission decay data
was processed using the OriginPro 8 software. The kinetic data was fit to an exponential decay
function with residuals monitored for goodness of fit.
2.14 Singlet Oxygen:
Briefly, a stock solution of (H2ADC) was made in DMF (~0.6 mg/mL). This concentration of this
stock solution is such that 50 μL of the stock is added to 1950 μL of DMF the absorbance at the
maxima is less than 1. The sample is prepared by making a fine suspension of a known mass of
MOF in DMF. This suspension is centrifuged and resuspended several times to ensure no leaching
of the guest occurs. For the final resuspension of the crystals a minimum amount of solvent is used
to transfer to the four-sided quartz cuvette. The amount of solvent used is recorded and DMF is
added to bring the total volume to 1950 μL. While the sample is in the Uv-Vis it is stirred using a
magnetic stir bar and the spectra is collected. Then 50 μL of the (H2ADC) solution was added and
the spectra was collected again at T0. The spectra were collected at 5-minute intervals over 60
minutes or until no change was observed. The quantum yield for each material was determined for
comparison to the RuBpy in solution.
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Chapter Three: Zinc Polyhedral MOFs

3.1 Zinc based Polyhedral Metal Organic Frameworks
Polyhedral MOFs are a class of porous materials composed of polyhedral cages which share
common vertices and windows into adjacent cavities. A common element of polyhedral MOFs is
the “paddlewheels” SBU. A simplified model (Figure 3.1) displays various SBU geometries
resulting from the coordination of additional “paddlewheel” ligands. One of the earliest examples
of a polyhedral MOF was reported by Ian Williams and colleagues.1 The Cu trimesate system,
HKUST-1, at the time was among the first nanoporous materials with regular crystallinity which
could be chemically functionalized unlike those of zeolites. The HKUST-1 topology incorporates
a Cu-Cu paddlewheel SBU which is commonly found among the highest performing multiapplication materials such as NU-1112, PCN-143 , and NOTT-115.4 HKUST-1 possesses three

Figure 3.1 “Paddlewheel” SBUs with changes to the geometry with each additional ligand
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cavities whose shapes can be approximated as: rhombihexahedron, octahemioctahedron and
tetrahedron with cavity diameters (volumes) of 13 Å (1,287 Å3), 11 Å (696 Å3) and 5 Å (65 Å3),
respectively5, 6 In addition, the HKUST-1 framework has a structural analogue composed of
binuclear Zn paddle-wheel type metal clusters linked by trimesate anions to form a 3,4-connected
cubic framework (tbo-net topology) shown in (Figure 3.2). Widely known examples of polyhedral
MOFs are those of the IRMOF series developed by Omar Yaghi.6, 7 The IRMOF series share a common
cubic topology constructed from linear organic linkers of varying sizes linking Zn4O clusters. This
isoreticular approach allows for the development frameworks which encompass a wide range of cavity
and pore diameters.6, 8 An isostructural form of the HKUST-1 topology is that of USF2 developed by
Zaworotko et al.9 USF2 is a polyhedral MOF, (Figure 3.2), composed of binuclear Zn-paddlewheels
linked by benzene-1,3,5-tricarboxyates resulting in a Pm-3m cubic symmetry framework with a
formula Zn22(C9H3O6)12(H2O,MeOH)38. The resulting framework can be represented as a tiling of
3D space with two faceted polyhedral (cuboctahedron and octahemioctahedron) with an edge
skeleton cube. In addition, the USF2 topology is cationic due to the incomplete coordination of
one of the Zn paddlewheels. The USF2 and HKUST-1(Zn) topologies possess cavities in which
guest molecules can be encapsulated without diffusing out into bulk solvent through the smaller
(~9 Å) apertures. In the case of photoactive guests, such as ruthenium polyimines, encapsulation
results in photophysics consistent with a uniform population distribution due to the fixed
positioning of the guests within the cavities.10, 11 In developing light harvesting systems, having
photoactive guests fixed within a single cavity environment allows the properties of the
encapsulated guest to be modulated through interactions with MOF cavity. In that regard, USF2
and HKUST-1(Zn) can provide details on the effects of encapsulation within a cationic framework
relative to a neutral framework. As the MLCT excited states of ruthenium polyimines exhibit large
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dipoles the presence of a partially charged cavity environment could result in significant changes
to the observed photophysics. The extent of these changes can then be further examined by varying
the magnitude of the dipole moment generated in the excited state of various ruthenium
polyimines.
3.2 Ruthenium(II)tris(2,2’-bipyridine) Encapsulation in Zn Polyhedral MOFs (USF2 &
HKUST-1(Zn)
The first example of a ruthenium polyimines encapsulated within USF2 was that of RuBpy@USF2
published in 2012.6 In the absence of RuBpy the synthesis produced clear cubic crystals. When
RuBpy was added to the synthetic procedure of USF2 the resulting crystals were light orange.
Examination by XRD confirmed the production of USF2 but was unable to crystallographically
resolve the RuBpy guest. The synthesis of HKUST-1(Zn) resulted in clear cubes in the absence of
RuBpy while producing dark orange crystals with RuBpy included in the synthetic procedure
(RuBpy@HKUST-1(Zn)). Similarly, the RuBpy guest encapsulated within HKUST-1(Zn) was

Figure 3.2 Scheme for the synthesis of RuBpy@USF2 and RuBpy@HKUST-1(Zn)
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unable to be crystallographically resolved. The successful encapsulation via a “ship-in-a-bottle”
strategy was confirmed using the photophysics observed in each case.
3.2.1 Steady-State Emission
As shown in (Figure 3.3), the
emission of RuBpy@USF2 is
hypsochromically

shifted

relative to RuBpy in EtOH (598
nm vs. 604 nm, respectively)
while RuBpy@ZnHKUST-1 is
bathochromically

shifted

relative to RuBpy in EtOH (612
nm vs. 604 nm, respectively).9,
12

A small hypsochromic shift in

Figure 3.3 Normalized steady-state emission of RuBpy@USF2(blue),
RuBpy@HKUST-1(Zn) (black), and RuBpy in EtOH(red)

the emission band relative to solution was also observed in RuBpy@zeolite Y13 and is consistent
with a rigidochromic effect. In these materials, stabilization of the excited state dipole moment
associated with the MLCT state is limited due to restricted solvent reorganization. Without the
stabilizing effect of solvent reorganization, the observed emission takes place from a thermally
unrelaxed

3

MLCT state of the encapsulated RuBpy. One possible explanation for the

destabilization could be due to the partial charge of USF2 which could destabilize the 3MLCT of
the encapsulated RuBpy resulting in a hypsochromic shift of the emission spectra. As the RuBpy
guests reside in structurally similar cavities of USF2 and HKUST-1(Zn), they will most likely
exhibit similar emission spectrum if confinement and limited solvent reorganization were the only
determining factor for the emission profile. As shown in (Figure 3.3), the emission spectra of
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RuBpy@USF2

and

RuBpy@HKUST-1(Zn)

are

shifted

in

hypsochromically

and

bathochromically, respectively, relative to RuBpy in EtOH. The observed difference between
RuBpy@HKUST-1(Zn) and RuBpy@USF2, relative to RuBpy in solution is thus likely due to the
partial charge of the USF-2. The emission spectrum can be further analyzed by fitting to the Franck
Condon model discussed previously. The fitting parameters to (eqn. 1.5), (results in Table 3.1),
provide insight into the effects of encapsulation upon RuBpy within HKUST-1(Zn) and USF2. For
RuBpy the high-frequency acceptor modes are attributed to in-plane C=C and C=N stretching of
the ligand (10 ~1290 cm-1 and 11 ~1217 cm-1) while the low-frequency modes involve out of plane
bending modes (primarily 19 ~287 cm-1).14 The fit indicates the average frequencies for the
vibrational acceptor modes are relatively unaffected by encapsulation in both USF2 and HKUST1(Zn). The corresponding E00 values indicate that the observed bathochromic shift in
RuBpy@HKUST-1 arises from a decrease in zero-point energy of the emitting 3MLCT state
relative to RuBpy in EtOH. The hypsochromic shift observed from RuBpy@USF2 is also
consistent with the increase in E00 value. Thus, the shifts in the observed emission maxima from
these materials can be attributed to changes in the energy differences between the 3MLCT and
ground state rather than changes in the distribution of vibrational modes. Furthermore, the HuangRhys factor associated with the low-frequency modes indicates the extent of vibronic coupling is
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significantly lower upon encapsulation
either HKUST-1(Zn) or USF2 relative to
RuBpy in solution. These coupling
factors can be used to determine the
relative nuclear distortions which occur
during the transition from ground and
excited state potential energy surfaces as
per:
1

𝑆 = (2) 𝛼(Δ𝑄𝑒 )2

(eqn 1.6 )
Figure 3.4 Diagram illustrating the displacement of the excited state
potential surfaces of RuBpy@USF2 (gold), RuBpy@HKUST-1(Zn)
(green), relative to solution (blue).

The expression can be rearranged to determine the extent to which the excited state potential
surfaces associated with encapsulated RuBpy are perturbed by encapsulation (eqn 1.7).
∆𝑄𝑀𝑂𝐹 ⁄∆𝑄𝑆𝑜𝑙 = (𝑆 𝑀𝑂𝐹 ℎ𝜔𝑆𝑜𝑙 ⁄𝑆 𝑆𝑜𝑙 ℎ𝜔𝑀𝑂𝐹 )1⁄2

(eqn 1.7)

The ratios calculated from RuBpy@USF2 and RuBpy@HKUST-1(Zn) indicate smaller
displacements in the case of both systems relative to solution by 0.61 and 0.42, respectively (Figure
Table 3.1 Fits to (eqn. 1.5) for RuBpy, RuBpy@USF2, RuBpy@HKUST-1(Zn)
E00 (cm-1)

hωH (cm-1)

hωL (cm-1)

SH

SL

Δ1/2 (cm-1)

RuBpy in EtOH

16781

1258

355

0.64

0.73

1617

RuBpy@USF2

16814

1257

129

0.65

0.10

1561

RuBpy@HKUST
-1(Zn)

16359

1207

279

0.60

0.10

1511

Sample
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3.4). The changes in the potential surface likely result from the framework restricing out-of-plane
bending modes. As neither guest is resolved this distortion cannot be examined in the crystal
structure.
3.2.2 Emission Lifetimes
An overlay of the emission decay
profiles

of

RuBpy@USF2,

RuBpy@HKUST-1(Zn)

and

RuBpy in EtOH are shown in
(Figure 3.5). From the of these
decay profiles it is revealed that
the RuBpy encapsulated within
USF2 exhibits extended lifetime
decay relative to solution (1.2μs

Figure 3.5 Overlay of the normalized emission decay data for RuBpy@HKUST1(Zn)(red), RuBpy@USF2(blue), and RuBpy in EtOH(black)

vs 614ns, respectively).14 As
previously discussed, the ΔE1 and
decay rate constants reported in
(Table 3.2) are consistent with an
extended excited state lifetime
being due to an increase in the
barrier to access the 3LF state of
RuBpy. Furthermore, the increase
in k1 from 5.14x1013 s-1 to

Figure 3.6 Proposed energy level diagram for RuBpy@USF2 (gold) and
RuBpy@HKUST-1(Zn) (green), relative to solution (blue)

1.52x1015 s-1 upon encapsulation
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is consistent with the observed changes in the Huang-Rhys coupling factor resulting in greater
coupling between the excited state and the ground state. The photophysics are consistent with
RuBpy encapsulation within the cubicuboctahedron cage of USF2. The emission decay kinetics
for RuBpy@HKUST-1(Zn) can be best fit to a biexponential decay function based upon the χ2
value and autocorrelation. From the fits, summarized in (Table 3.2), two components were
resolved with lifetimes of 133 ns and 744 ns with fractional amplitudes of 41% and 53% at 25° C,
respectively. In the case of RuBpy@HKUST-1(Zn) the biexponential decay of the emission
indicates two distinct populations of RuBpy within the framework which were not observed in
USF2. There are several models to explain this observed difference in the two frameworks. One
model involves the presence of nonperiodic regions within the HKUST-1(Zn) topology which are
not present in USF2. The nonperiodic region would contain a population of RuBpy which remains
Table 3.2 Summarized kinetic parameters from fits to (eqn. 1.1) for RuBpy, RuBpy@USF2,
RuBpy@HKUST-1(Zn), RuBpy@zeolite Y
Sample

k0
(sec-1 x 105)

k1
(sec-1 x 1011)

ΔE1
(cm-1)

 (ns)

RuBpy

5.64

514

3,661

614

RuBpy@USF2
RuBpy@HKUST-1(Zn) (Fast Phase)
RuBpy@HKUST-1(Zn) (Slow Phase)
RuBpy@zeolite Y

5.5
33.6
7.2
3.8

15200
288
14
0.0011

4,593
3,255
3033
890

1,200
133
744
530

even after washing. In addition, the nonperiodic regions could be inaccessible to solvent exchange
thereby trapping the DMF used in the initial synthesis which would result in two distinct solvent
environments. Another model involves a population of RuBpy which resides close to the surface
of HKUST-1 which is not present in USF2. As USF2 is cationic, the crystalline surface may have
a slightly positive overall charge which could repel the cationic RuBpy.
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3.2.2.1 Slow Phase
With regard to the slow phase observed in RuBpy@HKUST-1(Zn), the value of ΔE1 is 3,033 cm1

relative to 3,661 cm-1 for RuBpy in solution. Furthermore, the decay rate constant associated with

the 3LF state decreases by three orders of magnitude relative to solution (5.14x10 13 in solution vs.
1.4x1012 in HKUST-1(Zn)). The data is in contrast to the photophysics observed in RuBpy@USF2,
where the observed decay rate is ~3 orders of magnitude larger. Specifically, if confined within
the cubohemioctahedral cavity of USF2, the RuBpy excited state would exhibit an increase in the
barrier to the 3LF state thus extending the lifetime. In more highly restrictive environments such
as zeolite Y10 and the Zn-carboxylate MOFs in the RWLC series7, 15 the energy barrier to access
the 3LF state increases sufficiently as to preclude occupancy altogether. In each of these cases ∆E 1
was attributed to barriers to access the 3MLCT states which lie higher in energy than the emitting
3

MLCT manifold.15, 16 In the case of RuBpy encapsulated within zeolite Y, the value for E1 of

~820 cm-1 was attributed to the barrier to populate a fourth 3MLCT which lies above three state
3

MLCT manifold. For the MOFs RWLC-1, RWLC-2, and RWLC-3 the ∆E1 values were much

larger and instead were assigned to barriers to populating MLCT states higher in energy than the
fourth MLCT state including additional singlet-in-character MLCT states.17 Considering the
similarity in k0, k1, and E1 of the slow phase between RuBpy@ZnHKUST-1 to that of the slow
phases of RWLC-1, -2, and -3 indicates that population of the 3LF state in RuBpy@HKUST1(Zn) is also deactivated by a large energy barrier allowing for the singlet-in-character MLCT
states to become accessible. This observation indicates that while the cavities of USF2 and
HKUST-1 are similar, those in which the RuBpy reside are significantly distinct as to result in the
observed differences in the photophysics.
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3.2.2.2 Fast Phase
With regard to the fast phase population, the value of ΔE1 is relatively unaffected by encapsulation
while a significant increase in the decay rate constant associated with the 3MLCT state is observed.
The increase in k0 observed in this material is similar to that observed in the fast phase of the
RWLC series. In addition, the value of E1 is similar to that of RuBpy in solution which indicates
that the fast phase population of RuBpy resides in an environment that is not as restrictive as that
of the slow phase population. The photophysics indicate the presence of a quenching mechanism
for this population of RuBpy in the less confining environment. The precise quenching mechanism
has yet to be fully elucidated however several possibilities exist. The most plausible explanation
is the presence of near-surface bound RuBpy in close proximity as to undergo a self-quenching
mechanism.
3.3

Ruthenium(II)tris(1,10-

phenanthroline)

Encapsulation

in Zn Polyhedral MOFs (USF2 &
HKUST-1(Zn)
Examination of RuBpy@USF2 vs
RuBpy@HKUST-1(Zn) indicates
the cationic charge of USF2 has
pronounced effects on the observed
photophysics of RuBpy. In order to
better understand the extent of such
effects
ruthenium

requires

additional

polyimines will

Figure 3.7 Schematic diagram for the synthesis of RuPhen@USF2 and
RuPhen@HKUST-1(Zn) (shown)

be
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examined. One such complex is RuPhen, chosen specifically to explore the effect of increasing the
magnitude of the induced dipole while maintaining a similar size (ΔμRuBpy = 4.6 D vs ΔμRuPhen =
6.7 D).18
3.3.1 Steady State Emission

emission

of

RuPhen@HKUST-1(Zn)
and RuPhen@USF2 relative
to RuPhen in EtOH are
displayed in (Figure 3.8).
The

analysis

of

RuPhen@USF2 is discussed
in detail in our previous
publications and will only be

Normalized Emission Intensity (exc = 450nm)

The normalized steady-state

RuPhen in EtOH
RuPhen@HKUST-1(Zn)
RuPhen@USF2

1.0

0.8

0.6

0.4

0.2

0.0
540

570

600

630

660

690

Wavelength (nm)

Figure 3.8 Normalized steady-state emission of RuPhen@USF2(blue),
RuPhen@HKUST-1(Zn) (red), and RuPhen in EtOH(black)

briefly summarized in this
work.19 In the case of RuPhen@USF2 the emission spectrum is hypsochromically shifted relative
to RuPhen in EtOH (579 nm vs 586 nm, respectively). While the emission spectrum of
RuPhen@HKUST-1(Zn) exhibits a 4 nm hypsochromic shift relative to RuPhen in solution.
Similar to the hypsochromic shifts observed in the emission bands of RuBpy and RuPhen in USF2.
However, as discussed, the emission spectra of RuBpy@HKUST-1(Zn) exhibited a bathochromic
shift of 6 nm rather than a hypsochromic shift. Fitting of the emission spectra to (eqn. 1.5) (results
in Table 3.3), indicates the parameter corresponding to the energy of the 3MLCT, E00, follows the
same trend for each topology. Encapsulation of a RuBpy and RuPhen within USF2 results in an
46

increase in the E00 value while
encapsulation within HKUST-1(Zn)

In the case of USF2, the extent to
which the 3MLCT is destabilized is
greater for RuPhen relative to
RuBpy possibly due to differences

Solution

Relative Potential Energy

results in a decrease in the E00 value.

RuPhen@USF2

RuPhen@HKUST-1(Zn)

Ground state
ΔQHKUST-1(Zn)
ΔQUSF2
ΔQSolution

in the dipole moment generated

Qnucl

upon excitation of each complex
(6.7 D for RuPhen vs 4.6 D for
RuBpy).17 The larger dipole moment

Figure 3.9 Diagram illustrating the displacement of the excited state
potential surfaces of RuPhen@USF2 (gold), RuPhen@HKUST-1(Zn)
(green), relative to solution (blue).

of RuPhen results in greater polarization of the MOF cavity which is further restricted in presence
of a static charged environment. In the case of HKUST-1(Zn), the 3MLCT of RuBpy is more
stabilized upon encapsulation than in the case of encapsulated RuPhen. As discussed, the solvent
interactions present in each material may play a large part in the stabilization of the unrelaxed
3

MLCT state. In HKUST-1(Zn) the larger dipole of RuPhen relative to RuBpy may minimize the

extent to which the 3MLCT is stabilized by the neutral framework. However, in the case of
RuPhen@HKUST-1(Zn) the hypsochromic shift observed shift in emission spectra is inconsistent
with the reduction in the E00 value. Further fitting reveals only minimal changes in the FranckTable 3.3 Fits to (eqn. 1.5) for RuPhen, RuPhen@USF2, RuPhen@HKUST-1(Zn)
E00 (cm-1)

hωH (cm-1)

hωL (cm-1)

SH

SL

λmax(nm)

RuPhen in EtOH

17405

1273

247

0.60

0.96

589

RuPhen@USF2

17603

1445

533

0.50

0.57

579

RuPhen@HKUST1(Zn)

17350

1237

338

0.65

0.68

585
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Condon parameters with the exception of the average low-frequency coupling mode and
corresponding Huang-Rhys coupling factor. In this case, the coupling mode increased by nearly
100 cm-1 while the coupling factor reduced by a third relative to the values determined for RuPhen
in solution. As discussed previously, changes in the Huang-Rhys factor and coupling modes can
be provide information regarding the effects of encapsulation on the potential energy surface
(Figure 3.9). The ratio calculated for RuPhen@USF2 and RuPhen@HKUST-1(Zn) are similarly
small as those observed in RuBpy (0.52 vs 0.72, respectively). Interestingly, the extent to which
RuPhen is distorted in USF2 is greater than RuBpy while the extent to which RuBpy is distorted
in HKUST-1(Zn) is greater than RuPhen.
3.3.2 Emission Lifetimes
An overlay of the normalized
decay

profiles

RuPhen@USF2,
RuPhen@HKUST-1(Zn),

and

RuPhen in EtOH are displayed in
(Figure 3.10). As with previous
examples,

encapsulation

RuPhen results in

RuPhen@HKUST-1(Zn)
RuPhen in EtOH
RuPhen@USF2

of

of

extended

Normalized Emission Decay

emission

1.0
0.8
0.6
0.4
0.2
0.0
0

data

Fitting of the decay
for

2

3

4

5

Time (s)

lifetimes relative to RuPhen in
solution.

1

Figure 3.10 Overlay of the normalized emission decay data for
RuPhen@HKUST-1(Zn)(black), RuPhen@USF2(blue), and RuPhen in
EtOH(red)

RuPhen@USF2

revealed a biexponential decay composed of a 323 ns phase and a 1758 ns phase. Interestingly, a
second decay phase was not observed in the RuBpy analog which only exhibited a single 1200 ns
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Table 3.4 Summarized kinetic parameters from fits for RuPhen, RuPhen@USF2,
RuPhen@HKUST-1(Zn)
Sample

k0
(sec-1 x 106)

k1
(sec-1 x 1013)

ΔE1
(cm-1)

 (ns)

RuPhen

1.4

33

3824

320

RuPhen@USF2 (Fast Phase)

2.5

1.6

2964

323

RuPhen@USF2 (Slow Phase)

0.45

200

5542

1758

RuPhen@HKUST-1(Zn) (Fast Phase)

0.22

0.017

2626

576

RuPhen@HKUST-1(Zn) (Slow Phase)

0.88

2244

5040

1175

decay. Additionally, the RuPhen@HKUST-1(Zn) decay data best fit to a biexponential function
composed of a 576 ns fast phase and a 1175 ns slow phase. Interestingly, this is the first example
from our lab in which the faster kinetic phase exhibited a significantly longer lifetime than that of
solution.
3.3.2.1 Slow Phase
The kinetic decay parameters
of

the

slow

phase

of

RuPhen@HKUST-1(Zn) are
consistent with encapsulation
within an environment which
restricts the expansion of the
excited state complex. In the
case of RuPhen@USF2 and
RuPhen@HKUST-1(Zn), the

Figure 3.11 Proposed energy level diagram of RuPhen@USF2 and
RuPhen@HKUST-1(Zn)

ruthenium guests are encapsulated in restrictive cavities which significantly increase the energy
barrier to access the 3LF state relative to solution. In each case the corresponding nonradiative
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decay rate for the 3LF state, k1, also increases relative to that of solution (6 times and 68 times
greater for USF2 and HKUST, respectively). The significant increase in the value of k1 determined
for the slow phase of RuPhen@HKUST-1(Zn) is likely responsible for the ~600 ns difference in
lifetime relative to RuPhen@USF2. Interestingly, a significant increase in k1 was also observed
for RuBpy@USF2 and attributed to geometric distortions in the excited state. The precise
accounting for such a large increase in k1 is as of yet unknown but indicates the confinement of
RuPhen in a HKUST-1(Zn) cavity allows for previously inaccessible nonradiative decay pathways
from the 3LF state which were not present upon encapsulation in USF2.
3.3.2.2 Fast Phase
While the origin of the fast phase population of RuPhen@HKUST-1(Zn) is as of yet uncertain, the
data is consistent with this population of RuPhen being encapsulated within the large 14 Å
rhombihexahedron cavity of HKUST-1(Zn) in the presence of minimal solvent molecules. In
previous examples of Ru@MOFs, the fast phase decay often exhibited unchanged k 1 and ΔE1
terms, relative to solution, as well as increased k0 values and shorter lifetimes. These changes were
attributed to a guest population encapsulated within a larger region in close proximity to a quencher
molecule. Interestingly, the fast phase of RuPhen@HKUST-1(Zn) exhibits kinetics which are
distinct from previous materials. Examination of the fast phase photophysical parameters, (Table
3.4), indicates a ΔE1 that is ~1200 cm-1 lower, a k1 that is 3 orders of magnitude smaller and a k0
which is 7-fold lower than RuPhen in solution. Similar changes were observed from the fast phase
of RuPhen@USF2 with only a difference of magnitude. Specifically, the substantial decrease in
k1 indicates a reduction of the nonradiative decay pathways in RuPhen@HKUST-1(Zn) relative to
RuPhen@USF2. These nonradiative decay pathways are largely due to a relaxation through
vibrational coupling to solvent molecules or the supporting framework. Thus, the change in the
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nonradiative decay rates must be due to either the partial charge in USF2 inhibiting coupling to
the framework or the slight size differences in the largest cavities of USF2 and HKUST-1(Zn).
Unfortunately, neither the guest nor the exact solvent distribution is crystallographically resolvable
making detailed analysis of the vibronic coupling not possible.
3.4 Summary
The distinct photophysics observed from RuBpy and RuPhen encapsulated within the structurally
similar cavities of USF2 and HKUST-1(Zn) demonstrates the complex relationship between guest
photophysics and MOF characteristics. For RuBpy, the observed photophysics can be explained
by different levels of confinement within the USF2 and HKUST-1(Zn) either through the
participation of higher energy MLCT states in the case of HKUST-1(Zn) or an increased barrier
to access the 3LF state in the case of USF2. In addition, the biphasic decay from RuBpy within
HKUST-1 indicates a population of RuBpy which has no analog in the USF2 topology. Either this
second population is the result of different solvent present in the initial synthesis of HKUST-1 or,
more likely, a population of RuBpy exists that undergoes self-quenching near the surface of the
crystal face. For RuPhen, the observed photophysics indicates the larger dipole of RuPhen relative
to RuBpy may play a role in the observed photophysics within the cationic USF2 versus the neutral
HKUST-1(Zn). In addition to exhibiting biphasic decays, neither RuPhen@USF2 nor
RuPhen@HKUST-1(Zn) appear to have a quenched fast phase component unlike other RuBpy
MOFs. It also appears that varying the excited state dipole moment of guest molecules can be used
to further tune the emission energy of the encapsulated guest complex depending upon the ionic
nature of the cavities.
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Chapter Four: RuBpy Templated MOFs

4.1 Zn-Carboxylate Templated Frameworks
When considering MOF design, templating is of particular interest for light harvesting applications
due to the ability to produce novel topologies with unique properties which may not be accessible
through direct synthesis methods.1-4 The process of templating in MOF synthesis involves a
templating molecule interacting with framework precursors through van der Waals, hydrogen
bonding, and/or electrostatics.5 Depending upon the type of templating molecule it may either
remain trapped within the templated MOF structure or diffuse back into the bulk solvent.
Furthermore, if the templating molecule possesses additional characteristic such as redox activity,
catalytic activity or fluorescence then the resulting templated structure could exhibit these
characteristics as well. Generally templating molecules are divided into seven classes: solvents,
organic/inorganic compounds, coordination complexes, polymers, surfactants, and gas molecules. 6
For the context of this chapter, an emphasis will be placed on templating by solvent, inorganic
compounds, and coordination complexes.
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4.2 Templating with Solvent
The templating effect by varying solvent
composition in MOF synthesis has numerous
examples in the literature. For example,
Bharadwaj and co-workers reported the
H2O+PrOH

synthesis of several different rod-type Pb(II)
MOFs, as shown in (Figure 4.1), exhibiting
luminescence properties.7 The change in the
relative concentration between water and
various alcohols changed the overall dielectric

Figure 4.1 New MOFs templated by varying H2O/alcohol
ratios

constant of the bulk solvent which was
sufficient to template these new topologies. Changing the solvent conditions allows for a wide
range of topologies to be synthesized with one example by Su et al. reporting seven new topologies
produced from a single procedure varying only the solvents.8 The frameworks were produced using
a solvothermal method with zinc nitrate, 1,3,5-benzenetricarboxylate acid (H3BTC) and differently
sized

solvents

(N,N-dimethylacetamide

(DMA),

N,N-diethylacetamide

diethylpropionamide (DEP)) (Figure 4.2 and 4.3).
The

seven

possessed

topologies
pore

sizes

ranging from 9-23 Å with
three

frameworks

possessing cages larger than
16 Å. While these previous

Figure 4.2 Solvents used in order from left to right: DMA, DEE, DEP
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(DEE),

N,N-

examples

used

relatively large changes
in solvent dielectric
constants to direct the
templating

of

new

topologies this is not
always the case. In
2005, Zaworotko and
co-workers
demonstrated that the
templating of USF-3,
and

USF-4,

accomplished

was
by

a

Figure 4.3 Seven novel MOF topologies composed of Zn-BTC using solvents of varying size

relatively small change in the dielectric constant as a result of switching the solvent from benzene
to chlorobenzene.9
4.3 Templating with Inorganic compounds
Polyoxometalates (POMs) are of particular interest for templating new MOFs due to the large
variety of chemical and physical properties attainable by varying the composition of the molecular
clusters.10, 11 POMs are well suited for catalytic applications despite possessing extremely low
surface areas (~10 m2/g). As discussed previously, in addition to possessing extremely high surface
areas (~1000s m2/g) MOFs possess cavities which can be used to encapsulate various guests. Thus,
much effort has been devoted to combining the unique properties of POMs with the high surface
area and versatility of MOFs. Keggin-type POMs have shown particular potential for serving as
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templating molecules producing novel host-guest applications in dye adsorption and
photochemistry.8, 12 For example, Liu and Hu were among the first to develop a synthetic method
which combined the catalytic activity of HPW (H3PW12O40) with the high surface area and stability
of MOFs to produce cubic and octahedral crystals of NENU-3a (Cu12(BTC)8·H3PW12O40).13 The
interaction between the MOF precursors and HPW was critical for the nucleation of NENU-3a as
the MOF did not form in the absence of HPW.
4.4 Templating with Metal complexes
4.4.1 Templating with Porphyrins
Metalloporphyrins are widely known catalysts with high selectivity and efficiency when reacting
with a variety of organic molecules. However, metalloporphyrins generally suffer from stability
issues in various solvents due to solvation of the metal ion resulting in the demetallization of the
porphyrin ring.14, 15 Thus, rigid supporting media such as zeolites, sol-gels, and MOFs have often
be used to stabilize the metalloporphyrin guests. Of these support matrices, MOFs were of
particular interest as the permanent porosities and regular crystallinity provided a uniform
distribution of the incorporated metalloporphyrin. Generally, two strategies are used to incorporate

Figure 4.4 MOM-12 (left) and MOM-13 (right)
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metalloporphyrins into MOFs.16, 17 In the first method the metalloporphyrins serve as the linkers
of the framework, while in the second the metalloporphyrins are noncovalently encapsulated
within the MOF cavities.15 Interestingly, metalloporphyrins have exhibited a templating effect
when used as a guest. For example when encapsulating meso-Tetra(N-methyl-4-pyridyl)porphine
tetratosylate (TMPyP) in the HKUST-1 topology, Zaworotko et al. reported five variants of
HKUST-1 and a novel polyhedral net which were templated by the TMPyP guest.16 This same
group later reported the synthesis of additional TMPyP templated MOFs, MOM-12 and MOM-13
(Figure 4.4) composed of Cd-BTC and Cd-[1,1':3',1''-terphenyl]-4,4'',5'-tricarboxylic acid
(H3TPT), respectively.18 From (Figure 4.4), the large channels of porph@MOM-12 are devoid of
porphyrin whereas all the channels of porph@MOM-13 are partially occupied by porphyrin. The
absence of porphyrin in the large channels of porph@MOM-12 was cited as a reason for the lower
stability relative to porph@MOM-13.
4.4.2 Templating with Ruthenium Polyimines
Recently, RuBpy and related polyimines have emerged as potential templating agents for the
development of novel topologies which can be used in photocatalytic and light harvesting
applications. Larsen et al. demonstrated the templating properties of RuBpy with two frameworks
RWLC-1 (Zn12(BTB)7·(RuBpy)2) and RWLC-2 (Zn9(BTB)6·RuBpy).19 In the absence of the
RuBpy templating molecule the synthesis yielded Zn-BTB of the dia topology. Our group later
reported additional topologies in which RuBpy acted as a templating agent in the formation of the
new frameworks.15,

19

Each of these topologies significantly modulated the RuBpy guest

photophysics in effect “tuning” the photophysics due to MOF-guest interactions. This chapter will
focus on contributions made by the author towards building upon the initial RWLC series and
studying the effects of encapsulation on the guest photophysics. Specifically, what interactions
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occur between the MOF cavity and guest to illicit the observed changes to the photophysics of the
encapsulated guest. In the context of this dissertation, the author would like to make a note that
the original publications of RWLC-1, RWLC-2, RWLC-3, RWLC-5 preceded the authors
involvement with this work. The photophysics of those materials listed were reported and
discussed in detail in the original publications and will be briefly summarized for context.
4.5 Previously published work
4.5.1 RuBpy Templated MOFs RWLC-1 and RWLC-2 and RWLC-3
The structural intricacies of the
previous

frameworks

were

discussed in detail in the original
publications.19, 20 As much of the

Zn2+

+

work in this chapter involves the
RWLC-2 topology the structural
RuBpy

details will be reviewed here. The
RWLC-2

topology

can

be

described as a 3,6-connected net

Zn2+

+

with BTB ligands and Zn3OH
clusters (which consist of three

Figure 4.5 Schematic diagram for the synthesis of RWLC-1 (top), RWLC-2
(middle), RWLC-3 (bottom)

Zn(II) ions bridged by three
carboxylates ligands with an OH- group located at the center of the cluster) at corresponding
vertices. The structures of RWLC-1, RWLC-2, and RWLC-3 are displayed in (Figure 4.5).
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4.5.2 Steady-State Emission
photophysics

of

the

previously

reported frameworks are now discussed
briefly as to provide context. For the current
research the photophysics exhibited by the
RWLC series of MOFs are distinct from
those previously reported for the Zn-

Normalized Intensity (Ex. 450 nm)

The

polyhedral frameworks (see chapter 3).

RuBpy in EtOH
RWLC-1
RWLC-2

1.0
0.8
0.6
0.4
0.2
0.0
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800

Wavelength (nm)

Briefly,

the

normalized

steady-state

emission spectra of RWLC-1 (Figure 4.6)

Figure 4.6 Normalized emission intensity of RWLC-1, RWLC-2,
and RuBpy in EtOH

displays a hypsochromic shift while a
bathochromic shift in the emission spectra
was observed for RWLC-2 (relative to
RuBpy

in

EtOH).

The

significant

hypsochromic shift observed in RWLC-1
was similar to that observed for RuBpy
confined within the restricted cavities of
USF-2 and zeolite Y.21,

22

Encapsulation

Figure 4.7 Normalized steady state emission spectra of RuBpy in
solution (squares) and RWLC-3 (triangles).

within a solvent restricted environment
limits solvent reorganization which reduces the number of accessible thermal relaxation pathways
from the Franck-Condon 1MLCT state. Thus, the observed emission arises from a thermally
unrelaxed 3MLCT state resulting in a hypsochromic shift in the emission spectra. Conversely, the
large bathochromic shift observed in RWLC-2 arises from a relaxed 3MLCT state with further
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Table 4.1 Summary of fits to (eqn. 1.5) for RWLC-1, RWLC-2, and RWLC-3
Sample

E00

hH

hL

SH

SL

1/2

RuBpy

16781

1258

355

0.64

0.73

1617

RWLC-1

17364

1589

463

0.62

0.68

1726

RWLC-2

16213

1918

347

0.55

0.73

2668

RWLC-3

16524

2471

846

0.14

0.19

1076

charge stabilization due to solvent interactions and polarizability of the surrounding framework.
Unlike the RWLC-1 structure, the RuBpy complexes observed within the channels of RWLC-2
are located ~ 9 Å apart providing gaps for solvent occupancy which, upon refinement of the
structural model, show an electron density that can be interpreted as disordered water molecules.
For the steady-state emission of RWLC-3, a minimal bathochromic shift is observed in (Figure
4.7). As with RWLC-2, the emission observed in RWLC-3 was attributed to a radiative decay from
a stabilized 3MLCT state albeit to a lesser extent. The fit parameters from (eqn. 1.5) for all three
frameworks are summarized in (Table 4.1). In the case of RWLC-1 and RWLC-2, the changes in
E00 (the term representing the energy gap between the 3MLCT and 1GS) are consistent with
emission from a 3MLCT Franck-Condon state unlike that of RuBpy in solution. Furthermore, in
the case of RWLC-1 the 23 nm hypsochromic shift is consistent with the ~580 cm-1 increase in E00
while the 20 nm bathochromic shift observed in RWLC-2 is consistent with the ~580 cm-1
decrease. However, in the case of RWLC-3 there was only an approximate ~400 cm-1 decrease in
the E00 relative to RuBpy in solution. This decrease in E00 was attributed to a number of factors
which effected the solvation environment of the RuBpy within the material including the increased
stabilization of the MLCT state due to π-π stacking interactions with the framework as well as
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induced micro-polarity. Unlike with RWLC-1 and RWLC-2, the Franck-Condon parameters
determined for RWLC-3 show significant changes to the average high- and low-frequency
coupling modes and the Huang-Rhys parameters. This indicates significant differences in the
excited state potential well.
4.5.3 Emission Lifetimes:
The normalized kinetic decays of RWLC-1, RWLC-2, RWLC-3 are displayed relative to RuBpy
in EtOH (Figure 4.6 and 4.7). In general, the emission decay data of the RWLC series can be best
fit to a biexponential decay function based upon χ2 and autocorrelation. These fits are summarized
in ((Table 4.3) see section 4.7.3) and will be discussed for context. Briefly, the slow phase lifetimes
of RWLC-1 (1.60 µs, 72% of the total amplitude) and RWLC-2 (797 ns, 72 % of the total
amplitude) are significantly longer than RuBpy in solution (676 ns). Unlike RWLC-1 and RWLC2, the slow phase lifetime of RWLC-3 (453 ns, 42% of the total amplitude) was actually shorter
than that of solution. All of the observed fast phase lifetimes were significantly shorter than that
of RuBpy in solution (237 ns, 28% of the total amplitude and 171 ns, 28% of the total amplitude,
120 ns, 58% of total amplitude for RWLC-1 and RWLC-2 and RWLC-3, respectively).
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4.5.3.1 Slow Phase

RWLC-1 and RWLC-2 are 2,566 cm-1
and 2,198 cm-1, respectively, which are
both lower than that of ΔE1 for RuBpy in
-1

solution (3,491 cm ). Furthermore, the k1
values for RWLC-1, RWLC-2, and

Normalized Emission Intensity

The value of ∆E1 for the slow phase of

RWLC-3, are approximately three orders

0.8
0.6
0.4
0.2
0.0
0.0

-6

3.0x10

-6

6.0x10

-6

9.0x10

Time (s)

of magnitude lower than that of RuBpy in
EtOH (~1010 s-1 vs. 1013 s-1, respectively).

RWLC 2
RWLC-1
RuBpy in EtOH

1.0

Figure 4.8 Normalized emission intensity for RWLC-1 (blue),
RWLC-2 (red), and RuBpy in EtOH (black)19

The slow phase kinetic parameters of
RWLC-3 are distinct from those observed
in RWLC-1 and RWLC-2 as well as
zeolite Y.19, 23 Upon encapsulation within
a significantly confined cavity, such as in
zeolite Y, the increased energy barrier to
access the 3LF state thereby deactivates
the decay pathway through the 3LF.18 In
the case of RWLC-1, -2, -3, the lower ∆E1
values indicates the decay cannot be

Figure 4.9 Normalized emission intensity for RWLC-3 (red) and
RuBpy in EtOH (black)20

through the 3LF state as the lower ∆E1 values would result in a shorter observed lifetime relative
to solution. As the photophysics are not consistent with population of the 3LF state, the ∆E1 and k1
values must correspond to a decay pathway through a different state. In RuBpy@zeolite-Y the
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decreased k1 value was attributed to the population of an additional 3MLCT state which resides ~
900 cm-1 higher in energy than the manifold of the three lowest energy 3MLCT states. Assigning
the ΔE1 and k1 values of RWLC-3 to the fourth MLCT would necessitate the kinetic parameters
being similar between the two materials. Similar to RuBpy@zeolite-Y, the ∆E1 value of the slow
phase of RWLC-3 is drastically reduced relative to the value in solution (1779 cm-1 vs. 3661 cm1

, respectively), in addition to being lower than those observed in RWLC-1 and RWLC-2 (2566

cm-1 and 2198 cm-1, respectively). However, the ΔE1 value for RWLC-3 is ~900 cm-1 higher than
that observed in RuBpy@zeolite-Y while the corresponding k1 value increased by two orders of
magnitude. The increased ∆E1 and k1 likely corresponded to the presence of additional nonradiative decay pathways due to π-π stacking not present in RuBpy@zeolite-Y. However, the ΔE1
of RWLC-1 and RWLC-2 are too large to be attributed to the fourth MLCT state. One possible
explanation is that the confinement of RuBpy encapsulated within RWLC-1 and RWLC-2 allows
access to higher energy MLCT states which reside above the fourth MLCT. Two such states were
first reported computationally then observed experimentally in single crystals of RuBpy(ClO 4)2 at
2,442 cm-1 and 3,096 cm-1 above the fourth MLCT.15 Interestingly the slow phase lifetime of
RWLC-1 is approximately double that of RWLC-2, with only a ~ 400 cm-1 difference in ∆E1 and
nearly identical k1 values. The relatively large changes in the observed lifetime of RuBpy
encapsulated in RWLC-1, -2, and -3, can only be attributed to the unique cavity environments
present in each framework. For example, the crystal structure of RWLC-1 displays no solvent in
close proximity to RuBpy while in RWLC-2 electron density consistent with solvent molecules
are located between adjacent RuBpy molecules within the cavity. The different effects associated
with encapsulation also allow for the population of additional MLCT states.
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4.5.3.2 Fast Phase
The fast phase components of RWLC-1, -2, -3, exhibit photophysics consistent with encapsulation
in a less confined environment relative to the slow phase component. Examination of the k0, k1
and ∆E1 values indicates photophysics nearly identical to that of the RuBpy in solution with the
exception of the k0 values. The similarity to solution indicates the population of RuBpy responsible
for the fast phase component is located within a less confined environment in these materials.
However, in each case examination of the crystal structure reveals no additional cavities/channels
which could accommodate such a population. This suggests the presences of a non-periodic or
defect regions containing RuBpy which would not be crystallographically resolvable. Further
analysis reveals that RuBpy within these non-periodic regions exhibits an increase in the k0 value
by approximately an order of magnitude which is consistent with the shortened lifetime relative to
the slow phase and RuBpy in solution. As the k0 values indicate a more rapid decay from the
3

MLCT state, several possible quenching mechanisms could be responsible for the increased decay

rate. A possible explanation is the presence of a population of RuBpy which resides either on or
near the surface of the crystals in close proximity to one another. The neighboring RuBpy
molecules would result in a self-quenching process which is consistent with the photophysics
observed.
4.6 Contributions
In a continuation of the work reported above, two main avenues of study were followed. First was
an attempt to accomplish the initial objectives of the RWLC which was to encapsulate RuBpy in
a larger MOF cavity thus mimicking solution like conditions. Next was examine the effect of
encapsulation on a series of homoleptic ruthenium complexes encapsulated within the RWLC-2
platform each of which exhibited unique photophysics.
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4.7 Templating of RWLC-619
4.7.1 MOF Structure
In an attempt to expand the cavity
of a MOF to produce solution-like
properties of the RuBpy guest,

Zn2+

+

RuBpy

+

Zn2+ was reacted with the BTE
ligand in the presence of RuBpy.
The

resulting

novel

RWLC-6

framework consists of five-metal
Zn-clusters

(Zn2+/

(BTE)/OH–/H2O)

COO–
connected

through the BTE ligands. The
structure is doubly interpenetrated

Figure 4.10 Scheme for the synthesis of RWLC-6 and structure

with the RuBpy cations located in
cavities between two negatively charged Zn clusters (Figure 4.10). Single-crystal X-ray diffraction
confirmed the encapsulation of RuBpy within the Zn-metal organic framework. Yu et al reported
a topologically similar framework using cobalt, but without the RuBpy guest complexes.20 The
RuBpy is disordered over an inversion symmetry element with Ru located approximately on the
inversion center with the occupancy of RuBpy of ~86%. The framework charge appears to be
negative with the possible presence of two OH– groups in the cluster. The negative charge is
balanced through the RuBpy cations. Based on these considerations the approximate formula is:
[Zn5(C33H15O6)3(OH)2(H2O)2], 0.5(C30H24N6Ru),2H2O,xSOLV. The presence of electron density
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in crystalline voids indicates the presence of disordered solvent and possibly uncoordinated 2,2′bipyridine. It was not possible to establish the exact content of voids.

4.7.2 Steady State Emission
The normalized emission spectra of
RWLC-6 and RuBpy in ethanol are

Table 4.2 Summary of fits to (eqn. 1.5) for the RWLC
series
E00

shown in (Figure 4.11). The spectra

RuBpy

16781 1258 355

0.64 0.73 1617

indicate a slight hypsochromic shift

RWLC-1 17364 1589 463

0.62 0.68 1726

RWLC-2 16213 1918 347

0.55 0.73 2668

RWLC-3 16524 2471 846

0.14 0.19 1076

to that of RuBpy in solution (601 nm

RWLC-5 15915 1738 636

0.31 0.1

vs. 606 nm, respectively). This shift

RWLC-6 16927 1257 391

0.67 0.68 1396

in the emission of RWLC-6 relative

hH

hL SH

SL

1/2

Sample

1463

is significantly less than the shifts observed in the other RWLC topologies and indicates conditions
more closely resembling that of the native solvent. The fits to (eqn. 1.5) are summarized in (Table
4.2). The hypsochromic shift observed in RWLC-6 is consistent with a rigidochromic effect which
has been observed in complexes with
RWLC-6
Fitting to Eqn.
RuBpy in EtOH

Normalized Emission Intensity

1.0
0.8

3

solvent environment24 such as in zeolite Y,25

0.6

USF-2,16 and RWLC-1.26 Much like these

0.4

materials, the emitting 3MLCT is likely

0.2
0.0
500

MLCT states confined within a restrictive

destabilized due to a limited solvent
550
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reorganization.

As

discussed

earlier,

population of the long-lived 3MLCT results

Figure 4.11 Normalized steady-state emission intensity for
RWLC-6 (black), RuBpy in EtOH (blue), and best fit to (eqn.1.5)
(red)25
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in a significant reorganization of the solvent

to accommodate the large induced dipole. This facilitates the thermal relaxation of the unrelaxed
Franck-Condon excited state through nonradiative decay pathways coupled to the solvent. In the
case of RWLC-6, the E00 value differs by ~150 cm−1 from that of solution which accounts for the
shift observed in the steady-state emission. Unlike other members of the RWLC series, the average
frequency and corresponding coupling factor for the high-frequency acceptor modes are not
significantly affected by encapsulation in RWLC-6. Interestingly, the average low-frequency
acceptor modes of RWLC-6, which correspond to the out-of-plane bending of the ligands, only
slightly increase and closely resemble those observed in RWLC-2. This similarity could be due to
the interactions with solvent molecules in each framework resulting in less distortion of the RuBpy
ligands.

An overlay of the emission decay for RuBpy
and RWLC-6 in EtOH is displayed in
(Figure 4.12). Similar to other members of
the RWLC series, the emission decay data
of RWLC-6 best fits to a biexponential
decay function (based on χ2 values and

Normalized Emission Intensity

4.7.3 Emission Lifetimes

autocorrelation). The fitting parameters for
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the fast phase population (τ = 216 ns
accounting for 24% of the total amplitude)

Figure 4.12 Normalized emission intensity for RWLC-6 (black)
and RuBpy in EtOH (red)

and a slow phase (τ = 1032 ns accounting
for 76% of the total amplitude) at 25° C are summarized in (Table 4.3). As in previous RWLC
series frameworks, a biphasic decay indicates the presence two RuBpy populations, one population
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being encapsulated within the MOF cavities, while the other being located within larger
nonperiodic regions containing a co-encapsulated quencher. This is evident from the values of k0,
k1, and ∆E1 (see Table 4.3). However, in the case of RWLC-6, the kinetic parameters determined
for the fast phase are distinct from the photophysics observed for other members of the RWLC
series.
4.7.3.1 Fast Phase Kinetics
The population of RuBpy giving rise to the fast phase decay exhibits significant changes in k0, k1,
Table 4.3 Summary of fits to (eqn. 1.1) for RWLC series
Sample

k0
(sec-1 x 105)

k1
(sec-1 x 1011)

ΔE1
(cm-1)

 (ns)

RuBpy
RWLC-1 (Fast Phase)
RWLC-1 (Slow Phase)
RWLC-2 (Fast Phase)
RWLC-2 (Slow Phase)
RWLC-3 (Fast Phase)
RWLC-3 (Slow Phase)
RWLC-6 (Fast Phase)
RWLC-6 (Slow Phase)
RuBpy@Zeolite-Y

5.64
38.3
5.3
40
7.6
53.9
2.9
21.8
5.5
3.8

514
267
0.2
125
0.2
1180
0.1
0.00024
22.5
0.0011

3,661
3,753
2,566
3,256
2,198
3624
1779
454
3084
890

614
237
1,600
171
797
120
453
216
1032
530

and ∆E1 relative to those observed for RuBpy in solution or other members of the RWLC series
(see Table 4.3). Specifically, the value of ∆E1 decreases from 3491 cm-1 (RuBpy in solution) to
454 cm-1 upon encapsulation. In this case, a greatly decreased population of 3MLCT would be
observed and is consistent with the observed fast phase lifetime of RWLC-6. However, the k1
value is 6 orders of magnitude smaller than RuBpy in solution, which is inconsistent with the nonradiative decay rate from the 3LF state. Alternatively, if the barrier to access the 3LF state is
sufficiently high as in zeolite Y21, the barrier to access the 3LF state from the 3MLCT is
energetically forbidden and a fourth 3MLCT ~890 cm-1 above the 3MLCT manifold can be
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observed. The significant reduction in both the ∆E1 and k1 for the fast phase population of RWLC6 indicates the 3LF state is completely deactivated and a fourth 3MLCT has become accessible.
However, unlike the other members of the RWLC series, deactivation of the 3LF state did not
result in a drastic extension of the observed lifetime of RWLC-6. Further examination reveals there
is a ~4-fold increase in the k0 term upon encapsulation relative to RuBpy in solution (21.8x105 vs.
5.64x105, respectively). In the RWLC series, an increase in k0 indicates a more rapid decay from
the 3MLCT due to the presence of a quencher. In the case of RWLC-6, the photophysics indicate
the population of RuBpy giving rise to the fast phase decay is both confined, based on k1 and ΔE1,
and exhibits additional decay pathways from the 3MLCT, indicated by an increase in k0. Overall
this indicates the short-lived population of RuBpy is located within a confined environment with
the presence of additional RuBpy guests facilitating a self-quenching of the 3MLCT excited state.
4.7.3.2 Slow Phase Kinetics
The ΔE1 value associated with the slow phase population decrease relative to RuBpy in solution
(3084 cm-1 vs. 3491 cm-1, respectively). As discussed, decreasing the energy barrier to access the
3

LF would result in a shorter lifetime which is inconsistent with the data. The fact that the observed

lifetime is extended indicates that ∆E1 no longer reflects the barrier to access the 3LF state and
instead represents the barrier to access a higher energy MLCT. While the observed ΔE1 for RWLC6 is greater than that observed previously in the series, it aligns more closely with 1MLCT states
first observed in RuBpy(ClO4)2 at 2,442 cm-1 and 3,096 cm-1.27 Furthermore, the decrease in k1 is
consistent with nonradiative decay from a MLCT state rather than a 3LF state. The lower nonradiative decay rate constant of RWLC-6 compared to solution (22.5x1011 vs. 5.14x1013,
respectively) could be the result of the rigid MOF cavity decreasing the coupling between the
excited state complex and the surrounding solvent environment.27 However, in the case of RWLC-
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6, the vibronic coupling terms appear relatively unaffected by encapsulation. Thus, the slow phase
of RWLC-6 appears similar to those in previous RWLCs in that encapsulation of RuBpy within a
restrictive cavity results in the deactivation of the 3LF state in favor of a higher energy MLCT.28
4.8 Encapsulation of Homoleptic Ruthenium complexes in RWLC-2
4.8.1 Rationale
As discussed, the photophysics of ruthenium polyimines are sensitive to alterations made to the
coordinated ligands. Consequently, ligand modification allows for specific properties to be
controlled such as the reduction potential of the excited state complex and the energy of the
absorption/emission band. Currently, a variety of ruthenium polyimine complexes may be selected
from literature to possess a desired property. In this section the relationship between encapsulation
within RWLC-2 with ruthenium guests of differing sizes and induced dipole moments is examined.
Specifically, RuPhen was chosen due to the increase in induced dipole from 4.6 D to 6.7 D while
maintaining similar dimensions relative to RuBpy. RuDMe was selected due to the increased size

E

Figure 4.13 Reduction potential, dimension, and Δμ of the homoleptic complexes RuBpy (left), RuPhen (middle), RuDMe
(right)

of the complex while maintaining a dipole moment similar to that of RuPhen.
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4.8.2 Encapsulation of Ruthenium (II) tris(1,10-phenanthroline)(RuPhen) in RWLC-2
4.8.2.1 Steady-State Emission
The normalized emission spectra for

RuPhen in solution is shown in
(Figure 4.14). Interestingly, unlike the
bathochromic

shift

observed

for

RuBpy in RWLC-2, the emission
spectra of RWLC-2(Phen) exhibits a

Normalized Emission Intensity

RWLC-2(Phen) relativecompared to

1.0
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540

hypsochromic shift relative to RuPhen
in EtOH. The extent of 3MLCT state
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Figure 4.14 Normalized emission of RuPhen in EtOH (blue) compared
to RWLC-2(Phen) (black). Fitting to (eqn. 1.5) (red)

stabilization or destabilization is the
result of coupling interactions between the excited state and the solvent environment. Fitting the
emission data of RWLC-2(Phen) to (eqn. 1.5) and comparing to RWLC-2 provides insight into the
differences in the observed photophysics. The data obtained from the fits, summarized in (Table
4.4), show significant differences in the Franck-Condon parameters for the two guest complexes.
First, the bathochromic shift observed in RWLC-2 was attributed to the ~580 cm-1 decrease in the
E00 while the other Franck-Condon parameters were relatively unchanged relative to solution. One
important exception being that of the high-frequency coupling mode and associated Huang-Rhys
factor. The E00 value associated with the 3MLCT manifold was found to be 17,281 cm-1 for RWLC-
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2(Phen) relative to 17,405 cm-1 for RuPhen in

RuPhen +

Zn2+

ethanol. The decrease in E00 for RWLC-

+

2(Phen) indicates the hypsochromic shift
observed cannot be due to a change in energy
of the 3MLCT manifold unlike in RWLC-2.
In

contrast

RWLC-2(Phen)

exhibits

significant changes to the average lowfrequency acceptor modes and corresponding
Huang-Rhys coupling factor. The average
low-frequency acceptor mode of RWLC2(Phen) is ~1.7 times larger than that of
Figure 4.15 Scheme for the synthesis of RWLC-2(Phen) and
structure

solution while the Huang-Rhys factor
decreases by an order of magnitude. These

Table 4.4 Summary of fits to (eqn. 1.5) for RuBpy and RuPhen
in RWLC-2 and solution
E00

RuPhen

17405 1273 247

0.60 0.96 1581

RWLC-2(Phen) 17281 1274 419

0.60 0.08 1577

RuBpy

16781 1258 355

0.64 0.73 1617

RWLC-2

16213 1918 347

0.55 0.73 2668

hH

hL SH

SL

1/2

Sample

changes to the vibrational
modes and coupling factors
indicates

significant

geometric distortions of the
RuPhen excited state which
does not occur in RuBpy.

These coupling factors can be used to determine the relative nuclear distortions which occurs
during the transition from ground and excited state potential energy surfaces as per:
(Δ𝑄𝑀𝑂𝐹 ⁄Δ𝑄𝑆𝑜𝑙 ) = (𝑆 𝑀𝑂𝐹 ℎ𝜔𝑠𝑜𝑙 ⁄𝑆 𝑆𝑜𝑙 ℎ𝜔𝑀𝑂𝐹 )1/2
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(eqn. 1.7)

Using the data provide by the fitting to (eqn. 1.7), the ratio of nuclear displacement can be
determined. Ratioing these displacements, using either the low- or high-frequency coupling
modes, provides insight into the effects of encapsulation on the excited state geometries of the
guest molecules. These ratios indicated a significant difference in the degree of displacement
between of the guests of RWLC-2(Phen) and RWLC-2 when compared to their respective solution
values (0.2 and 1, respectively). Ratios close to 1 indicates a minimal distortion of the excited state
geometry. The significant distortion determined for RWLC-2(Phen) indicates the hypsochromic
shift observed in RWLC-2(Phen) may be due to the overall changes in the vibrational manifold
associated with the distortion rather than changes to the 3MLCT. In the case of RuPhen, the
distortion likely disrupts the conjugation of the π-system thus reducing the coupling to the
framework through π-π stacking.
4.8.2.2 Emission Lifetimes
The emission decay data for RWLC-

Similar to other members of the
RWLC series, the emission decay of
RWLC-2(Phen) can best be fit to a
biexponential function with a slow

1.0

Normalized Emission Intensity

2(Phen) are shown in (Figure 4.16).
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0.8
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and fast phase component of 90 ns
(60%).

0.25

Figure 4.16 Overlay of Normalized Emission intensity of RuPhen in EtOH
(black), RWLC-2(Phen)(red)

have been shown to exhibit biphasic
decays in which the slow phase component has a significantly longer lifetime relative to solution
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and

a

fast

phase

Table 4.5 Summary of Fits to (eqn. 1.1) for RuPhen in EtOH and RWLC2(Phen)
k0
k1
ΔE1

-1
5
-1
11
-1
(sec x 10 ) (sec x 10 ) (cm ) (ns)

Sample
component
with

solution

like

kinetics.

RuPhen
1.4
RWLC-2(Phen) (Fast Phase) 41.5
RWLC-2(Phen) (Slow Phase) 3.1

33
21
0.067

3824
2623
1627

320
90
327

However, unlike previous examples neither decay component of RWLC-2(Phen) exhibits a
lifetime significantly longer than that of RuPhen in solution.
4.8.2.2.1 Slow Phase Kinetics
The population of RuPhen corresponding to the slow phase population of RWLC-2(Phen) exhibits
photophysics which resemble those observed in the fast phase of RWLC-6 and RuPhen in solution.
In the case of RWLC-2(Phen), the values of ΔE1 and k1 decreased significantly relative to solution
(1627 cm-1 and 6.7x109 vs. 3824 cm-1 and 3.3x1012, respectively) while the k0 value, which
represents the decay from the 3MLCT, increased by a factor of 2 relative to solution. As previously
discussed, encapsulation of ruthenium polyimines within a confined environment restricts the
expansion of the excited state complex upon population of the 3LF state which in turn increases
the energy barrier to access this state. The decrease in ΔE1 is consistent with a deactivation of the
3

LF state in favor of a higher energy MLCT state decay. In most cases, the deactivation of the 3LF

state would result in an extended lifetime due to the fact that the typical nonradiative decay rate
associated with the 3LF state is several orders of magnitude larger than that of an MLCT state.
However, in this case the lifetime is only slightly longer than that of solution. One possible
contribution to the shorter lifetime may be due to the doubling of k0 which in turn would shorten
the overall lifetime. The increase in k0 follows the energy gap law such that the decrease in E00
results in an increase of the nonradiative decay rate from the 3MLCT.
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4.8.2.2.2 Fast Phase Kinetics
The fast phase population of RWLC-2(Phen) exhibits a lifetime that is significantly reduced
relative to RuPhen in solution (90 ns vs 320 ns, respectively). This is due to the substantial increase
in the k0 value which indicates an increased decay rate from the 3MLCT state. Typically, the fast
phase populations in the RWLC series exhibit a significant increase in k0 while the remaining
kinetic terms are unaffected. These photophysics are consistent with an 3MLCT state which is
being quenched through an enhanced nonradiative decay process. In this case, the k0 is ~30 times
larger than that of solution indicating the 3MLCT is being quenched. Unlike the other members of
the RWLC series, in addition to an increased k0, the energy barrier to access the 3LF state, ΔE1,
also decreased by ~1200 cm-1 thereby further reducing the observed lifetime. One possible
explanation for this change in ΔE1 may be the significant distortion of the excited state complex
giving rise to additional decay pathways not present in RWLC-2.
4.8.3 Summary
The data presented indicates that the RuBpy and RuPhen guests are affected differently by
encapsulation within the RWLC-2 topology. The RuBpy excited state complex is not distorted by
encapsulation in RWLC-2, while the RuPhen excited state is significantly distorted relative to the
ground state complex. There are several factors which can account for this difference in the two
complexes. One possible explanation could involve the higher degree of rigidity of the
phenanthroline ligand versus bipyridine due to greater conjugation of the π orbitals.
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4.9 Encapsulation of Ruthenium(II) tris-(4,4’-dimethyl-2,2’-bipyridine)(RuDMe) in RWLC2
The structure of RuDMe@RWLC-2 is similar to that of RWLC-2 with a major difference in the
channel dimensions (~14.2 Å by ~12.1 Å for RWLC-2 vs. ~ 16.4 Å by 12.6 Å for
RuDMe@RWLC-2). This difference in cavity dimension is key to the differences in the observed
photophysics.
4.9.1 Steady-State Emission
The normalized steady-state emission of RLWC-

RuDMe

+

Zn2+

+

2(DMe) exhibits a slight bathochromic shift
relative to RuDMe in EtOH, as shown in (Figure
4.18). Fitting of the emission data to (eqn. 1.5),
summarized in (Table 4.6), indicates slight
changes to all parameters with the largest changes
being in the average frequencies of the coupling
modes. Interestingly, when calculating the degree

Figure 4.17 Scheme for the synthesis of RWLC-2(DMe)
and structure

it was determined that the significant perturbation
which was observed for RuPhen in RWLC-2(Phen)
was not observed from RuDMe in RLWC-2(DMe)
(0.2 vs 0.96, respectively). If steric bulk was the
causal factor for the degree of geometric distortion
then RuDMe (~13.7 Å) would be expected to be
more distorted relative to RuPhen (~11.98 Å) and
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Normalized Emission Intensity

of geometric distortion of the RuDMe excited state
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Figure 4.18 Normalized Steady-State Emission of
RLWC-2(DMe)(blue) and fits(green) compared to
RuDMe in EtOH(black) and fits(red)

RuBpy (~11.79 Å). As this is not the case, the significant distortion of RuPhen is related to the
conjugation of the ligands rather than due to steric bulkiness.
Table 4.6 Summary of fits to (eqn. 1.5) for RuDMe in RWLC-2 and solution
Sample

E00

hH

hL

SH

SL

1/2

RuDMe

16295

1205

288

0.66

0.69

1316

RLWC-2(DMe)

16300

1267

233

0.65

0.73

1531

4.9.2 Emission Lifetimes
The normalized decay data for RLWC-2(DMe) is
displayed in (Figure 4.19). Similar to other RWLC
series MOFs, the emission decay kinetics of
RLWC-2(DMe) is best fit to a biexponential decay
function based on an optimization of the χ2 and
autocorrelation values. The fitting parameters for

Normalized Emission Intensity
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the slow phase component (~959 ns 67% of the
total amplitude) and fast phase component (~137

Figure 4.19 Normalized emission intensity of RLWC2(DMe) compared to RuDMe in EtOH at 25°C

ns and 33% of the total amplitude) at 25°C are
summarized in (Table 4.7). The data are consistent with the slow phase population encapsulated
within a confined cavity while the fast phase population is less confined and is being exposed to
an exogeneous quencher.
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Table 4.7 Summary of fitting parameters to (eqn. 1.1) for RLWC-2(DMe)
Sample
RuDMe
RLWC-2(DMe)(Fast Phase)
RLWC-2(DMe)(Slow Phase)

k0
(sec-1 x 105)
5.5
42
8.1

k1
(sec-1 x 1011)
67
1700
1.9

ΔE1
(cm-1)
3080
4280
2872

τ
(ns)
467
137
959

4.9.3 Fast Phase Kinetics
The population of RuDMe responsible for the fast phase of RLWC-2(DMe) exhibits photophysics
similar to those observed in the fast phase of other members of the RWLC series. In previous
examples the fast phase population was the result of the guest complex being in close proximity
to a quencher as evident by the k1 and ΔE1 values remaining unchanged while the value of k0
increased relative to solution. In the case of RLWC-2(DMe), the k0 value increased by a factor of
~8 relative to solution (4.2x106 vs 5.5x105). The increase in k0 is consistent with this population
of RuDMe being quenched through one of the mechanisms previously discussed. However, in
addition to the observed increase in k0, both the k1 and ΔE1 are also significantly increased relative
to solution (1.7x108 and 4280 cm-1 vs 6.7x106 and 3080 cm-1, respectively). This is consistent with
the fast phase population of RuDMe that is both quenched and confined similar to what was
observed in RWLC-6.23 Unlike in RWLC-2, the increase in ΔE1 indicates that the 3LF state of
RuDMe is still accessible within this population. Recall, the RuDMe guest is larger than either
RuPhen or RuBpy but exhibits less distortion of the excited state complex (0.96 in RuDMe vs 0.22
in RuPhen vs 0.61 in RuBpy). A potential explanation for the smaller distortion observed in
RuDMe is revealed in the diffraction data which displays lower occupancy of guests as well as a
slight distortion of the RWLC-2 topology. In RWLC-2 and RWLC-2(Phen), the channels
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containing the guests are ~14.2 Å by ~12.1 Å (along the c and a direction, respectively). For
RWLC-2(DMe) the channels measure 16.4 Å by 12.6 Å (along the c and a direction, respectively).
This distortion will provide a greater volume for the expansion of the 3LF state resulting in the
observed changes to the corresponding energy barrier, ΔE1.
4.9.4 Slow Phase Kinetics
The photophysics of the slow phase population in RLWC-2(DMe) are distinct from those observed
in other members of the RWLC series. Specifically, the observed lifetime of the excited state
complex doubles while the kinetic parameters remain similar to those observed in solution. One
exception is the observed change in the rate decay constant corresponding to the decay from the
3

LF state, k1, decreases by an order of magnitude. The significant reduction of k1 would result in

an extension the excited state lifetime.
4.9.5 Summary
The encapsulation of RuDMe in RWLC-2 provided additional insights and an example of the
effects the RWLC-2 topology has on ruthenium polypyridyls. In addition, the encapsulation of the
sterically bulkier RuDMe resulted in a slight distortion of the topology allowing for access to the
3

LF state instead of completely deactivating the state. This indicates that the RWLC-2 topology

will distort to a certain degree to accommodate larger guests and furthermore these guests can
exhibit photophysics which are distinct based on this degree of distortion.
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Chapter Five: Photoinduced Electron Transfer in MOFs

5.1 Electron Transfer
An electron transfer reaction is one of the most fundamental processes integral to many biological
pathways and applications in chemistry. Electron transfer (ET) reactions include those which occur
in the femtosecond to millisecond timescale and at distances ranging from <1 Å to over 20 Å.1 ET
reactions are categorized by those in which the donor and acceptor redox centres are covalently
bridged (inner sphere (IS)) and those in which the donor/acceptor pairs are discrete molecules
(outer sphere (OS)). The pioneering work by Marcus on OS ET established the theoretical
framework upon which much of the current understanding is based.2
In addition, the seminal work done by Taube et al. in 1953 further refined IS ET in terms of the
redox

centres

being

covalently

bridged

(intramolecular)

or

interacting

transiently

(intermolecular).3 Typically, IS ETs are more enthalpically favourable, relative to OS ETs, due to
the greater degree of interaction between the redox centres. While conversely, the covalent bridge
in IS ETs typically makes OS ET more entropically favourable. ET processes are generally
discussed in the context of three main groups, those which occur in solution, those involving
proteins, and solid-state ET.
In solution, ET processes often exhibit second-order kinetics and primarily involve 5 steps which
are 1). Reactants collide and diffuse out of their solvation shells to form a precursor complex 2).
The complex then distorts through changing bond lengths while the solvent reorders forming the
activated complex 3). An ET occurs between the redox centres 4). The complex and solvent adjust
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to the new electronic configuration 5). The products separate and diffuse back into the bulk
solution.
In the case of ET in proteins, the reaction centers are embedded in complex biological
macrostructures. Unlike ET in solution, the redox centers in proteins are part of a larger system
and cannot diffuse to form the precursor complex instead relying on the protein’s tertiary structure.
Biological systems utilize rigid control over the donor-acceptor distances to facilitate the ET
process. It has been shown that electron tunnelling plays a significant role in the ET processes of
biological systems.4, 5
In solid-state ET systems, the ET kinetics observed could not be fit to models used for ET processes
in solution.1 Generally, the electronic states in solution are relatively localized (~1-2 Å) whereas,
in solids, such as those of metals or conductive polymers, observations indicate delocalization of
the electons.6 Another distinction between ET processes in solution and those which occur in the
solid state is the degree to which the surroundings are disordered. Generally, the surrounding
solvent environment for ET in solution can be treated as to maximize the thermal and spatial
disorder. In contrast, solids exhibit different degrees of disorder, ranging from a highly ordered
system (crystalline) to disordered (amorphous glass). For highly ordered solids, the electronic and
vibrational properties are uniform throughout the lattice, which in turn can disrupt coupling within
the relatively localized region of ET distance.2 In addition, modelling electronic states and
vibrational relaxations for ET in solids involves a large number of atoms making them relatively
complex compared to those of solution.
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5.2 Marcus Theory
The work by Marcus details the
various components which affect
the observed rates of electron
transfer.7-10 It has been shown that

dependent upon the relationship

λ

Energy

the observed reaction rate is

E†

established in (eqn. 5.1) where HAB

ΔG

is the electronic coupling factor, 

q

is the total reorganizational energy

Qnucl

(inner sphere plus outer sphere), kb
is Boltzman’s constant, and T is the

Figure 5.1 Electron transfer as modelled by displaced harmonic oscillators

temperature.9, 10
2
[1⁄(4𝜋𝜆𝑅𝑇 ) 1⁄2 ]𝑒 [−(Δ𝐺
𝑘𝐸𝑇 = (2𝜋 ⁄ℏ)𝐻𝐴𝐵

0 +𝜆) 2 ⁄4𝜆𝑅𝑇 ]

(eqn. 5.1)

Briefly, for most bimolecular reactions, the geometric distortions between atoms are maximized
during the closest contact between the two molecules. This contact forms an activated complex at
the intermediate stage of the reaction. Depending upon the degree of electronic orbital overlap, the
reaction proceed through productive exchange of atoms and/or electrons. In the case of weakly
interacting electronic orbitals, the LCAO can be taken to be an appropriate solution only if the
total energy of the system is equivalent for each electronic configuration of the reacting particles.
To satisfy this energy restriction the total energy of the system including solvent must be equal for
the reactants and products.2 Thus, in the interval of the electronic transitions the solvent molecules
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remain static. That is not to say the solvent does not reorganize to stabilize the resulting ion pair,
only that the reorganization occurs on a much longer timescale relative to the electron transition.
The displaced harmonic oscillators shown in (Figure 5.1) can be used to model the simple electron
transfer reaction, D+A→D++A- for example. The intercept of these two surfaces represents the
point in which the donor geometry is sufficiently distorted as to facilitate an electron transfer to
the acceptor. The nuclear coordinate, q, located at the intercept of the two parabolas indicates the
point at which the geometries of the donor-acceptor pair can either return to their initial geometries
or electron transfer takes place. The energy associated with the relaxation of solvent molecules
and the vibrational changes which occur between D→D+ and A→A- is referred to as the
reorganization energy, λ.2 The reorganizational energy is composed of both an inner-sphere (i)
and outer-sphere (o) component that relates to the reorganization of the solvent (o) and changes
to the normal modes of the donor/acceptor pairs (i) that are coupled to the electron transfer. The
inner-sphere component is described by:
𝜆𝑖 = (1/2) ∑𝑗 𝑘𝑗 (𝑞𝑅 − 𝑞𝑂 )𝑗

2

(eqn. 5.2)

where kj is the force constant for the jth normal mode, and qR and qo are the nuclear displacements
for the normal modes associated with the oxidized and reduced forms of the donor and acceptor
species.9 The corresponding o term is given as:
𝜆𝑜 = (𝑒 2 ⁄8𝜋𝜀0 )(1⁄𝑎𝑜 − 1⁄2𝑑 )(1⁄𝜀𝑜𝑝 − 1⁄𝜀𝑠 )

(eqn. 5.3)

where e is the elementary charge, o is the permittivity of free space, ao is the radius of the reactant,
op is the optical permittivity, s is the static permittivity and d is the distance between the donor
and acceptor.8 The energetic barrier associated with electron transfer is denoted by E† as shown in
(Figure 5.1). The driving force for the electron transfer process is denoted by the Gibbs free energy,
ΔG°. In the case of photoinduced electron transfers, either the donor or acceptor molecule is
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excited to facilitate the electron transfer process. The free energy can be determined using the
Rehm-Weller equation:
Δ𝐺 0 = 𝑁𝐴 {[𝑒(𝐸𝐷0 +∙ ⁄𝐷 − 𝐸𝐴0⁄𝐴−∙ )] + 𝑤 (𝐷 +∙ 𝐴−∙ ) − 𝑊(𝐷𝐴)} − Δ𝐸00

(eqn. 5.4)

where NA is Avogadro’s number, E0D+• /D and E0A/A-• are the redox potentials for the electron donor
and acceptor, respectively, w(D+•A-•) and W(DA) are the electrostatic work terms that are
attributed to coulombic attraction between the products and reactants and E00 is the vibronic zero
point energy of the excited state of the donor or acceptor, depending upon whether the reaction is
oxidative and reductive quenching.11
The dependence of ET rate on free energy is well documented. One such example by Gaines et al.
detailed the dependence of rate on free energy of fixed-distance ET between various porphyrins
and various acceptor pairs.12 This group discussed the destabilizing effects of limited solvent
reorganization on the ion-pair generated in PET and by extension the highly sensitive nature of the
ion pair to the local solvent environment. Thus, restricting solvent reorganization can be used to
modulate the behaviour of the coupled ion pair relative to the unrestricted solvent environment.
MOFs are ideally suited for studying ET in restrictive solvent environment due to the fact that the
solvent environment is largely dependent upon the features of the MOF and the initial solvents
present during the synthesis. Additionally, within a MOF the donor-acceptor pairs are at a fixed
distance and orientation while smaller solvent molecules can be exchanges through the pores thus
allowing for development of fixed-distance PET systems. Additionally, coencapsulation of
multiple photosensitizer-catalyst pairs within a MOF can be used to extend the photocatalytic
versatility of the material.
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5.3 Developing PET MOF systems
In our lab two strategies were
utilized to develop PMOFs, one in
which

encapsulated

guest

complexes act as donor:acceptor
pairs while the other involved the
used a framework capable of acting
as either a donor or acceptor to an
encapsulated guest. Each strategy
presents distinct challenges and possesses unique advantages/disadvantages. The earlier work
from our group focused on exploring the potential of donor-acceptor pairs encapsulated within the
cavities of Zn-polyhedral MOF, USF2.13 The USF-2 topology was chosen due to the presence of
cages capable of encapsulating guest molecules (<13 Å) while possessing smaller (4 Å) aperatures,
thereby eliminating diffusion through the framework by the encapsulated guest. The ET processes
which occur in proteins are efficient due to the tight controls over donor-acceptor pair distances
and orientation. In USF2, the distances between the guests will be fixed and based upon the size
of the cavity. To confirm the USF2 topology did not interfere with ET, RuBpy and CoBpy were
coencapsulated and the intermolecular ET between adjacent cavities examined. This redox pair
was selected based upon the solution photophysics and the size constraints of the USF2 cavity.
The encapsulation of RuBpy in USF2 was confirmed spectroscopically, while the addition of
CoBpy leads to a decreased lifetime and bathochromic shift of the emission spectra. The lifetime
associated with RuBpy dropped from ~600 ns at 0% CoBpy to ~340 ns at 63% CoBpy. The free
energy for a favorable ET was determined using ground state reduction potentials, as shown in
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Fig. 2. The only favorable ET process occurs when a reductive quenching of the RuBpy excited
state occurs giving a free energy of -27 kcal mol-1. The ET rate was determined using the
assumption that the only additional contribution to the decrease in the observed lifetime of RuBpy
was due to an ET process. With this assumption, a kET of 3.7 x 106 s-1 was determined using (eqn.
5.6)
𝜏𝑜𝑏𝑠 = 𝑘

1

(eqn. 5.6)

𝑟 +𝑘𝑛𝑟 +𝑘𝐸𝑇

although neither guest is crystallographically resolved in USF2, the limited cavity volume in USF2
prohibits the coencapsulation in a single cavity. Thus, PET observed must arise from a donoracceptor pair in adjacent cavities. The observed kET was determined using (eqn. 5.7)

𝑘𝐸𝑇 ~𝑘0 𝑒

−Δ𝐺 ° +𝜆)2⁄
(−𝛽(𝑟−𝑅0 )) (
4𝜆𝑅𝑇 )

𝑒

(eqn. 5.7)

Where k0 is the rate constant typical for barrierless ET processes, generally on the order of a
molecular vibration (~1013 s-1), R0 is the van der Waals contact distance of the donor:acceptor pair
(~9.7 Å in the case of a RuBpy/CoBpy ET system), β is an empirically determined electronic
coupling factor, r is the donor/acceptor distance, λ is the sum of the inner and outer sphere
reorganizational energies, and ΔG° is the driving force of the reaction. As β is not known for this
system, a plot of kET values vs λ for different values of β can be constructed (Figure 5.2).
Examination of the plot revealed that a λ ~ 1.25 eV and a β ~ 1.5 ˚A is most consistent with the
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observed ET rate with a distance of
19.6 Å between redox centers. These
values are typical of those for long
range ET processes and are in
agreement with values determined in a
variety of fixed distance systems.11
The RuBpy-CoBpy@USF2 system
confirmed that encapsulation of a
donor:acceptor pair in USF2 was
possible and the framework did not
interfere with ET between adjacent
cavities.
5.4 Guest to Framework PET
One disadvantage of encapsulated
donor:acceptor pairs is the lack of
control
Figure 5.2 (top) Example distribution of donor and acceptor molecules
within a MOF, (bottom) plot of calculated kET vs. λ at different values
of β

over

spacing.

RuBpy:CoBpy@USF2

While
exhibits

interesting photophysics, the lack
spatial details on the donor:acceptor pair prevents an accurate assessment of what fraction of the
guests are within the 19.6 Å distance required for an ET process. Ideally, the donor and acceptor
should be spaced in such a way as to always be within PET distance. However, at the current level
of technology for MOF assembly the control over the orientation or placement of guests within a
framework is fairly limited. The second strategy for developing PMOFs is to encapsulate the
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photosensitizer, RuBpy, within a framework whose metal nodes are redox active. With that
objective in mind, we have produced two materials which incorporated cobalt SBUs into the
framework leading to RWLC-2(Co) and RWLC-(Co). Whereas RWLC-(Co) is an entirely novel
framework, RWLC-2(Co) is a structural analog to the zinc framework RWLC-2.
5.4.1 Structure of RWLC-2(Co) & RWLC-(Co)
The RWLC-2(Co) structure is similar to
that previously reported for RWLC-2
and MOF-39. The structure can be
represented as two interpenetrating 3,6connected topological nets formed with
BTB ligands and Co3(OH)(H2O) clusters
(Figure 5.3). An extra water molecule in
the cluster is required to satisfy the Co
coordination number preference. The
RuBpy

cations,

disordered through

symmetry, occupy channels along the
[100] direction (a axis). The presence of
extra water molecule coordinated to Co
appears to be responsible for change in
RuBpy position in the channel as
compared

to

the

parent

RWLC-2

structure. The structure of RWLC-2(Co)
is formed from Co5 clusters connected

Figure 5.3 (top) Scheme for synthesis of RWLC-2(Co) and structure
(bottom) Scheme for synthesis of RWLC-(Co) and structure
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through BTE ligands. The RuBpy cations reside closer (within <5Å) to two of the Co5 SBUs with
compose the large cavity (19.7Å along a, 13.2 Å along c, 19.1 Å along b).
5.4.2 Steady State Emission
The steady state emission spectra of RuBpy in ethanol
of RWLC-2, and RWLC-2(Co) are displayed in
(Figure 5.4). In the case of RWLC-2(Co) and RWLCCo, both materials exhibit very low intensity which
precluded the use of an immobilizing agent (vacuum
grease) in favour of particulate suspension. The
emission spectrum of RWLC-Co could not be
determined due to poor stability of the fine suspension

Figure 5.4 Normalized steady stated emission of
RuBpy in ethanol (Green), RWLC-2 (blue), and
RWLC-2(Co) (black). Red line is the fit of RWLC2(Co) to (eqn. 1.5).

required for the suspension. In contrast, the RWLC2(Co) was suitably stable under the conditions required
for suspension. Recall, RWLC-2 exhibits a bathochromic
shift relative to RuBpy in solution (~616 nm vs 606 nm,
respectively) arising from a relaxed 3MLCT state which
is stabilized due to solvent interactions. The RuBpy
complexes observed within the channels of RWLC-2 are
located ~ 9 Å apart providing gaps for solvent occupancy
that are in close enough in proximity to participate in
intermolecular interactions with neighboring RuBpy
cations, leading to enhanced stabilization of the 3MLCT
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Figure 5.5 Top- Overlay of the laser scatter
signal, RWLC-2(Co) emission signal, two
component deconvolution fit and residuals.
Bottom- Overlay of the emission signals for
RWLC-2(Co) at different temperatures.

Table 5.1 Parameters obtained from the fit of steady state emission
data to (eqn. 1.5). The E00, hM, hL, and ∆1/2 are in cm-1.
Sample
RuBpy
RWLC-2
RWLC2(Co)

E00
16,908
16,528
15,865

hH
1,265
1,223
1,515

hL
237
317
364

SH
0.64
0.62
0.58

SL
0.95
0.69
0.05

1/2
1,604
1,319
3,219


0.001
0.012
0.26

state.14 Substitution of
the

Zn(II)

ions

for

2

Co(II/III) ions in the
secondary building units
of

the

RWLC-2(Co)

results in significant quenching of the RuBpy 3MLCT state, a further bathochromic shift and an
overall broadening of the emission band (Figure 5.4). Significant quenching of the emission band
was also observed in RWLC-(Co) before the framework dissolved. As expected, the quenching of
the emissive state in these two framework is significantly greater than that observed in the
RuBpy:CoBpy@USF2. The quenching observed in RWLC-2(Co) and RWLC-(Co) is consistent
with either an energy or electron transfer between the RuBpy 3MLCT and the Co metal clusters
making up the secondary building units. The origin of the increased bathochromic shift observed
in RWLC-2(Co), relative to RWLC-2, is unclear but may involve changes to the polarizability of
the framework due to the presence of Co-clusters in place of Zn-clusters. As these Co-clusters are
coupled due to the significant quenching it is not unreasonable to indicate that the 3MLCT state
generated upon excitation is further stabilized relative to RWLC-2. As the Co-clusters in RWLC(Co) are similar to those found in RWLC-2(Co) it is possible that the 3MLCT would also be
stabilized in RWLC-(Co). Assessing the stability of RWLC-(Co) in suitable solvents could yield
insight into the potential interactions between the RuBpy guest and the Co-clusters of RWLC(Co).
The spectral broadening and bathochromic shift observed in the emission spectra of RWLC-2(Co)
were examined by Franck-Condon analysis (results in Table 5.1). The differences in E00 values
between RuBpy in ethanol and that of RWLC-2 are consistent with the framework of RWLC-2
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stabilizing the 3MLCT and lowering the emission energy. On the other hand, the E00 value for
RWLC-2(Co) is significantly lower consistent with increased stabilization of the 3MLCT relative
to RuBpy in ethanol or encapsulated within RWLC-2. The origin of this additional stabilization is
not clear although it likely originates from interactions between the large excited state dipole
moment of the 3MLCT (6.7 Debye) and polarizable charge density localized on the Co-clusters
comprising the MOF nodes.15
Further examination reveals differences between the high and low frequency acceptor modes
(average acceptor mode frequencies) between RuBpy in solution and RWLC-2 and the
corresponding modes of RWLC-2(Co). The hH is ~ 1,250 cm-1 for both solution and RWLC-2
which align with the high frequency bipyridine inter-ring C-C stretch (~ 1,276 cm-1) and a coupled
CCH bending and C-N stretching, 1264 cm-1).16, 17 In contrast, the hH for RWLC-2(Co) is ~1,500
cm-1 which contains contributions from both in-plane C=C and C=N stretching modes of the
bipyridine. The low frequency acceptor modes also increase in frequency from 237 cm-1 for RuBpy
in solution (bipyridine out of plane deformation) to 317 cm-1 for RWLC-2 (Ru-N stretch) and 364
cm-1 for RWLC-2(Co) (also Ru-N stretch).16, 17
The corresponding Huang-Rhys factors for the high frequency acceptor modes are similar between
RuBpy, RWLC-2 and RWLC-2(Co) (SH ~0.6) but are distinct for the low frequency acceptor mode
(SL = 0.95, 0.69 and 0.05 for solution, RWLC-2 and RWLC-2(Co), respectively). The fact the high
frequency Huang-Rhys factors are not significantly affected by confinement is not surprising since
the coupling modes are high frequency in-plane C=C and C=N stretches of the bipyridine ring and
are not modulated by interactions with the framework ligands or metal clusters. On the other hand,
low-frequency modes which include out of plane bends and Ru-N stretching are more likely to be
influenced by confinement as contact with the framework would partially restrict these motions.
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5.4.3 Emission Lifetimes
The emission lifetime of RWLC-2 relative to RuBpy in solution has been discussed in detail in a
previous publication.18 Briefly, the emission decay of RuBpy in deaerated EtOH is monoexponential with a lifetime of ~610 ns while the RWLC-2 material exhibits an emission decay that
is biexponential with a slow phase lifetime of 797 ns making up 72% of the total emission
amplitude and a fast phase lifetime of 171 ns constituting 28% of the total amplitude.18 This decay
profile is consistent with two populations of RuBpy in RWLC-2, one being encapsulated within
highly space-restricted cavities giving rise to a longer 3MLCT lifetime, while the second is
encapsulation within a larger non-periodic pore or defect with a co-encapsulated quencher giving
rise to short emission lifetimes.
In contrast, the emission lifetime of the RWLC-2(Co) and RWLC-(Co) is significantly reduced
relative to RuBpy or any of the RWLC series. (Figure 5.5). This observation is consistent with the
reduced intensity of the steady state emission observed for each material. The lifetime of RuBpy
in each material is reduced to such an extent that deconvolution of the emission decay from the
laser scatter was necessary to determine an accurate lifetime for each material. In the case of
RWLC-2(Co), the deconvolution of the emission decay data gave two components with lifetimes
of <5 ns and 9.1 ns at 20°C. The <5 ns signal is due to laser scatter from the solid material while
the 9.1 ns component is attributed to the lifetime of the encapsulated RuBpy. For RWLC-(Co),
deconvolution gave two components with lifetimes of <5 ns and 21.5 ns at 20°C. As in RWLC2(Co), the <5 ns signal was attributed to laser scatter from the material while the 21.5 ns lifetime
is from encapsulated RuBpy. Both materials exhibit emission decay kinetics which are weakly
temperature dependent and further examined as follows. Additionally, a faster response signal
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coupled with a shorter pulse phase could eliminate the necessity of deconvolution, thus reducing
potential error.
5.4.4 Photoinduced Electron Transfer
The emission quenching of RuBpy presented in each material can originate from one of two
processes, either resonant energy transfer between the 1MLCT or 3MLCT state of the RuBpy to
the framework (either ligands or cobalt clusters) or PET between the RuBpy 3MLCT state and the
cobalt framework nodes. Resonant energy transfer requires coupling between the RuBpy excited
states and the ground state of the acceptor (framework ligands and/or the cobalt nodes) as evident
by the overlap between the emission spectrum of the donor RuBpy and the absorption spectrum of
the acceptor. The emission spectrum of the RuBpy is centered near 640 nm (Figure 5.4), while the
absorption spectrum of the framework ligands resides in the <300 nm region. 31 In the case of the
RWLC-2(Co), the trinuclear Co clusters exhibit absorbance in the 500 nm region and do not extend
beyond ~570 nm with any reasonable extinction.19 While similar SBUs of RWLC-(Co) exist,
absorbance values of isolated clusters have not been reported. However, these SBUs are likely to
behave similarly to the trinuclear Co clusters. Thus, it is reasonable to assume minimal overlap
between the absorbance and emission of SBU and RuBpy, respectively.
Alternatively, PET is governed by a favorable G0 value and sufficiently low activation barrier for
the reaction. As discussed previously, the G0 value for a PET process can be determined using
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Table 5.2 Redox potentials for the relevant
processes involved in the PET

Rate Constant

(s -1 )

2.00E+008

1.50E+008

Reaction

E°

Co(III)3 -> Co(IV)Co(III)2

1.25V

Co(III)3 -> Co(II)Co(III)2

-0.39

(Ru2+)* -> Ru1+

0.96V

(Ru2+)* -> Ru3+

-0.92V

1.00E+008

5.00E+007

0.0057

0.0060

0.0063

0.0066

kbT (eV)

8

the Rhem-Weller analysis from (eqn. 5.4).

1x10

7

-1

Rate Constant (s )

9x10

7

8x10

Determining the oxidation state of the cobalt

7

7x10

7

6x10

clusters of either framework is beyond the scope

7

5x10

7

4x10

of this project without being able to isolate the

7

3x10

7

2x10

0.02400

0.02475

0.02550

0.02625

0.02700

clusters for further study. Fortunately, in the case

kbT (eV)

of
Figure 5.6 Plot of electron transfer rate constant as a
function of kbT and fit to the semi-empirical Marcus
equation described in (eqn. 5.1) (top: RWLC-2(Co)
bottom: RWLC-(Co))

RWLC-2(Co)

the

clusters

have

been

previously examined and clusters of this type
(trimeric Co-acetate) typically contain Co(III)

ions.19 The PET reaction between the RuBpy 3MLCT and the cobalt nodes can be either through
oxidative or reductive quenching of the ruthenium complex. Examination of the estimated redox
potentials (see Table 5.2) indicates that the quenching involves oxidation of a Co(III) ion within a
node to Co(IV) along with a reduction of the RuBpy 3MLCT to RuBpy1+ followed by rapid thermal
back electron transfer reforming the parent ions. The G0 for this process is found to be ~ -50 kcal
mol-1 and is the only process for which the G0 is negative. Using -50 kcal mol-1 for the free energy
of RWLC-(Co) provided good fits to the data. As new methodologies are made available, a more
accurate estimate of the free energy can be obtained. As discussed previously, the rate of intermolecular ET between RuBpy and the cobalt nodes can be described by the semi-classical Marcus
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equation.9, 10 The parameters governing the PET process are obtained by fitting the rate constant
versus temperature to Eq. 5 using a fixed ∆G° of -50 kcal mol-1 giving a  of 1.6 eV and an HAB
of 0.006 eV (Figure 5.1) for RWLC-2(Co) and a  of 1.17 eV and an HAB of 0.004 eV for RWLCCo (Figure 5.1). Interestingly, these reorganizational energies are similar to those observed in
RuBpy:CoBpy@USF2 despite the involvement of the rigid MOF SBUs.
For PET within RWLC-2(Co) and RWLC-(Co), both the RuBpy and the Co-clusters are held
within a rigid framework which would restrict significant displacement. Therefore, in terms of
contributions to the reorganization energy the (qR –qo)j2 from (eqn. 5.2) would be small and i
would make only a minimal contribution to . As for the outer sphere contribution, o is associated
with the energy required to polarize the local solvent environment subsequent to PET. Upon
formation of the RuBpy 3MLCT state, a large dipole moment is created within the ruthenium
complex which likely induces a polarization in the  system of the ligands surrounding the excited
RuBpy as well as any unresolved solvent molecules that may be co-encapsulated with the
ruthenium complex. Upon transfer of an electron from the Co-cluster to the excited ruthenium
complex the electron distribution is altered resulting in further polarization changes in the MOF
ligand any encapsulated solvent molecules giving rise to the significant  value (1.6 eV and 1.17
for RWLC-2(Co) and RWLC-(Co), respectively). As discussed previously, the inner sphere
component of the reorganizational energy has a minimal contribution to the overall
reorganizational energy. Thus significant differences in the calculated reorganizational energy of
these two systems is likely the result of variations in the outer sphere component. From (eqn. 5.7),
the distance between the donor-acceptor pair is inversely proportional to the outer sphere
reorganizational energy. In RWLC-2(Co), the RuBpy guest resides in the middle of the channel
while in RWLC-(Co) the RuBpy resides near the Co-cluster. Furthermore, the RuBpy in RWLC98

(Co) is approximately half the distance to the nearest Co-cluster as compared to RuBpy in RWLC2(Co). The decreased distance of the donor-acceptor pair is consistent with the reduction in
reorganizational energy.
The corresponding electronic coupling term (HAB) for each material is also relatively small (0.006
eV for RWLC-2(Co) and 0.004 for RWLC-(Co)) which is consistent for non-adiabatic electron
transfer reactions and minimal nuclear displacements between reactants and products. The H AB
term reflects electronic wave function overlap between the donor and acceptor states. It can be
summarized within the context of the generalized Mulliken-Hush (GMH) model in which the
diabatic states between the donor and acceptor are diagonal with respect to the components of the
dipole moment operator in the direction of charge transfer.20 Using a GMH formalism, the
electronic coupling can be summarized as:
𝐻𝐴𝐵 =

𝜇𝐴𝐵 Δ𝐸𝐴𝐵

(eqn. 5.8)

Δ𝜇𝐴𝐵

where EAB is the difference in energy between the diabatic state energies for the optical electron
transfer, µAB is the difference in diabatic dipole moment, and µAB is the adiabatic transition dipole
moment. These parameters depend on both the distance between the donor and acceptor as well as
the orbital orientation. Although the short donor-acceptor distances within RWLC-(Co) and
RWLC-2(Co) would favor stronger coupling, the relatively low values of HAB indicate unfavorable
orientations of the transition dipole moment for efficient electron transfer.
5.4.5 Summary
The data presented here demonstrate efficient PET between encapsulated RuBpy and the Co nodes
of two MOFs, RWLC-2(Co) and RWLC-(Co). The data for RWLC-2(Co) are consistent with the
reductive quenching of the

3

MLCT of the RuBpy by Co(III) ions associated with the
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Co3(OH)(H2O) clusters making up the framework nodes. A significant contribution to the
reorganizational energy is attributed to the outer sphere component and arises from polarization
effects associated with the charge redistribution. The difference in the calculated reorganizational
energy of the two materials was attributed to the relative positioning between the donor-acceptor
pairs within each framework. The electronic coupling factor for both materials is relatively small
and is consistent with adiabatic inter-molecular ET between donor and acceptor with an
unfavourable geometry between the excited state dipole of the RuBpy acceptor and that of the Co
donor. These results provide insights into design principles that could provide more facile and
directional ET in MOFs for a variety of solar photochemistry and photovoltaic applications.
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Chapter Six: Generation of Singlet Oxygen in MOFs

6.1 Reactive oxygen species (ROS)
Reactive oxygen species (ROS) refer to a variety of oxidizing molecules and radicals derived from
molecular oxygen. Common examples include peroxides, superoxide, hydroxyl radical, and singlet
oxygen (1O2).1 ROS often accompany critical biological processes such as the oxidative
phosphorylation resulting in ATP production within the mitochondria.1 In addition, oxidative
stress from excess ROS, degrades cell integrity and disrupts normal physiological processes.
Excess ROS overwhelms the balance between the antioxidant and oxidants within a cell which can
result in cell damage or death. Initiating cell death via exposure to excess ROS has been an
important tool in cancer treatment and microbial decontamination.2
6.2 Singlet Oxygen
The generation of singlet oxygen occurs through photosensitization which involves an energy
transfer from an excited triplet state of a photosensitizer to the triplet ground state of molecular
oxygen. A variety of photosensitizers have been developed to generate 1O2 including organic dyes
and hydrocarbons3, 4, porphyrins5, and transition metal complexes6, for a variety of applications
including organic synthesis7-10, photodecomposition11,

12

, and sensing.13 The ground state

electronic configuration of O2 is (2σg)2(2σu)2(3σg)2(1πu)4(1πg)2 resulting in three closely lying
electronic states including, a 3Σg- ground state, and two excited states 1Δg and 1Σg+.14 The O2 (1Δg)
is the primary active ROS species.15 When comparing sensitizers capable of generating 1O2, the
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quantum yield, Φ, is generally used to access the efficacy of a particular system. The quantum
yield is calculated by dividing the number of photos emitted by those absorbed which gives an
overall yield of a process.
6.3 Photodynamic Therapy
The 1O2 species has been utilized in the development of photodynamic therapies (PDT) for cancer
treatments.16 In a typical PDT-based system, a photosensitizer capable of generating singlet
oxygen is immobilized within close proximity of the tumor either through an injection or an
implantable device (Figure 6.1). The photosensitizer is excited using photons of the appropriate
wavelength whereupon ambient oxygen is converted to 1O2 which overwhelms the antioxidant
defenses of the surrounding cells causing cell death. One advantage of PDT, as opposed to
conventional chemotherapy drugs, is that the cytotoxic species (1O2) are generated and consumed
at the site of the carcinoma. One method of developing PDT systems uses photosensitizers which
have been immobilized on a supporting matrix such as in MOFs.

Figure 6.1 Model for the generation of 1O2 via photosensitization and a PDT-implant
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6.4 Singlet oxygen generation in MOFs
We have now demonstrated a variety of RuBpy@MOF which exhibit properties that may be useful
in the generation of 1O2. As discussed previously, RuBpy@MOF systems typically exhibit
extended 3MLCT state lifetimes relative to solution increasing the likelihood O2 will encounter
RuBpy within the excited state lifetime.17-20 As the photosensitizer is encapsulated within the
interior of the MOF, higher internal diffusional rates will be ideal to improve the probability that
an 3O2 will encounter a 3MLCT state within the excited state lifetime. In the RWLC series, RWLC1 and RWLC-6 were excluded due to the interpenetration of the frameworks which would limit
the diffusion through the material. In addition, the RWLC-3 exhibits a lifetime shorter than that of
solution which would limit the potential quantum yield. Two frameworks were selected for 1O2
production, RWLC-2 and HKUST-1(Zn), due to the large channels found in RWLC-2 and the free
volume available in HKUST-1(Zn).
6.5 Singlet oxygen generation in RWLC-2 & RuBpy@HKUST-1(Zn)
The research presented here explores the potential efficacy of RWLC-2 and RuBpy@HKUST1(Zn), for generating 1O2. The conversion of O2 to 1O2 is monitored optically using a molecular
probe (9,10-anthracenedicarboxylic acid (H2ADC)). As shown in (Figure 6.2), the 1O2 reacts with
the H2ADC via a Diels-Alder reaction to form an endoperoxide thereby eliminating the ring
conjugation and decreasing the amplitude of the three absorption bands. The quantum yields for
each material was determined using (eqn. 6.1):
Φ𝑆𝑂 = Φ𝑅𝑒𝑓 × (𝑘⁄𝑘𝑅𝑒𝑓 ) × (𝐴𝑅𝑒𝑓 ⁄𝐴)

(eqn. 6.1)
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Where ΦSO is the 1O2 quantum yield, ΦRef is the 1O2 quantum yield for a reference dye (rose
Bengal), A and ARef are the total absorbance area determined by integrating the absorbance from
400-700 nm, and k and kRef are the rate constants associated with photodegradation of 1O2 of the
chromophore.

Figure 6.2 Generation of 1O2 and detection by H2ADC

6.6 Results & Discussion
6.6.1 Structure
As discussed previously, RuBpy was encapsulated within HKUST-1(Zn) and RWLC-2 using the
methods reported. In the case of RuBpy@HKUST-1(Zn), the framework is composed of binuclear
Zn paddle-wheel type metal clusters linked by trimesate anions to form a 3,4-connected cubic
framework (tbo-net topology). The topology consists of three cavities whose shapes can be
approximated as rhombicuboctahedron, octahemioctahedron, and tetrahedron with cavity
diameters (volumes) of 13 Å (1,287 Å3), 11 Å (696 Å3) and 5 Å (65 Å3), respectively.21, 22 Based
on cavity volumes, the RuBpy guest (11 Å diameter and 1212 Å3) can only reside within the
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rhombicuboctahedron cavity as shown in (Figure 6.3). In the case of RWLC-2, the topology is
composed 3,6-connected net with BTB ligands and Zn3OH clusters (which consist of 3 Zn(II) ions
bridged by 3 carboxylates ligands with an OH- group located centrally) at corresponding vertices.19
In RWLC-2, the RuBpy guests reside within 17 Å channels oriented in the [100] direction as shown
in (Figure 6.3).

Figure 6.3 Scheme for the synthesis of RuBpy@HKUST-1(Zn)(left) and RWLC-2 (right)
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6.6.2 Rationale
Both RWLC-2 and RuBpy@HKUST-1 possess characteristics which are ideally suited for
generating 1O2. Namely, extended 3MLCT state lifetimes for RuBpy relative to solution, and a
potential pathway for the diffusion of molecular oxygen through the framework. In the case of
RWLC-2, the 17 Å channels should allow molecular oxygen to diffuse more easily through the
framework thereby increasing the likelihood that the 3MLCT will encounter O2 within the excited
state lifetime. Instead of possessing channels, the HKUST-1(Zn) topology is assembled in a way
that leaves the rhombicuboctahedron cavities, in which the RuBpy guests reside, surrounded by
11 Å and 5 Å cavities. The 3O2 (~3 Å diameter) can diffuse through these unoccupied cavities to
facilitate interactions between 3O2 and the encapsulated RuBpy.
6.7 Singlet oxygen generation in RuBpy@HKUST-1(Zn) and RWLC-2
The decrease in absorbance of the probe molecule is displayed in (Figure 6.2) and indicates the
conversion of 3O2 to 1O2 where the change in absorbance responds linearly with concentration
following first-order kinetics. Therefore, the rate of sensitization for each photosensitizer can be
expressed as:
ln 𝐴 = ln 𝐴0 − 𝑘𝑡

(eqn. 6.2)

where A is the absorbance maxima of H2ADC, A0 is the initial absorbance maxima of H2ADC, t
is the time in mins, and k is the rate. The photodegradation rate constant for each photosensitizer
can be determined with fitting of a linear regression of ln(A0/A) versus time. The quantum yields
of RuBpy, RWLC-2, and RuBpy@HKUST-1(Zn) are 0.33, 0.51, 0.22 respectively as summarized
in (Table 6.1). As discussed, extending the lifetime of the 3MLCT state is one method of increasing
the ΦSO. In the case of RWLC-2 and RuBpy@HKUST-1(Zn), the lifetimes of the slow phase
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Figure 6.4 Fitting to (eqn. 6.2) of RWLC-2 (left) and RuBpy@HKUST-1(Zn)(right)

populations are extended relative to RuBpy in solution (797 ns and 744 ns vs. 614 ns, respectively).
Therefore, it is reasonable that the ΦSO for RWLC-2 and RuBpy@HKUST-1(Zn) would be higher
than RuBpy in solution, based solely on lifetime. However, the ΦSO of RuBpy@HKUST-1(Zn) is
lower than that of RuBpy in solution while the ΦSO of RWLC-2 is nearly doubled. One possible
explanation for the lower ΦSO of RuBpy@HKUST-1(Zn) may be related to the distribution of the
two populations of RuBpy throughout the MOF. Recall, RuBpy@HKUST-1(Zn) and RWLC-2
exhibit biphasic decays which indicates two populations of RuBpy are present in each material.
The slow phase populations are encapsulated within confined cavities which limits the expansion
of the excited state complex resulting in an extended lifetime of the 3MLCT. The population of
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Table 6.1 Summary of the results for RuBpy, RLWC-2, RuBpy@HKUST-1(Zn)
k (min-1 x 103)

Area

Φ%

RuBpy

7.37
4.86

10.16
9.41

47
33

RWLC-2

1.66

2.13

51

RuBpy@HKUST-1(Zn)

1.26

3.78

22

Rose Bengal

RuBpy corresponding to the fast phase possesses significantly shorter lifetimes due to the selfquenching of the 3MLCT state by neighboring RuBpy complexes. Further examination reveals the
distribution between the slow and fast phase populations in RWLC-2 heavily favors the longerlived population by ~3:1 whereas in RuBpy@HKUST-1(Zn) the distribution is ~1:1. Recall,
molecular oxygen must diffuse through the pore apertures of the frameworks to encounter the
excited state complex. If diffusion into the framework is limited, molecular oxygen will interact
only the surface-bound RuBpy and/or RuBpy encapsulated near the surface of the crystal. The
lower ΦSO of RuBpy@HKUST-1(Zn), relative to RWLC-2, may be the result of oxygen being
unable to diffuse into the framework thereby only interacting the short-lived population of RuBpy
(τ = 171 ns) near the surface.
6.8 Summary
The data presented here demonstrates the production of

1

O2 by the RWLC-2 and

RuBpy@HKUST-1(Zn) topologies. The longer 3MLCT lifetime of RWLC-2 relative to RuBpy in
solution enhanced the generation of 1O2. However, the generation of 1O2 by RuBpy@HKUST1(Zn) was limited by the limited diffusion of oxygen in/out of the cages. As each topology had
similar lifetimes, the difference in the quantum yield was likely the result of enhance diffusion
through the channels of RWLC-2.
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Chapter Seven: Conclusions and Future Directions
In summary, this work demonstrates the potential of MOFs to serve as support matrices in the
development of bioinspired light harvesting systems. In addition, this work demonstrates how
varying properties of the MOF can be used to tune the photophysics of the encapsulated
ruthenium polypyridyls for light harvesting applications. In each case, the encapsulation of a
ruthenium polypyridyl modulated the observed lifetime and energy of the emitting state due to
electronic and vibrational coupling between the MOF cavity and the guest. Presented in the Zn
Polyhedral MOF section, both RuBpy and RuPhen were encapsulated in USF2 and HKUST1(Zn). Encapsulation within USF2 resulted in the destabilization of the 3MLCT state relative to
solution while encapsulation within HKUST-1(Zn) stabilized the 3MLCT relative to solution
indicated by changes to the calculated E00 values. The destabilization of the 3MLCT upon
encapsulation in USF2 was attributed to the presence of the charged MBBs resulting in a
decreased micropolarizability of the framework thereby minimizing the stabilization of the
excited state dipole. The emission lifetime data for RuBpy and RuPhen was fit to a biexponential
decay function indicating two populations were present in USF2 and HKUST-1(Zn), with the
exception being that RuBpy@USF-2 only exhibited a monophasic decay. In each case, the
extended lifetime of the slow phase population was attributed to an increase in the energy barrier
to access the 3LF state due to confinement. Unfortunately, the distribution of RuBpy and RuPhen
within each framework cannot be crystallographically resolved due in part to the low loading in
cavities which possess a high degree of symmetry allowing for multiple orientations of the
guests. At the time of this work, minor success with resolving RuBpy in HKUST-1(Zn) was
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achieved potentially due to the higher loading of RuBpy in HKUST-1(Zn) relative USF2.
Therefore, increasing the loading of the guest complex may be one avenue to determine in which
cavity or cavities the guests reside. Another potential strategy to resolve the guests within the
polyhedral frameworks would be to reduce the symmetry of the guest by using heteroleptic
ruthenium complexes. Limiting the number of preferred orientations of the guests would increase
the fractional population at each orientation without needing to increase the overall loading
within the framework.
Presented in the RuBpy templated MOFs section was an examination of the effects of varying
the cavity size by expanding upon previous work with the USF2 topology that led to the
development of the novel RWLC-X series of MOFs. In general, the RWLC-X series of MOFs
exhibit biphasic lifetime decays with fast phase populations which are quenched, likely through
RuBpy—RuBpy self-quenching, while the slow phase populations exhibit extended lifetimes
consistent with confinement. In each case, the energy barrier to access the 3LF state in the slow
phase population is increased to such a degree as to effectively eliminate population of this state
in favor of higher energy MLCT states. In RWLC-1 and RWLC-2 the higher energy MLCT is
singlet-in-character while in RWLC-3 the decay occurs through a fourth 3MLCT. Unlike
previous members of the RWLC-x series, the fast phase population of RWLC-6 exhibits
photophysics consistent with confinement and RuBpy—RuBpy self-quenching. Based on the
RWLC-X series, the data indicates the increasing distortion of RuBpy within the cavity results in
a stabilization of the 3MLCT relative to solution. In addition, the fourth 3MLCT is populated in
RuBpy with a more distorted excited state while the less distorted RuBpy decays through higher
energy 1MLCT states.
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Encapsulation of the three homoleptic complexes RuBpy, RuPhen, and RuDMe into RWLC-2
provided insight into how guests with larger dipole moments interacted with the cavity of
RWLC-2. The stabilization of the 3MLCT lessened due to the increasing magnitude of the dipole
moment and size of the encapsulated guest. Interestingly, the increased size of RuDMe resulted
in a distorted in the RWLC-2 that allowed for population of the 3LF due to the larger cavity
volume. At this time the arguments made in this section requires additional support in the form
of more complexes with differing dipole which maintain similar sizes.
In chapter 5, the PET between the trinuclear Co(III) MBBs of RWLC-2(Co) and RWLC-(Co) the
RuBpy guest was presented. These systems were the first examples reported by our lab to
involve PET between the framework and the encapsulated guest. In both frameworks the
significant quenching of the RuBpy 3MLCT excited state was attributed to an ET process in
which an electron was transferred from the Co(III) MBBs to RuBpy. In each case, the
reorganizational energies are similar to those observed previously in the donor acceptor pairs
located in adjacent cavities. In RWLC-(Co) the reorganization energy is minimal due to the close
proximity of the RuBpy to the Co MBBs in each case. As suggested in the PET section, the poor
alignment of the transition dipole in the framework to guest PET systems resulted in poor
coupling. One method to potentially improve the coupling in future systems couple be through
the use of heteroleptic guests. In that regard, heteroleptic guests could result in a preferential
orientation of the guest which may lead to directional PET through the framework.
In chapter 6, the generation of singlet oxygen with RuBpy@HKUST-1(Zn) and RWLC-2 was
discussed. The quantum yield of 1O2 generation in RWLC-2 was significantly higher than that of
RuBpy in solution (~2 fold). The increase in quantum yield was attributed to the extended
lifetime of RuBpy in RWLC-2 in addition to the large channels allowing easier access to the
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interior of the crystal. At this time, a limited set of 1O2 data has been collected and would be
worth including other members of the RWLC-X series.

Future work in this area should focus on expanding the work presented here to develop
additional Ru(II)@RWLC-X series MOFs. These additional MOFs will provide additional detail
on the combination of MOF structural features and guest properties which result in the observed
photophysics. In addition, the RWLC-X series MOFs would be ideal for the encapsulation of
donor-acceptor pairs as in these frameworks the guests are crystallographically resolvable.
Finally,
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