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Confinement-Guided Photophysics in MOFs, COFs, and Cages  
Gabrielle A. Leith,‡a Corey R. Martin,‡a Jacob M. Mayers,‡b Preecha Kittikhunnatham,a Randy W. 
Larsen,*b and Natalia B. Shustova*a 

In this review, the dependence of the photophysical response of chromophores in the confined environments 
associated with crystalline scaffolds, such as metal-organic frameworks (MOFs), covalent-organic frameworks 
(COFs), and molecular cages, has been carefully evaluated. Tunability of the framework aperture, cavity 
microenvironment, and scaffold topology significantly affects emission profiles, quantum yields, or fluorescence 
lifetimes of confined chromophores. In addition to the role of the host and its effect on the guest, the methods for 
integration of a chromophore (e.g., as a framework backbone, capping linker, ligand side group, or guest) are 
discussed. The overall potential of chromophore-integrated frameworks for a wide-range of applications including 
artificial biomimetic systems, white-light emitting diodes, photoresponsive devices, and fluorescent sensors with 
unparalleled spatial resolution are highlighted throughout the review. 
 

1. Introduction 
Photophysical properties can substantially affected by a 

confined space, resulting in drastic changes in physicochemical 
properties of molecules including excited-state molecular 
dynamics, electronic structure, and reaction kinetics.1–6 Over 
the years, the broader scientific community has shown a 
growing interest in chromophore dynamics in areas such as 
materials science and supramolecular chemistry.7–12 For 
instance, chromophore integration inside a rigid scaffold can 
lead to remarkable changes in the emission/absorption 
maxima, quantum yields (QYs) and/or fluorescence lifetimes 
(i.e., chromophore@host versus unrestricted chromophore).13–

19 In this review, we focus on the role of a confined space of 
metal-organic frameworks (MOFs), covalent-organic 
frameworks (COFs), and molecular cages (metal-organic 
polyhedra (MOPs)) on chromophore molecular conformations 
and the photophysical properties that can arise (Scheme 1). For 
instance, there have already been numerous experimental 
studies highlighting the advantages of a controlled environment 
on energy transfer (ET), photoluminescence, and 
conformational dynamics.20–27 

Crystalline porous structures, e.g., MOFs and COFs, have 
wide-spread applications spanning from the “classical” realm 
such as gas storage and separation to avant-garde such as 
protein encapsulation for catalysis.28–47 The judicious choice of 

metals and organic linkers in MOFs or just linkers in COFs, allows 
for enabling strategic control over structural design.48–51 For 
instance, the nearly limitless choice of building blocks enable 
design of MOFs and COFs with various pore sizes, surface areas, 
and functionalities, thus allowing for systematic investigations 
of the effect a confined space imposes on a chromophore. 
Similarly, coordination cages have a variety of organic linkers 
and metals to choose from, but they form discrete structures 
rather than extended motifs.51 The difference in structural 
features results in the possibility to study cages (and therefore, 
integrated chromophores) through conventional techniques 
such as solution-based nuclear magnetic resonance (NMR) 
spectroscopy. Moreover, they can be used to mimic the 
environment of MOF pores, allowing for analysis of a 
chromophores conformation by single crystal X-ray diffraction 
(SC-XRD).52,53 Similar studies in MOFs can be challenging due 

Scheme. 1 Schematic representation of the effect of a confined space on the 
example of MOFs, COFs, and cages. Reproduced from ref. 53 with permission from 
American Chemical Society, copyright 2020. 
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to severe crystallographic disorder of integrated guest 
molecules.  

This review will exclusively focus on the effect that the 
confined space of MOFs, COFs, and cages has on the 
photophysics of chromophores embedded as guests and as 
linkers. In particular, studies appraising the incorporation of 
benzylidene imidazolone (BI)-based chromophores, 
photochromic molecules, and transition metal polyimines, as 
well as chromophore incorporation in crystalline scaffolds that 
would otherwise exhibit aggregation-caused quenching (ACQ) 
in the solid state or aggregation-induced emission (AIE) when 
low-energy vibrational modes are restricted, will be presented. 

2. Confinement-Driven Guest Photophysics 
The host-guest platform, such as guest-loaded MOFs and 

COFs, provides an opportunity to study the effect that 
confinement (e.g., host-guest interactions and solvent effects) 
has on chromophore photophysics. For example, there are 
distinct differences in emission profiles, fluorescence lifetimes, 
and QYs of chromophores aggregated in the solid state versus 
ones spatially separated within a rigid matrix.13,14,54 Porous 
frameworks and cages are also versatile platforms for probing 
the confinement effect by tuning a diverse array of parameters. 
For example, modulating topology can lead to an increase in 
pore size and can result in changes in guest molecular 
conformation as well as host-guest interactions.53 Similarly, 
chromophores located inside a porous host and surrounded by 
polar solvent molecules can display bathochromic shifts in 
emission profiles.55 

Overall, integration of a chromophore as a guest inside a 
rigid scaffold is a convenient way to achieve and study 
photophysics modulation. In other words, this method is 
advantageous since encapsulation of guests in porous 
frameworks does not typically rely on labor-intensive 
chromophore derivatization. In fact, there are a myriad of 
chromophores commercially available that can be incorporated 
as guests without any modification, in comparison with a multi-
step synthesis required for scaffold linker design. This section 
will be devoted to a discussion based on tailoring the 
photophysics of a chromophore as a guest within a confined 
porous scaffold (Fig. 1). 
 
2.1 Guests Chromophores with Benzylidene Imidazolone Cores 

Fluorescent proteins are employed for applications 
including biomarkers and biosensors to monitor reaction 
progress in vivo as well as to detect specific ions or reactive 
oxygen species.56,57 One renowned example of fluorescent 
proteins is the green fluorescent protein (GFP) that has 
attracted considerable attention since its discovery.58 The 
photoluminescence properties of GFP rely on the HBI (HBI = 5- 

Fig. 1 Schematic representation of emission maxima for encapsulated 
chromophores as a function of (top left) a guest chromophore (MOF = constant, 
guest = variable) and (top right) a framework pore size (guest = constant, MOF = 
variable). Literature analysis of dependence of the guest@MOF emission 
maximum as a function of the framework pore size: (bottom left) MOF = constant, 
guest = variable and (bottom right) MOF = variable, guest = constant. Reproduced 
from ref. 53 with permission from American Chemical Society, copyright 2020. 
 (4-hydroxybenzylidene)-3,5-dihydro-4H-imidazol-4-one; Fig. 2) 
chromophore being tightly surrounded by a protein β-barrel, 
thus, reducing excited state relaxation pathways (i.e., 
nonradiative decay) such as twisting, rotating, or tilting (e.g., 
“hula-twist”).59–61 The confined environment of the β-barrel is 
crucial for fluorescence to occur and the release of the HBI 
chromophore from GFP results in a four-orders-of-magnitude 
decrease in fluorescence QY.60,61 One method to address the 
challenge of low QYs of BI-based chromophores outside of the 
protein β-barrel is to synthetically mimic the confined space of 
the protein using, for instance, another rigid scaffold (e.g., 
MOFs, COFs, or cages) to suppress non-radiative decay 
pathways.  

There are primarily two conceptually different approaches for 
tuning photoluminescence of MOFs using guest molecules as 
shown in Fig. 1.53 In the first approach, the emission maxima of 
guest@MOF spectra can be varied in a wide range due to 
integration of different chromophores inside the same MOF, 
i.e., MOF is a constant while the encapsulated chromophore 
varies. The second approach is based on the opposite concept 
in which the embedded guest is constant while the MOF is 
varied, i.e., the same chromophore is incorporated into 
different scaffolds that allows for tailoring the 
photoluminescent response. Shustova and coworkers applied 
both approaches for tuning fluorescence over a wide emission 
range by derivatizing the BI-chromophore core with electron-
donating and electron-withdrawing groups (EDG and EWG, 
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respectively) or halogens (Fig. 1, approach 1 and Fig. 2).62 The 
prepared chromophores were integrated as guests inside a 
framework, i.e., the first approach mentioned above (Fig. 1). For 
instance, the authors incorporated seven chromophores BI, (BI 
= 5-benzylidene-2,3-dimethyl-3,5-imidazol-4-one; Fig. 2), pMBI 
(pMBI = 4-methylbenzylidene-2,3-dimethylimidazol-4-one; Fig. 
2), EC-oHBI (EC-oHBI = ethyl-3-((1,2-dimethyl-5-oxo-imidazol-4-
ylidene)methyl)-4-hydroxybenzoate; Fig. 2), NO2-oHBI (NO2-
oHBI = 5-(2-hydroxy-5-nitrobenzylidene)-2,3-dimethyl-
imidazol-4-one; Fig. 2), Br-oHBI (Br-oHBI = 5-(5-bromo-2-
hydroxybenzylidene)-2,3-dimethyl-imidazol-4-one; Fig. 2), and 
oHBI (oHBI = 5-(2-hydroxybenzylidene)-2,3-dimethyl-imidazol-
4-one); Fig. 2) into the confined environment of Zn3(BTC)2 
(HKUST-1(Zn); H3BTC = benzene-1,3,5-tricarboxylic acid) that 
led to emission maximum variation from 449 nm to 601 nm (Fig. 
2). Interestingly, the recorded emission maxima matched ones 
known for the natural proteins (Fig. 2). As one of the main 
conclusions, the Shustova group revealed that photophysical 
properties could be systematically tuned through attachment of 
EDG, EWG, or halogens in the para position, relative to the 
hydroxyl group (Fig. 2, o-HBI compared to EC-oHBI, NO2-oHBI, 
and Br-oHBI). For instance, photoluminescence maxima of EC-
oHBI@ Zn3(BTC)2 and NO2-oHBI@Zn3(BTC)2 are 
hypsochromically shifted compared to Br-oHBI@Zn3(BTC)2. 

The same group applied the aforementioned second 
approach (Fig. 1) to tailor the emission profile of MOFs.53 In this 
case, Cl-BI (5-(3-chlorobenzylidene)-2,3-dimethyl-3,5-dihydro-
4H-imidazol-4-one) was chosen for systematic changes of 
emission profiles as a function of MOF pore aperture.53 The 
established correlation between emission maximum and the 
pore size is show in Fig. 1 that was further corroborated with 
previously reported data for MeO-oHBI@MOF (MeO-oHBI = 5-
(2-hydroxy-5-methoxybenzylidene)-2,3-dimethyl-3,5-dihydro-
4H-imidazol-4-one).22 As a result of framework variation, the 
emission maximum of Cl-BI@MOF can be bathochromically 
shifted up to 150 nm.22,53 Building upon this work, the same 
group endeavored to shed light on the photophysics and 
dynamics of BI-based chromophores through non-coordinative 
inclusion in eight frameworks with a variety of topologies and 
pore apertures ranging from 8 Å to 25 Å (Fig. 2, approach 2).53 
In this case, MeO-oHBI was chosen as a chromophore due to its 
sensitivity to the local environment manifested through a 
hypsochromic shift in emission up to 141 nm in comparison to 
the emission in the solid state for the same chromophore (λmax 
= 649 nm, λex = 350 nm).  

Despite precise tuning of MOF photoluminescence through 
guest incorporation, one potential drawback for using periodic 
scaffolds for systematic studies: utilization of SC-XRD is 
necessary to build a correlation between a chromophore 
molecular conformation inside a framework and changes in 
guest@MOF emission profile. This issue arises from significant 
disorganization of guest molecules inside a framework that 
causes severe crystallographic disorder. To overcome this 

Fig. 2 (top) Color profile of fluorescent proteins and the BI-chromophores mimicking the 
photophysical profile of natural proteins. (middle) Normalized emission spectra of BI-
based chromophores incorporated inside of Zn3(BTC)2 as a guest. (bottom) Normalized 
emission spectra of BI-derivatives with an electron-withdrawing group (EWG) (blue solid 
line), halogen (green solid line), and electron-donating group (EDG) (red solid line) 
incorporated inside of Zn3(BTC)2 and the corresponding "free" chromophores (dotted 
lines). Reproduced from ref. 65 with permission from American Chemical Society, 
copyright 2016. 

challenge, a molecular cage can be utilized as a truncated model 
of a MOF can be utilized.52,63,64 For instance, loading of Cl-oHBI 
(Cl-oHBI = 5-(5-chloro-2-hydroxybenzylidene)-2,3-dimethyl-3,5-
dihydro-4H-imidazol-4-one) in Pd6(TPT)4(NO3)12 (TPT = 2,4,6-
tri(pyridin-4-yl)-1,3,5-triazine) allowed for determination of 
chromophore molecular conformation (details will be described 
in section 4 that has a main focus on molecular cages) and 
therefore, building of a correlation between molecular 
conformation of Cl-oHBI and material photophysical response.53  

Based on the acquired photophysical information of BI-
related chromophores, the Shustova group has started to apply 
the gained knowledge to study and model Förster resonance ET 
processes.66 Tunability of a scaffolds absorption and emission 
profiles though guest incorporation can result in the possibility 
for achieving spectral overlap of donor (emission) and acceptor 
profiles though guest incorporation can result in the possibility 
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for achieving spectral overlap of donor (emission) and acceptor 
(absorption) required for efficient ET.67,68 Although an 
understanding of light-harvesting and ET processes in MOFs 
have progressed significantly over the years, there is still a lack 
of mechanistic understanding of directionality of ET in MOFs.68–

70 Shustova and coworkers used a pair of chromophores with BI 
and porphyrin cores as a model system to tune ET efficiency.66 
Inspired by the reported didomain bio-system,66 they 
attempted to tune the structures of a BI-donor and porphyrin-
acceptor to achieve the required donor-acceptor spectral 
overlap through utilizing the confined environment of a 
Pb2(TCPP) framework (H4TCPP = tetrakis(4-
carboxyphenyl)porphyrin).66 The relatively small one-
dimensional MOF channels (11 Å) promoted incorporation of 
approximately one BI guest per two TCPP4− units, resulting in a 
72% ET efficiency.66 Discussion of coordinative immobilization 
of BI into the confined environment of Pb2(TCPP) will be 
presented in section 3.1. Further exploration of chromophore 
modulation as a function of MOF geometry can potentially 
address the challenge of emission tunability in the near-infrared 
(IR) region that typically requires relatively challenging 
chromophore derivatization. 
 
2.2 Photochromic Guests  

Incorporation of photoresponsive chromophores as a guest 
into a crystalline framework provides an additional avenue for 
tuning framework photophysics through application of an 
external stimuli (e.g., light).71–74 Moreover, the confined space 
of a MOF can evoke intriguing properties such as size-selective 
photochromic behavior,75 X-ray induced photochromism,76 or 
linear dichroism.77 Although there are a variety of photochromic 
compounds incorporated in MOFs (e.g., naphthalenediimide or 
methyl viologen), several recent reviews highlight 
photochromic MOF-based photophysics74,78 which will not be 
extensively discussed here. In this review, three different 
classes of photoswitchable molecules will be presented: 
azobenzene, diarylethene, and spiropyran (Fig. 3). Inclusion of 
photoresponsive molecules as non-coordinative guests into 
MOFs is advantageous since it imposes less geometrical 
restrictions than solid-state packing and does not require 
derivatization of complex photochromic cores, while still 
providing the advantages of a crystalline motif (e.g., spatial 
separation and resistance to photobleaching).74 

Azobenzene dyes and their E/Z isomerization is often 
referred to as the archetype of photochromism.79 Successful 
encapsulation of azobenzene into porous matrices has been 
demonstrated over the years.80 However, reversible and 
complete azobenzene photoisomerization from the E to Z form 
has only recently been addressed.81 Ruschewitz and coworkers 
addressed this problem by fluorinating the phenyl rings of the 
azobenzene followed by its incorporation inside a framework 
(Fig. 4).81 In particular, integration of tf-AZB (tf-AZB = o- 

Fig. 3 Photoresponsive molecules integrated inside a framework as: (left to right) 
a side group, a backbone, and a guest. (bottom) Classes of photoresponsive 
moieties discussed in this review.74,81–87  
tetrafluoroazobenzene; Fig. 4) as guests into MIL-68(In) (MIL = 
Materials Institute Lavoisier) led to an almost quantitative 
switching between E and Z photoisomers in the solid state and 
did not exhibit fatigued behavior after three switching cycles 
(Fig. 4). Moreover, photoisomerization could be induced with 
green and blue light rather than UV light that is typically used to 
trigger photoisomerization of azobenzene. Spectroscopic 
analysis of tf-AZB@MOF systems revealed that the IR 
frequencies of O−H stretching vibrations of the MOF shifted 
significantly upon photoisomerization, indicating a change of 

Fig. 4 (top) Azobenzene and (bottom) fluorinated azobenzene (tf-AZB) guests 
incorporated within the MIL-68(In) framework. The respective 
photoisomerization yields are listed under each isomer. Reproduced from ref. 81 
with permission from John Wiley and Sons, copyright 2019. 
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 Fig. 5 (top) X-ray crystal structure of (a) MOF-5 and (b) MIL-53(Al) with images of the 
spiropyran-loaded MOF powders and respective colored solutions of chromophores. 
(bottom) Correlation of the absorption maxima of merocyanine in varying solvents (blue 
dots) and the reflection minima of spiropyran-loaded MOF systems (green diamonds) 
against the elution power (ε0). The orange, light blue, gray, and red spheres represent 
Zn, Al, C, and O atoms, respectively. H atoms were omitted for clarity. Reproduced from 
ref. 88 with permission from American Chemical Society, copyright 2017. 

intermolecular interactions of guest molecules in the confined 
space upon E/Z photoisomerization. Furthermore, they 
determined that the photochromic properties of the guest 
inside a framework were affected by the MOF topology, degree 
of guest loading, and by the chemical environment of the pore 
itself. The same group also ventured into encapsulation of 
another class of photochromic molecule, SP (SP = 1,3,3-
trimethylindolino-6ʹ-nitrobenzopyrylospiran; Fig. 3), belonging 
to the spiropyran family of derivatives.88 The authors primarily 
monitored switching behavior spectroscopically, surveying the 
local reflection minimum between 500 and 600 nm of SP@MOF 
systems. They determined that the reflection minima could shift 
depending on the polarity of the host. Embedding SP in several 
MOFs led to the establishment of a correlation between MOF 
pore polarity and reflection minima of the photoresponsive 
MOFs (Fig. 5). 

Benedict and coworkers prepared the first MOF with a 
diarylethene derivative as a photochromic guest (Fig. 6).89 Upon 
irradiation of 1,2-bis(2,5-dimethyl-thien-3- 
yl)perfluorocyclopentene@Zn2(BDC)2(DABCO) (H2BDC = 1,4-  

Fig. 6 (top) Schematic representation of confinement-driven linear dichroism in 
1,2-bis(2,5-dimethyl-thien-3-yl)perfluorocyclopentene@Zn2(BDC)2(DABCO) single 
crystals. (bottom left) Polarized light images of the single crystals before and after 
UV irradiation. (bottom right) Polarized absorption spectra of a photoresponsive 
single crystal as a function of single crystal orientation. The orange, green, yellow, 
gray, blue, and red spheres represent Zn, F, S, C, N, and O atoms, respectively. H 
atoms were omitted for clarity. Reproduced from ref. 89 with permission from 
American Chemical Society, copyright 2016. 
benzenedicarboxylic acid; DABCO = 1,4-
diazabicyclo[2.2.2]octane), the crystals turned dark red and 
exhibited strong linear dichroism. Moreover, the diarylethene 
guest molecules were preferentially aligned within the pores of 
the host along the crystallographic c-axis. 

Currently, COFs are also actively explored as a platform for 
photochromic guest immobilization. Very recently, the 
electronic properties of a COF were tuned through 
incorporation of SP as a function of light.90 In this case, the COF 
provided sufficient void space for SP structural rearrangement 
associated with its photoisomerization. Upon UV-irradiation, 
the spiropyran derivative isomerized to the charge-separated 
merocyanine form within the COF, resulting in a nearly 40% 
increase in conductivity compared to that of SP@COF before 
UV-irradiation. 

 

2.3 Transition Metal Polyimine Guests 

Transition metal complexes are another important class of 
molecules for incorporation into porous motifs such as MOFs 
(Fig. 7). Complexes including polyoxometalates, 
metalloporphyrins, metal polyimines, and phthalocyanines 
exhibit photophysical properties that are important for light-
harvesting applications and photocatalysis including broad 
wavelength absorption, long-lived excited states, and relatively 
high photostability.71,72,91,92 In addition, derivatives of transition 
metal complexes have been integrated into MOFs as a part of 
the framework backbone and produced intriguing 
photophysical properties.70,73 The photophysical properties of 
transition metal complexes arise from the d orbital occupancy 
as well as the electronic structure of the coordinated ligands,  
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Fig. 7 (top) Structures of transition metal polyimines encapsulated in MOFs and 
discussed in this review. (bottom) The Ru(II) tris(2,2’-bipyridine) dication. The 
green, gray, blue, and white colors represent Ru, C, N, and H atoms, respectively. 
and can be significantly influenced by confinement within 
porous materials. 
 
2.3.1 Transition Metal Polyimine Photophysics  
One of the most well studied classes of transition metal 
complexes contain polyimine ligands such as 2,2’-bipyridine 
(Bpy), 1,10-phenanthroline (Phen), and 2,2’,6,2”-terpyridine 
(Ter), and are coordinated to group 8 transition metals such as 
Fe(II), Ru(II), and Os(II) (Fig. 7).93–99 Of these complexes, 
ruthenium (II) tris-(2,2-bipyridine) (RuBpy) is the most well-
understood regarding electronic structure and photophysical 
properties and serves as a model for other transition metal 
polyimines (Fig. 7).100 Excitation of RuBpy results in an electronic 
transition from the t2g orbital of Ru(II) to the anti-bonding π* 
orbital of the coordinated Bpy ligand, producing a singlet metal- 
to-ligand charge transfer (1MLCT) excited state. The 1MLCT  

 Fig. 8 (top) Schematic representation of the potential energy surfaces for RuBpy 
in the (left) weak and (right) strong coupling limit between the excited 3MLCT and 
3LF states. (bottom) Diagram illustrating the kinetic parameters described in eqn 
(2) and (3). 

decays (~5–15 ps) to a set of three closely spaced 3MLCT states  
that can decay either radiatively (kr) or non-radiatively (knr) to 
the singlet ground state (1GS; Fig. 8).100 In addition, a thermally 
accessible triplet ligand field state (3LF) can be populated that 
decays through a non-radiative (k1) pathway back to the 1GS. 
The conversion from the 3MLCT to the 1GS is a spin-forbidden 
process, resulting in a long-lived excited state with a lifetime on 
the order of 600 ns. 

The excited state decay pathways summarized in Fig. 8 can 
be described using a transition state theory formalism 
according to eqn (1):93 

!
"!"#

=	𝑘#$% =	𝑘& + 𝑘! × 𝑒
($%&'"(

) (1) 

where kb is the Boltzmann’s constant, ΔE is the energy barrier 
to access excited states above the lowest energy emitting 
states, k1 is the rate constant associated with decay from the 
higher energy state, and k0 is the sum of the non-radiative and 
radiative decay from the lowest energy emitting state. For 
RuBpy in ethanol, k0 is 6.0 × 105 s−1, k1 is 1.9 × 1013 s−1, and ΔE is 
3491 cm−1; ΔE is related to thermal access to the higher energy 
ligand field state, 3LF.101 The 3LF state is anti-bonding with 
respect to the Ru–ligand bond, and the ΔE for Ru(II) type 
complexes can vary depending on the nature of the coordinated 
ligands. For example, Ru(II) coordinated with bis-(2,2’,6,2”-
terpyridine) (RuTer) coordination exhibits a significantly lower 
barrier (~1500 cm−1) resulting in a much shorter emission 
lifetime (τ < 1 ns) and a low luminescence QY (Φ < 1%), relative 
to RuBpy. For transition metal polyimine systems such as Fe(II) 
tris(2,2’-bipyridine) (FeBpy), the 3LF state is lower in energy than 
the 3MLCT state and deactivates through conversion to a lower 
energy 5LF excited state. In the case of Fe(II) complexes such as 
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FeBpy and Fe(II) tris-(1,10-phenanthroline) (FePhen), rapid 
decay from the 5LF state gives rise to lifetimes of < 1 ns and low 
luminescence QYs, Φ < 0.1%. In order to understand the effects 
of confinement on the excited state decay pathways, a Frank-
Condon analysis of the steady-state emission spectra can be 
applied using eqn (2): 

𝐼(𝐸) = 𝛴)*&+𝛴,*&- ,
(𝐸&& − 𝑛ℎ𝜔. −𝑚ℎ𝜔/)

𝐸&&
2
0

3𝑒
12)
)! 4 3𝑒

12*
,! 4 

Exp	[−4 ln 2 (414++5)67)5,67*
8n,

-

)9  (2) 

where I(E) is the emission intensity at energy E, E00 is the energy 
gap between the excited and ground state zero point energies, 
hωH and hωL are the average high and low frequency acceptor 
modes, respectively, SH and SL are the vibronic coupling factors 
(Huang-Rhys factors), Δν1/2 is the full width at half maximum, 
and n and m are the high and low frequency vibrational 
quantum numbers, respectively. In the case of Bpy- and Phen-
containing transition metal complexes, the average high 
frequency acceptor modes are between 1000–1500 cm−1 and 
the average low frequency modes are between 200–700 cm−1. 
The Huang-Rhys factor (Si) and the average frequencies of the 
coupling modes (hωi) are related to changes in the overall 
potential energy surfaces that accompany changes in geometry 
(ΔQ) through eqn (3): 

𝑆: = 𝑀(!
9
)(67.

ħ
)(𝛥𝑄)9 (3) 

where ħ is the reduced Planck’s constant and M is the reduced mass 
of the vibrating system (Fig. 8). 
 
2.3.2 Ru(II) polyimine@Zn-Polyhedral MOFs 

Metal-organic frameworks composed of zinc (II) ions and 
carboxylate-based ligands are some of the earliest examples of 
MOFs with high porosity and large surface areas.102–105 A 
prototypical polyhedral Zn(II)-carboxylate MOF is Zn3(BTC)2 (Fig. 
9).106 The Zn3(BTC)2 MOF forms three distinct cavity structures: 
a smaller tetrahedron cavity (~5 Å in diameter), an ~11 Å 
octahemioctahedron, and a ~13 Å rhombihexahedron.107 The 
USF-2 framework, developed by Larsen and coworkers, is 
shown in Fig. 9. USF-2 is also formed from Zn(II) ions and BTC3− 
ligands, is isostructural to Zn3(BTC)2, and contains three cavity 
sizes similar to those in Zn3(BTC)2 including a ~9 Å cuboctahedral 
cage, a ~13 Å octahemioctahedral cage, and a ~15 Å 
rhombicuboctahedral cage.108 The diameter of RuBpy is ~11 Å, 
and therefore, can be accommodated within the ~13 Å 
rhombihexahedron cage of USF-2 or in the case of Zn3(BTC)2, 
the ~13 Å octahemioctahedral cage or the ~15 Å 
rhombicuboctahedral of (Fig. 9). 

 

Fig. 9 (top) Synthesis of RuBpy@Zn3(BTC)2 and RuBpy@USF-2. Reproduced from 
ref. 106 with permission from Elsevier, copyright 2018. (middle) Diagram 
illustrating the displacement of the excited state potential surfaces of 
RuBpy@USF-2 and RuBpy@Zn3(BTC)2, relative toc RuBpy in solution. Reproduced 
from ref. 109 with permission from Springer Nature, copyright 2020. (bottom left) 
Steady-state emission spectra of RuBpy in EtOH (black), RuBpy@USF-2 (red), and 
RuBpy@Zn3(BTC)2 (blue). (bottom right) The emission decays for RuBpy in EtOH 
(black), RuBpy@USF-2 (red), and RuBpy@Zn3(BTC)2 (blue). The orange, gray, and 
red spheres represent Zn, C, and O atoms, respectively. H atoms were omitted for 
clarity. Reproduced from ref. 108 with permission from American Chemical 
Society, copyright 2012. 

The effect of encapsulation on the photophysics of RuBpy is 
evident from the steady-state emission spectra (Fig. 9) and is  
dependent upon the nature of the framework.106 The steady-
state emission spectra of RuBpy@USF-2 is hypsochromically 
shifted relative to that of RuBpy in solution, that is consistent 
with a destabilization of the lowest energy emitting 3MLCT, 
possibly due to the interaction between the excited state dipole  
moment and the overall charge associated with the cavities.108  
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Table 1: Summary of Franck-Condon parameters for transition metal polyimines and 
their incorporation into MOFs.106,108,111–114 

In the case of USF-2, the framework is composed of cationic  
cavities that may play a role in the polarization of the large  
excited state dipole moment of RuBpy (~4.6 D) that destabilizes 
the 3MLCT.110 A Frank-Condon analysis of the RuBpy@USF-2 
emission spectrum revealed changes in the average low 
frequency acceptor mode and low coupling factor (SL), 
indicating partial distortion of the complex  
upon encapsulation (Table 1). The extent of the distortion can 
be obtained from the ΔQMOF/ΔQsoln ratio given in eqn (4):  

𝜟𝑸𝑴𝑶𝑭
𝜟𝑸𝒔𝒐𝒍𝒏

= ((𝑺
𝑴𝑶𝑭𝒉𝝎𝒔𝒐𝒍𝒏)

(𝑺𝒔𝒐𝒍𝒏𝒉𝝎𝑴𝑶𝑭)
)
𝟏
𝟐   (4) 

The ratio ΔQMOF/ΔQsoln for RuBpy@USF-2 is ~0.81 indicating a 
small perturbation in the RuBpy excited state potential surface 
in the MOF relative to solution.  

The emission decay data (Fig. 9) for RuBpy@USF-2 can be fit 
to a single exponential decay function revealing an excited state 
lifetime twice that observed for RuBpy in solution (1200 ns for 
RuBpy@USF-2 vs. 614 ns for RuBpy in ethanol).106 In addition, 
no changes were observed for the decay of the lowest energy 
3MLCT manifold (k0 in eqn (1) and Table 2) while the non-
radiative decay term for the 3LF decay (k1 in eqn (1)) increased 
by a factor of ~30 relative to solution. The ΔE also increased 
by~930 cm−1 upon encapsulation, indicating a rise in the energy 
barrier to access the 3LF state above the emissive 3MLCT state. 

Table 2: Summary of the kinetic parameters for transition metal polyimines and their 
incorporation into MOFs.98,106,108,111–113 

aThe slow phase component of all lifetimes was obtained from fits of the lifetime 
decays to eqn (1). 

As the 3LF state involves increased Ru–N bond lengths, 
confinement restricts the expansion of the complex, thereby 
raising ΔE and reducing the 3LF state population. As the 3LF state 
decays via a large non-radiative rate constant and the 
populations reduce, an increased emission lifetime was 
observed (Table 2).  

A comparison of the steady-state emission spectra and 
lifetime decay of RuBpy@Zn3(BTC)2 and RuBpy@USF-2 
indicated that the nature of the cavities within the Zn(II) 
framework plays an important role in modulating the 
photophysics of the RuBpy complex.106 The steady-state 
emission spectra of RuBpy@Zn3(BTC)2 (Fig. 9) displayed a 
bathochromic shift relative to RuBpy in solution, contrasting to 
RuBpy@USF-2, and is consistent with stabilization of the 3MLCT 
in Zn3(BTC)2. Since Zn3(BTC)2 lacks the periodic interconnecting 
[Zn2(COO−)3]+ clusters, formation of the excited state dipole 
moment likely induced polarization within the cavity that 
further stabilized the 3MLCT state. A Frank-Condon analysis of 
the RuBpy@Zn3(BTC)2 emission spectra revealed changes to the 

species E00 
(cm−1) 

hωH; 
hωL 

(cm−1) 

SH; SL Δν1/2 
(cm−1) 

cavity shape; size 
(Å) 

RuBpy in 
EtOH 

16781 1258; 
355 

0.64; 
0.73 

1617 N/A 

RuBpy@ 
USF-2 

16814 1257; 
129 

0.65; 
0.10 

1561 rhombi 
cuboctahedral; 15 

 RuBpy@ 
Zn3(BTC)2 

16359 1207; 
279 

0.60; 
0.10 

1511 rhombi hexahedron;  
13 

 RWLC-1 17364 1589; 
463 

0.62; 
0.68 

1726 hexagonal; 14 

RWLC-2 16213 1918; 
347 

0.55; 
0.73 

2668 cubic; 14 

RWLC-3 16524 2471; 
846 

0.14; 
0.19 

1076 cubic; 13 

RWLC-5 15915 1738; 
636 

0.31; 
0.10 

1463 cubic; 13 

RWLC-6 16927 1257; 
391 

0.67; 
0.68 

1396 hexagonal; 15 

RuBpy@ 
UiO-66 

16651 1387; 
304 

0.63; 
0.71 

1640 octahedral;  
12  

OsBpy in 
EtOH 

14163 1486; 
558 

0.30; 
0.55 

1227 N/A 

OsBpy@ 
USF-2 

14258 1174; 
353 

0.35; 
0.67 

949 rhombi 
cuboctahedral; 

15 
OsBpy@ 
Zn3(BTC)2 

14274 1057; 
276 

0.47; 
0.67 

1207 rhombi hexahedron; 
13 

species k0 
(s−1) 
× 106 

k1 (s−1) 
× 1013 

ΔE1 
(cm−1) 

τ 
(ns)a 

cavity shape; 
size (Å) 

RuBpy in 
EtOH 

5.6 5.1 3661 614 N/A 

RuBpy@ 
USF-2 

5.5 150 4593 1200 rhombi 
cuboctahedral; 

15 
RuBpy@ 
Zn3(BTC)2 

7.2 0.14 3033 744 rhombi 
hexahedron; 

13 
RWLC-1 5.3 0.002 2566 1600 hexagonal; 

14 
RWLC-2 7.6 0.002 2198 797 cubic; 14 

RWLC-3 3 0.001 1779 453 cubic; 13 

RWLC-5 -- -- -- 1167 cubic; 13 

RWLC-6 5.5 0.2 3084 1032 hexagonal; 
15 

RuBpy@ 
UiO-66 

9.0 0.05 2986 1004 octahedral; 
12 

OsBpy in 
EtOH 

10 0.0000
6 

975 50 N/A 

OsBpy@ 
USF-2 

9.0 0.0002 1313 81 rhombi 
cuboctahedral; 

15 
OsBpy@ 
Zn3(BTC)2 

7.0 0.0001 1252 104 rhombi 
hexahedron; 

13 
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Huang-Rhys low frequency coupling factor (SL) by nearly 86% 
relative to solution. 

As observed in RuBpy@USF-2, encapsulation of RuBpy also 
induced geometric distortion of the complex that decreased the 
low frequency coupling factor and changed the average low 
frequency acceptor modes. The calculated ratio of ΔQMOF/ΔQsoln 

for RuBpy@Zn3(BTC)2 was found to be ~0.70 indicating 
perturbation to the potential energy surface of the complex 
upon encapsulation, similar to RuBpy@USF-2. Unlike 
RuBpy@USF-2, the emission decay of RuBpy@Zn3(BTC)2 fit best 
to a biphasic decay function, indicating two populations of 
RuBpy. The slower decay phase exhibited an increased emission 
lifetime of 744 ns, compared to 614 ns for RuBpy in ethanol, 
while the faster decaying phase exhibited a lifetime of 133 ns. 
The slower phase was the result of RuBpy encapsulated in the 
11 Å octahemioctahedron, the 13 Å rhombihexahedron cavities, 
or a combination of the two. The values of k1 and ΔE decreased 
relative to RuBpy in solution, while k0 increased relative to 
solution (Tables 1 and 2). A decrease in ΔE would suggest a 
decrease in the emission lifetime rather than the observed 
increase in lifetime. The fact that the energy barrier to access 
the 3LF decreased while the observed emission decay lifetime 
increased suggests that the observed energy barrier is actually 
to access higher energy 3MLCT states, while the barrier to access 
the 3LF state was too large to allow for any significant 
population of this state. This observation further suggested that 
RuBpy may be encapsulated primarily within the smaller (~11 Å) 
cavity in Zn3(BTC)2 that significantly restricted excited state 
expansion. 
2.3.3 Ru(II) polyimine Templated-Frameworks  

Templating agents are often used in MOF synthesis to 
produce new topologies that are either thermodynamically or 
kinetically inaccessible in the absence of the template.115–118 
One suggestion is that the templating molecule interacts with 
synthetic intermediates of the MOF through weak forces such 
as van der Waals interactions, hydrogen bonding, or other 
electrostatic forces.115,117,118 Templating molecules can include 
solvents, organic and inorganic molecules, surfactants, and 
polymers.115,117,118 RuBpy and related Ru(II) polyimine 
complexes are emerging as an important class of transition 
metal templating agents for the synthesis of photoactive MOFs 
for light-harvesting and photocatalytic applications.111,112,118 
Recently, the templating effects of RuBpy type complexes have 
been exploited to produce a number of novel RuBpy-MOFs in 
which the Ru(II) cation is crystallographically resolved within the 
frameworks.113,114 For many of these MOFs, the frameworks do 
not form in the absence of the Ru(II) complexes. 
RWLC-1 and RWLC-2 Frameworks. The first examples of RuBpy 
templated MOFs were produced by Larsen and coworkers.111 
These frameworks (RWLC-1 and RWLC-2) were synthesized 
solvothermally from Zn(II) cations and benzene-1,3,5-tribenzoic 
acid (H3BTB) in the presence of RuBpy (Fig. 10).111 The RWLC-2 
MOF is structurally similar to MOF-39 with RuBpy encapsulated  

Fig. 10 (top) Synthesis of RWLC-1 and RWLC-2 MOFs. (bottom left) Steady-state emission 
spectra of RuBpy in EtOH (black), RWLC-1 (blue), and RWLC- 2 (red). (bottom right) The 
emission decays for RuBpy in EtOH (black), RWLC-1 (blue), and RWLC- 2 (red). The 
orange, gray, and red spheres represent Zn, C, and O atoms, respectively. H atoms were 
omitted for clarity. Reproduced from ref. 111 with permission from American Chemical 
Society, copyright 2014. 

in the long channels of the framework (Fig. 10).119 The steady-
state emission spectra of RWLC-1 was hypsochromically shifted 
relative to RuBpy in solution (583 nm and 614 nm, respectively) 
while that of RWLC-2 was bathochromically shifted (Fig. 10). 
Examination of the RWLC-1 crystal structure revealed two 
RuBpy cations in close proximity with no resolvable solvent 
molecules, indicating that the tight cavities of the framework 
likely prevent solvent accessibility to the RuBpy complex. 
Therefore, solvent reorganization is limited and restricts 
thermal relaxation of the emitting 3MLCT state. Similar results 
have been observed for dehydrated RuBpy@ZeoliteY (589 nm 
for RuBpy@ZeoliteY vs. 626 nm for RuBpy in water).120 In the 
case of RWLC-2, the bathochromic shift in the emission band 
indicated stabilization of the 3MLCT which could arise from 
increased solvent within the framework, resulting in greater 
solvent reorganization. As shown in Table 2, the emission fit 
parameters for both RWLC-1 and RWLC-2 are quite similar to 
RuBpy in ethanol indicating that confinement of the complex 
does not distort the excited or ground state potentials 
significantly. The ΔQMOF/ΔQsoln ratios for RWLC-1 and RWLC-2 
are 0.86 and 0.88, respectively, and are consistent with minimal 
distortion of the complex upon encapsulation in both systems, 
similar to what is observed for the RuBpy@USF-2 and 
RuBpy@Zn3(BTC)2 MOFs.  
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The emission decays for both RWLC-1 and RWLC-2 were 
best fit to a biexponential function indicating two populations 
of RuBpy in both frameworks (Fig. 10).111 For RWLC-1, the 
slower phase exhibits an emission lifetime of 1600 ns relative to 
~614 ns for RuBpy in solution and a faster phase lifetime of 237 
ns. For the corresponding RWLC-2 framework, the slower phase 
exhibited a lifetime of 797 ns and the fast phase exhibited a 
lifetime of 171 ns. Interestingly, both ΔE and k1 decreased for 
RWLC-1 and RWLC-2, indicating thermal population of a higher 
energy 3MLCT (Table 2). Larsen and coworkers hypothesize that 
the population of RuBpy giving rise to the slow phase decay was 
likely confined within the hexagonal channels of RWLC-1 and 
the cubic channels of RWLC-2. Since the ΔE term decreased 
relative to RuBpy in solution, the energy barrier to access the 
3LF was sufficiently high as to restrict access altogether as in the 
case of RuBpy@Zn3(BTC)2. Thus, a MLCT state that is higher in 
energy than the fourth MLCT state, including additional singlet-
in-character MLCT states, is thermally accessible and 
contributes to the emission decay. The slow phases of RWLC-1 
and RWLC-2 were similar to the slow phase of 
RuBpy@Zn3(BTC)2 that exhibited a ΔE = 3033 cm−1 and a k1 ~1011 
s−1 while the RuBpy@USF-2 exhibited only slight deactivation of 
the 3LF state with a ΔE of 3600–4600 cm−1 and k1 on the order 
of ~1013 s−1. For the fast phase component, the k0 term 
increased by a factor of ~7 for both RWLC-1 and RWLC-2, while 
the k1 and ΔE were similar to solution (Table 2). This is 
consistent with deactivation of the lowest emitting 3MLCT state 
associated with surface adsorption of RuBpy during the 
solvothermal synthesis, resulting in clustering of RuBpy 
complexes that led to self-quenching.  
RWLC-3 Framework. The reaction of H2BDC and Zn(II) nitrate 
resulted in the formation of MOF-5, a well-known 
framework.121 Interestingly, synthesis in the presence of RuBpy 
produced a two-fold interpenetrated pillared honeycomb bbn 
network forming, RWLC-3.112 The negatively charged framework 
was neutralized by the cationic nature of the encapsulated 
RuBpy within the channels (Fig. 11). 

The steady-state emission spectrum of RWLC-3 revealed a 
relatively small bathochromic shift relative to RuBpy in solution, 
that is consistent with a slight decrease in E00 (ΔE00 = 257 cm−1) 
extracted from the Frank-Condon fit of the emission data. The 
Frank-Condon fit parameters also revealed changes in both the 
average high and low frequency acceptor modes and high and 
low frequency coupling factors that indicated significant 
changes in the 3MLCT excited state potential surface of RuBpy 
in RWLC-3 (ΔQMOF/ΔQsoln ~0.33). The ΔQMOF/ΔQsoln ratio further 
suggested that confinement may distort the equilibrium ground 
state complex as well as the excited state 3MLCT state. 

As with the RWLC-1 and RWLC-2 templated MOFs, the 
emission decay of RWLC-3 best fit a biexponential function with 
a slow phase of 453 ns and a fast phase of 123 ns.112 The slower 
phase of RWLC-3 was significantly shorter relative to the other  

Fig. 11 Synthesis of RuBpy@RWLC-3, RuBpy@RWLC-5, and RuBpy@UiO-66. The orange, 
bronze, light blue, green, gray, and red spheres represent Zn, Cd, Zr, Cl, C, and O atoms, 
respectively. H atoms were omitted for clarity. Reproduced from ref. 104 with 
permission from Royal Society of Chemistry, copyright 2013 and from ref. 101 with 
permission from Elsevier, copyright 2017. 

Zn-templated RWLC series (τ = 1600 ns for RWLC-1 and 797 ns 
for RWLC-2) but was similar to RuBpy@ZeoliteY (τ = 530 ns).120 
The temperature dependent lifetime for the slower phase is 
consistent with the energy barrier to access the 3LF state and 
instead allowed access to higher energy 3MLCT states (ΔE = 
1779 cm−1). The fast phase decay of RWLC-3 was similar to 
RWLC-1 and RWLC-2, where the ΔE and k1 values were close to 
values of RuBpy in solution, while the k0 value increased by ~10 
fold. The increase in k0 was most likely due to the surface 
adsorption of RuBpy on RWLC-3 leading to self-quenching 
between nearby RuBpy complexes near the surface. The 
increase in k0 is most likely due to the surface adsorption of 
RuBpy on RWLC-3 leading to self-quenching between nearby 
RuBpy complexes near the surface. 
RWLC-6 Framework. The RWLC-6 framework was prepared 
solvothermally with Zn(II) ions, 1,3,5-tris-carboxyphenylethynyl 
benzene (H3BTE), and RuBpy (Fig. 12).113 The cavities are 15 Å × 
23 Å with a qom network and the crystal structure revealed 
electron density in voids that indicate disordered solvent 
molecules. 

The steady-state emission spectrum of RWLC-6 exhibited a 
hypsochromic shift in the emission band relative to RuBpy in 
solution that is consistent with confinement of RuBpy in a 
restricted solvent environment, similar to RWLC-2, RWLC-3, and  
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Fig. 12 Synthesis of RuBpy@RWLC-6. The orange, gray, and red spheres represent 
Zn, C, and O atoms, respectively. H atoms were omitted for clarity. Reproduced 
from ref. 113 with permission from Elsevier, copyright 2019. 
RuBpy@Zn3(BTC)2. A Frank-Condon analysis revealed an 
increase in E00 for RWLC-6, relative to RuBpy in solution, by ~150 
cm−1 that likely accounts for the slight shift in the emission 
spectra (Table 1). Solvent inaccessibility to RuBpy would limit 
the solvent reorganization and prevent thermal relaxation of 
the emitting 3MLCT state, thus raising the energy. The average 
high and low frequency modes are only slightly altered relative 
to solution with the Huang-Rhys low frequency coupling factor 
being the most affected. The ratio of ΔQMOF/ΔQsoln for RWLC-6 
is ~0.97 indicating essentially no structural perturbations upon 
encapsulation. 

Following the trends observed for other members of the 
RWLC series of MOFs, the emission decay of RWLC-6 was 
biphasic with a slow phase lifetime of 1032 ns and a fast phase 
lifetime of 216 ns. Interestingly, the ΔE and k1 terms were quite 
distinct from the other RWLC MOFs, more closely resembling 
RuBpy@USF-2 and RuBpy@Zn3(BTC)2 (ΔE = 3084 cm−1 and k1 = 
2.3 × 1012 s−1), while k0 remained unchanged relative to RuBpy 
in solution (Table 2). The decrease in k1 indicated non-radiative 
decay from a state other than the 3LF with ΔE being a barrier to 
thermal population of a higher energy 3MLCT state. The fast 
phase decay kinetics revealed a large decrease in both ΔE and 
k1 values and an increase in k0. The k1 value decreased by a 
factor of ~106 and the ΔE decreased by over 3000 cm−1, 
indicating that the RuBpy population, giving rise to the fast 
phase, was also located in a confined environment and likely 
restricted the complex enough to prohibit access to the 3LF 
state (Table 1, Fig. 13). The large increase in k0 further indicates 
an increase in either the non-radiative or radiative components 
of the emitting 3MLCT or the presence of an undefined 
quenching mechanism. As observed in RuBpy@Zn3(BTC)2, 

Fig. 13 Illustration of the effects of encapsulation on the energy levels of RuBpy as a 
function of cavity diameter and geometry. Reproduced from ref. 96 with permission 
from Elsevier, copyright 2019, ref. 111 with permission from American Chemical Society, 
copyright 2013, and ref. 108 with permission from American Chemical Society, copyright 
2012. 

RWLC-1, and RWLC-2, the fast phase was most likely due to 
closely spaced RuBpy complexes that participated in a self-
quenching process.  
Cd2+ based RWLC-5 Framework. The RWLC-5 framework resulted 
from the synthesis of RWLC-3 in the presence of Cd2+ instead of 
Zn2+ (Fig. 11).114 A characteristic of this framework is the 
presence of channels with RuBpy cations forming π–π 
interactions (between other RuBpy cations) and π–CH 
interactions (between RuBpy cations and BDC2– ligands). The 
crystal structure also revealed the presence of disordered water 
molecules (~34%) in sites that hydrogen bond with the 
carboxylates and RuBpy cations. 

The RWLC-5 framework displayed many features similar to 
the Zn-RWLC series, such as a bathochromically shifted 
emission spectrum, changes in both the high and low average 
frequency acceptor modes and the high and low frequency 
coupling factors, in comparison to RuBpy in solution (Table 1). 
Interestingly the ΔQMOF/ΔQsoln for RWLC-5 is similar to that of 
RWLC-3 (0.43 versus 0.33 for RWLC-3) and much lower than the 
other RuBpy encapsulated MOFs, indicating a relatively large 
distortion of the complex upon encapsulation. The emission 
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lifetime data for RWLC-5 was best fit to a biexponential decay 
with a slower lifetime of 1167 ns and a faster lifetime of 126 ns. 
The lifetime data for both the slower and fast phases of RWLC-
5 displayed no temperature dependence that indicates there 
were not any thermally accessible states above the emissive 
3MLCT state. Interestingly, the population percentage of the 
fast phase was nearly equivalent to the 34% of disordered water 
molecules within RWLC-5, suggesting that there are sites within 
hydrogen bonding distance of the RuBpy complex. Hydrogen 
bonding interactions between the water cluster and the 2,2’-
biyridines of RuBpy likely resulted in the non-radiative decay of 
the emissive 3MLCT manifold. 
Ru(II) polyimine@Zr-MOFs. The use of Zr(IV) together with 
carboxylate based linkers has led to the development of MOFs 
with large surface areas, inherent catalytic abilities, and 
exceptional stability, particularly with regards to aqueous 
environments.122,123 One of the most widely examined classes 
of Zr(IV)-based MOFs is the UiO series (UiO = University of 
Oslo).122,124,125 In particular, UiO-66 exhibits two cavity 
geometries, the first being tetrahedral with a diameter of ~7.5 
Å and the second being octahedral with a diameter of ~12 Å. As 
an important consideration, the larger cavity is of appropriate 
dimension for the encapsulation of transition metal polyimine 
guests (Fig. 13).96 One of the first examples of non-covalent 
Ru(II) polyimine encapsulation into a Zr(IV)-framework is 
RuBpy@UiO-66.96,101 As observed for most non-covalent 
encapsulation of RuBpy, the RuBpy@UiO-66 exhibited changes 
in photophysical properties relative to RuBpy in solution. The 
steady-state emission spectrum revealed a slight bathochromic 
shift of the emission band relative to RuBpy in solution (615 nm 
for RuBpy@UiO-66 vs. 608 nm for RuBpy in ethanol) similar to 
RWLC-2, RWLC-3 and RWLC-5.96 A bathochromic shift of the 
emission band most likely arises from a stabilization of the 
emissive 3MLCT state due to the electrostatic interactions 
within the UiO-66 cavities. Moreover, the SBUs are inherently 
anionic due to the hydroxide ligand that could participate in the 
stabilization of the large excited state dipole moment of RuBpy. 
Neither the average high and low frequency acceptor modes or 
the high and low coupling factors (SH and SL) change relative to 
solution, indicating negligible geometric distortion of the 
complex upon encapsulation. This is further supported by the 
average ratio (high and low frequency and coupling factors, 
Table 1) of ΔQMOF/ΔQsoln for RuBpy@UiO-66 which is ~1. 

The emission lifetime data of RuBpy@UiO-66 fit a 
biexponential decay function with a longer phase lifetime of 
1004 ns and shorter phase lifetime of 187 ns, similar to the 
other MOFs described above.96 The slow phase component of 
RuBpy@UiO-66 exhibited a 227-fold decrease in k1 and ~500 
cm−1 decrease in the ΔE term while the k0 term slightly increased 
relative to RuBpy in solution (Table 2).96 The decrease in both 
the energy barrier and k1 are consistent with a complete 
deactivation of the higher energy 3LF state and thermal 
population to one of the higher in energy singlet-in-character 

MLCT state. The fast phase emission decay exhibited an 
increase in all three parameters: k1, k0, and ΔE. Likely the 
population giving rise to the fast phase was still thermally 
populating the 3LF state with a large ~10 fold increase in k0, 
attributed to surface absorption of closely spaced RuBpy 
complexes resulting in self-quenching.  

Another approach to unite Ru(II) polyimines and Zr(IV)-
based MOFs is through the strategic design of Ru(II) polyimine 
linkers for coordinative immobilization. For example, Morris 
and coworkers utilized a combination of Ru(II) bis-(2,2ʹ-
bipyridine)(2,2ʹ-bipyridine-5,5ʹ-dicarboxylic acid) (RuDCBPY) 
and H2BPDC (H2BPDC = [1,1'-biphenyl]-4,4'-dicarboxylic acid) to 
grow a series of RuDCBPY-UiO-67 thin films.73 Investigation of 
their thin films as photosensitizers for photovoltaic applications 
revealed power conversion efficiencies (PCE) of less than 1%. 
Although they possessed a low PCE, the MOF sensitized solar 
cells outperformed a monolayer of the same dye (RuDCBPY) on 
the surface of TiO2.73 These results showcase MOFs as a 
versatile platform for photovoltaic applications.126 
2.3.4 Os(II) polyimine Templated-Frameworks 

Os(II) tris(2,2’-bipyridine) (OsBpy) is a group (VIII) transition 
metal complex that is isoelectronic with RuBpy and has been 
utilized in light-harvesting systems.94,95 OsBpy displays 
absorption across a wide range of the visible region with bands  

Fig. 14 (top) Synthesis of OsBpy@Zn3(BTC)2 and OsBpy@USF-2. (bottom) Comparison of 
the energy level diagrams for RuBpy and OsBpy in solution. The orange, gray, and red 
spheres represent Zn, C, and O atoms, respectively. H atoms were omitted for clarity. 
Reproduced from ref. 98 with permission from American Chemical Society, copyright 
2020. 
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centered at 454 nm, 578 nm, 649 nm, and 671 nm with the 
lowest energy bands (649 nm and 671 nm) attributed to direct 
excitation from the 1GS to two manifolds of the 3MLCT states 
due to enhanced spin-orbit coupling.95 The high energy bands 
(454 nm and 578 nm) arise from transitions to two manifolds of 
1MLCT states. Similar to the RuBpy complex, the excited 1MLCT 
states decay through intersystem crossing to an emitting 3MLCT 
manifold with near unity QY. The lowest energy 3MLCT state 
decays with an observed lifetime (~50 ns) much faster than the 
RuBpy complex (~620 ns). The excited state decay pathway was 
also somewhat distinct from that of RuBpy (Fig. 13). Both RuBpy 
and OsBpy undergo excitation from a singlet ground state to a 
1MLCT state within a few fs. The 1MLCT state converts directly 
to a lower energy manifold of the 3MLCT states with near unity 
QY. Unlike for RuBpy, there is no low lying 3LF state that can be 
thermally occupied. Instead, thermal barriers exist to populate 
3MLCT states that are at higher energies than the lowest energy 
emitting 3MLCT state. 

Using synthetic procedures similar to RuBpy@USF-2 and 
RuBpy@Zn3(BTC)2, analogous scaffolds containing OsBpy could 
be formed, OsBpy@USF-2 and OsBpy@Zn3(BTC)2 (Fig. 14). The 
steady-state emission spectra revealed a large hypsochromic 
shift for both OsBpy@USF-2 and OsBpy@Zn3(BTC)2 relative to 
OsBpy in solution (714 nm for OsBpy@USF-2 and 709 nm for 
OsBpy@Zn3(BTC)2 versus 724 nm for OsBpy in methanol).98 This 
indicates destabilization of the emissive 3MLCT state which, 
again, may arise from inefficient solvent reorganization within 
the MOF similar to several of the RuBpy MOF systems discussed 
above. Destabilization of the emissive 3MLCT state is supported 
by a decrease in the E00 value for both OsBpy@USF-2 and 
OsBpy@Zn3(BTC)2 (Table 1). Like RuBpy, OsBpy exhibits a large 
excited state dipole moment (~4.87 D) that is strongly affected 
by the solvent environment.127 Reducing solvent exposure of 
OsBpy would increase the energy of the 3MLCT resulting in a 
hypsochromic shift and increase in E00 for both OsBpy@USF-2 
and OsBpy@Zn3(BTC)2. The hypsochromic shift for OsBpy in 
both USF-2 and Zn3(BTC)2 is distinct from RuBpy@USF-2 and 
RuBpy@Zn3(BTC)2 systems that showed either hypsochromic or 
bathochromic shifts depending upon MOF cavity charge. OsBpy 
exhibited similar average low frequency acceptor modes and 
average high frequency acceptor modes of bipyridine stretching 
in Ru(II) complexes. Encapsulation shifts the low frequency 
coupling factors indicating distortion of the complex upon 
encapsulation (Table 1). This is consistent with the ΔQMOF/ΔQsoln 
for OsBpy@USF-2 being ~1.3 and for OsBpy@Zn3(BTC)2 nearly 
1.5, indicating significant distortions between the ground and 
excited states for both systems. The emission lifetime data for 
both OsBpy@USF-2 and OsBpy@Zn3(BTC)2 best fit a single 
exponential function indicating a single population of OsBpy in 
both systems. For OsBpy@USF-2, the emission lifetime 
increased relative to OsBpy in solution (80 ns for OsBpy@USF-2 

versus 50 ns for OsBpy in methanol) while the emission lifetime 
of OsBpy@Zn3(BTC)2 was even longer relative to OsBpy in 
solution (104 ns OsBpy@Zn3(BTC)2 versus 50 ns OsBpy in 
methanol). Temperature dependent lifetime data revealed 
changes in all three terms for OsBpy@USF-2 and 
OsBpy@Zn3(BTC)2 (Table 2). For OsBpy@USF-2, k1 and ΔE both 
increased relative to solution, while k0 decreased slightly. In 
Os(II) polyimine systems, splitting between the t2g orbitals of 
the Os(II) ion and the anti-bonding, eg*, state was very large. For 
these complexes, the 3LF state that participated in the non-
radiative decay of Ru(II) complexes was not populated in the 
Os(II) complexes. Rather, several excited states of OsBpy were 
electronically mixed between 3LF and 3MLCT states. ΔE for 
OsBpy is associated with the thermal population of a higher 
energy manifold of three states, 3A2, 3E, and 3A1 under D3 
symmetry. Radiative decay from a lower energy 3A1 is evident 
by a low k0 which is on the order of 106 s−1 giving a k1/k0 ratio of 
~60. In the OsBpy@USF-2 system, the ratio of k1/k0 increased by 
~220, relative to solution, due to an increase in k1. The increase 
in lifetime of OsBpy@USF-2 is thus attributed to the increase in 
ΔE to access the higher energy 3MLCT* state. Similar changes in 
the average low frequency acceptor mode and associated 
coupling factor were observed for OsBpy@Zn3(BTC)2 concluding 
similar alteration of the 3LF–3MLCT mixing that enhanced the 
lifetime.128 

2.4 Prevention Aggregation of Chromophore Guests through 
their Spatial Separation inside a Framework  

The molecular aggregation of organic fluorescent dye 
molecules in the solid state, resulting in fluorescence quenching 
through exciton coupling, i.e., ACQ, is a major challenge that 
needs to be addressed for their application as solid-state 
fluorescent materials. ACQ of emission can be diminished by 
increasing spatial separation of chromophores in dilute 
solutions; however, this limits their practicability by restricting 
them to only solution-based applications.129–131 As a resolution 
to this phenomenon and opening an avenue for solid-state 
applications, chromophore separation can be achieved by their 
inclusion inside discrete framework pores (e.g., MOFs and COFs, 
Fig. 15). Alignment of chromophores in MOF or COF scaffolds 
can prevent π–π stacking, and thus, ACQ of emission, result in 
photoluminescent solid-state materials (Fig. 15). In this section, 
we will highlight recent progress on strategies used to 
overcome the ACQ effect by using a MOF or COF. 

One of the main driving forces to prevent ACQ of 
chromophore photoluminescence response is development of 
solid-state materials possessing high photoluminescence QYs. 
Several reports have demonstrated that solid-state fluorescent 
materials can be achieved through separating chromophores in 
MOF pores (Fig. 15).2,132–143 For example, Li and coworkers 
demonstrated that a high QY can be achieved from yellow- 
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Fig. 15 (top) Schematic representation of chromophore aggregation in the solid 
state and spatial separation of chromophores inside a crystalline scaffold to 
suppress the ACQ effect. (bottom) Schematic representation of emission of 
chromophores exhibiting AIE behavior by their incorporation into a crystalline 
scaffold. 
emitting dyes such as R6G (R6G = rhodamine 6G; Fig. 16) by 
their integration into the MOF cavities.2 In this study, a QY of 
63% was measured for R6G@ZIF-8 (ZIF = zeolitic imidazolate 
framework), portending its potential application as a solid-state 
yellow phosphor. 

The research team of Qian and coworkers demonstrated the 
advantage of utilizing the organized channels in MOFs to align 
dyes to promote linearly polarized fluorescence.77 In this study, 
induced polarized emission of DASP (DASP = 4-[p-
(dimethylamino)styryl]-1-methylpyridinium; Fig. 16), a well-
known laser dye that exhibits the ACQ effect in the solid state, 
was observed when it was integrated within the 1D channels of 
ZJU-68 (H2[Zn3O(CPQC)3]; H2CPQC = 7-(4-
carboxyphenyl)quinoline-3-carboxylic acid). 

Another study performed by Liu and coworkers 
demonstrated that a MOF can induce circularly polarized 
fluorescence of a dye that is confined in MOF pores.54 In 
particular, DCM (DCM = 4-(dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran; Fig. 16) was integrated in the 
cavities of a chiral MOF, prepared from Zn2+, 2-methylimidazole, 
and D- or L-histidine. Besides polarization of the dye’s 
fluorescence response, the emission maximum of DCM is 
hypsochromically shifted by 62 nm compared to the dye in the 
solid state. The enhanced fluorescence of the confined 
chromophore within the MOF was attributed to a suppression 
of the ACQ effect through increased conformational rigidity of 
the dye. In fact, the QY increased from 2% for DCM in the solid 
state to 43% for the DCM@MOF. Furthermore, an increase of  

Fig. 16 Structures of guest molecules that typically exhibit ACQ emission in the 

solid state. 
 

the fluorescence lifetime from 1.8 ns (solid state) to 2.3 ns 
(DCM@MOF). 

Besides suppression of the ACQ effect, confinement of dyes 
in MOF pores can result in promotion of guest-host ET 
processes.20,144 For example, Bu and coworkers demonstrated 
that ET from a carbazole-based MOF to the dye molecules 
within the pores could be harnessed for preparation of a white-
light-emitting MOF-based luminophore.20 In this work, DCM 
and C6, (C6 = 3-(benzo[d]thiazol-2-yl)-7-(diethylamino)-2H-
chromen-2-one; Fig. 16). The crystalline MOF displayed an 
emission maximum in the blue region at 431 nm upon 371-nm 
excitation, while the dye encapsulated MOF exhibited emission 
bands in the blue, green, and red regions corresponding to the 
parent scaffold, DCM, and C6, respectively. Moreover, by 
varying the dye concentration in the MOF, the emission profile 
could be tuned to match the properties of white-light-emitting 
materials.20  

In line with these studies, Qian and coworkers 
demonstrated that ET could occur from an encapsulated dye to 
the MOF metal node.144 In this work, perylene (Fig. 16) was 
embedded in ZJU-88 (Eu2(QPTCA); H4QPTCA = 1,1ʹ:4ʹ,1ʹʹ:4ʹʹ,1ʹʹʹ-
quaterphenyl-3,3ʹʹʹ,5,5ʹʹʹ-tetracarboxylic acid) as a guest, 
yielding perylene@ZJU-88, that displayed emission bands 
attributed to perylene and Eu3+. The emission bands assigned to 
perylene are similar to those exhibited by perylene in DMF 
rather than that of perylene in the solid state, indicating that 
the perylene dye molecules encapsulated in the channels of 
ZJU-88 exhibit behavior of isolated molecules rather than 
aggregated ones.144 Moreover, the spectral overlap between 
perylene emission and Eu3+ absorption suggested that ET from 
perylene to the metal node of the MOF was feasible. Due to the 
temperature sensitivity of the emission intensity exhibited by 
perylene-encapsulated MOF, the use of the MOF as a 
ratiometric thermometer was also demonstrated.144 
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To summarize, the confinement of chromophores in 
discrete MOF pores has proven to be an effective approach to 
achieve bright photoluminescence in solid state matrices. As 
discussed in this section, this approach can not only generate 
solid state photoluminescent materials, but also allows for 
remarkable scaffold-imposed photophysical properties (e.g., 
polarization anisotropy or ET). Although the properties of the 
chromophores evoked by chromophore confinement in the 
MOF pores has proven advantageous for a plethora of 
applications as described in this section, understanding the 
structure-photophysics relationship is still relatively limited. 
Therefore, further investigation on this topic is necessary to 
reveal the full potential of chromophores in solid-state 
fluorescent materials. 

3. Confinement-Driven Linker Photophysics in 
MOFs and COFs 

In addition to guest inclusion inside porous frameworks, 
coordinative immobilization of chromophores as linkers 
provides a different pathway to affect the chromophore 
molecular conformation, and therefore, material 
photophysics.145–149 The main advantage of this approach is 
control over orientation and alignment of chromophores inside 
a framework that is difficult to achieve in the case of guests. 
However, a ligand-centered approach for controlling 
photophysics requires modification of the chromophore core 
with anchors for engineering of desirable COF or MOF 
structures. Thus, in this section, we will focus on coordinatively 
immobilized chromophores. 
 
3.1 BI-based Linkers  

Frameworks, in particular MOFs, provide different pathways 
for chromophore integration through covalent bond formation 
with the host.74 Fig. 17 demonstrates chromophore integration: 
as a part of the scaffold backbone (left), as a side group attached 
to the linker (middle), or bound directly to the metal nodes 
(right). In the first case, the framework rigidifies the 
chromophore due to coordination of both sides of the molecule 
to metal nodes that can tune the photophysical profile of the 
embedded chromophore. In the two other cases, pore aperture 
and geometry may significantly affect chromophore 
photophysics. 

As mentioned in section 2.1, engineering artificial scaffolds 
that mimic the GFP β-barrel behavior is vital for advancing the 
development of synthetic systems mimicking the 
photoluminescence behavior of natural proteins. Over the 
course of several years, Shustova and coworkers were able to 
gain crucial fundamental understanding of how the confined 
space of a MOF could simulate the environment of the GFP β- 
barrel by restricting non-radiative decay pathways of BI- 
chromophores (Fig. 18).150 Two approaches were utilized to 

 
Fig. 17 (top) Three strategies for coordinative immobilization of BI-chromophores. 
(bottom) X-ray MOF crystal structure with embedded BI-chromophores.22,150 The 
orange, light blue, dark blue, gray, and red spheres represent Zn, Zr, N, C, and O 
atoms, respectively. H atoms were omitted for clarity.  

 
coordinative immobilize BI-based linkers: integration into 
crystalline scaffolds through direct synthesis (e.g., 
Zr6O4(OH)4(BDC-BI)6 and Zn4O(BDC-BI)3; H2BDC-BI = 2-((1-(2-
ethoxy-2-oxoethyl)-2-methyl-5-oxo-1,5-dihydro-4H-imidazol-4-
ylidene)methyl)-[1,1ʹ-biphenyl]-4,4ʹ-dicarboxylic acid; Fig. 18) 
and also integration through postsynthetic modification to 
tether the BI-chromophore as a side group (e.g., Zn4O(BDC-
CHO)1.1(BDC-BI)1.9; H2BDC-CHO = 2-formyl-biphenyl-4,4ʹ-
dicarboxylic acid).62,150 The prepared MOFs were able to 
successfully mimic the behavior of GFP by maintaining linker-
centered emission of an HBI-based chromophore while 
replicating the photoluminescence maxima typical for natural 
GFP-based systems.150 In another report, the same group 
utilized a direct synthesis approach to generate a robust 
framework containing H2BDC-BI as a linker to form 
Zr6O4(OH)4(BDC-BI)6.22 This scaffold possessed a significantly 
different arrangement of chromophores and topology in  

Fig. 18 Structures of BI-based linkers integrated in MOFs.22,62,66,151 
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comparison to the previously formed Zn4O(BDC-BI). Despite 
these vast differences in the structure and arrangement of 
chromophores, similar photoluminescence profiles were 
observed with emission maxima of 516 nm (λex = 365 nm, 
Zn4O(BDC-BI)) and 490 nm (λex = 360 nm, Zr6O4(OH)4(BDC-
BI)6).62,150 

As an alternative approach to control chromophore 
dynamics, Shustova and coworkers developed a method to 
anchor only one side of a chromophore to a rigid scaffold (Fig. 
17, right), similar to the incorporation of the chromophore in a 
protein.22 Two novel chromophores were prepared, pCOOH-BI 
(pCOOH-BI = 4-((1,2-dimethyl-5-oxo-1,5-dihydro-4H-imidazol-
4-ylidene)methyl)benzoic acid; Fig. 18) and pCOOH-BI-CO2Me 
(4-((1-(carboxymethyl)-2-methyl-5-oxo-1,5-dihydro-4H-
imidazol-4-ylidene)methyl)benzoic acid; Fig. 18), for integration 
in NH2 group-containing frameworks, MIL-101(Al)-NH2. The 
resulting emission profiles were shifted to the green region 
compared to those of the chromophores in the solid state.22 
Anchoring only one side of the chromophore rather than both 
sides allowed for more freedom for chromophore dynamics 
while simultaneously preventing leaching from the pores. 
Overall, this approach could be perceived as a “hybrid” between 
coordinative immobilization and non-coordinative inclusion.  

Non-coordinative immobilization of a BI-donor and a 
porphyrin-acceptor to achieve better spectral overlap 
necessary to achieve ET was presented in section 2.1; however, 
coordinative tethering is another method to promote ET 
processes. For instance, functionalization of the BI-donor for 
incorporation into a scaffold was necessary and resulted in 
preparation of DPB-BI (DPB-BI = methyl-2-(4-(2,5-di(pyridin-4-
yl)benzylidene)-2-methyl-5-oxo-4,5-dihydro-1H-imidazol-1-
yl)acetate; Fig. 18).66 Immobilization of this chromophore as 
pillars into layers of Zn2(ZnTCPP) led to ligand-to-ligand ET 
efficiency of 65%.66 
 

3.2 Photochromic Linkers 

Integration of photochromic linkers as a chromophore 
within the confined space of a MOF matrix allowed for 
addressing challenges that includes leaching, irreversible 
photoisomerization (e.g., for spiropyran derivatives), and 
chromophore alignment and separation that could be crucial for 
promotion of a photochromic response.74,82,83 In this section, 
we will discuss diarylethene- and spiropyran-linkers as two 
classes that possess distinct routes of photoisomerization (Fig. 
3). Diarylethene derivatives are remarkable for their fatigue-
resistant photochromic performance, rapid response in the 
solid state, and thermal stability. Spiropyran moieties pursue a 
different pathway for photoinduced cyclization reactions 
compared to diarylethene, while still generating highly-colored 
photoisomers under UV-irradiation. Diarylethene's 
photoisomerization is described as a covalent bond formation 
between the two methylthiophene groups; contrastingly, 
spiropyran derivatives undergo significant structural changes  

Fig. 19 (top) Structures of photoresponsive linkers integrated in MOFs or COFs 

inside a framework as a side group or a backbone. 
centered on the sp3 “spiro”-carbon rotating from an orthogonal 
to planar geometry upon photoisomerization.74 In addition, 
spiropyran is colorless, hydrophobic, and uncharged, but its 
isomer, merocyanine, is a colored isomer with a hydrophilic 
zwitterion. Spiropyran-based compounds typically do not 
exhibit reversible photoisomerization in the solid state due to 
the large structural reorganization upon isomerization in 
contrast to diarylethene derivatives that typically undergo 
complete reversible photoisomerization in the solid state.74 

As discussed in section 3.1, the multifaceted nature of the 
MOF platform opens several pathways of coordinative 
integration of photoresponsive moieties.82,151 Depending on 
geometric constraints and functionalization, photochromic 
molecules can be integrated into a crystalline scaffold as a part  
of the framework skeleton, as a side group, and as a capping 
linker (Fig. 3 and 19). Thus, depending on the nature of the 
photochromic unit and the choice of framework, the 
immobilization approach can be selected. For example, a 
rational way for their integration of spiropyran moieties would 
be as a side group (compared to backbone), since their 
photoisomerization promotes large structural transformations 
and only can occur inside framework cavities. In this section, we 
will emphasize the unexpected outcomes that can be achieved 
by merging crystalline porous scaffolds with the dynamic 
capabilities of photochromic molecules (e.g., solution-like 
behavior in the solid state, enhanced conductivity values, and 
controllable ET). 

Shustova and coworkers reported integration of a 
diarylethene derivative, BPMTC (BPMTC = 1,2-bis(2-methyl-5-
(pyridin-4-yl)thiophen-3-yl)cyclopent-1-ene; Fig. 19), through 
coordinative immobilization within a well-defined porphyrin 
framework, Zn2(ZnTCPP) (H4TCPP = tetrakis(4-
carboxyphenyl)porphyrin), thus facilitating dynamic control of 
ET.84 The estimated ET efficiency of Zn2(ZnTCPP)(BPMTC) was 
determined to be modest at 15%, but these results opened an 
avenue for investigations into “on-demand” ET processes. In 
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addition to ET investigations, it was noted that the forward and 
reverse process of photoisomerization occurred at different 
rates (e.g., 30 min for photoisomerization (λex = 365 nm) but 107 
min for attenuation (λex = 590 nm)). 

As a follow-up study, the same group delved further into 
understanding cycloreversion kinetics of photochromic MOFs.85 
They compared photochromic linkers in the solid state, in 
solution, and coordinatively immobilized in MOFs (Fig. 20). Two 
approaches were utilized for integration of the diarylethene 
derivatives, BPMTC and H2BCMTC (H2BCMTC = 4,4ʹ-(cyclopent-
1-ene-1,2-diyl)bis(5-methylthiophene-2-carboxylic acid; Fig. 
19), into frameworks with different topologies: integration as 
pillars between layers and as a postsynthetic capping linker, 
respectively.85 Zn2(DBTD)(BPMTC) (H4DBTD = 3ʹ,6ʹ-dibromo-
4ʹ,5ʹ-bis(4-carboxyphenyl)-1[1,1ʹ:2ʹ,1ʺ-tetraphenyl]-4,4ʺ-
dicarboxylic acid) was evaluated and revealed a nearly 70 times 
slower isomerization in comparison to the “free” linker in the 
solid state. The authors speculate that the marked decrease in 
rate could be due to the anchoring pyridyl moieties to the metal 
nodes, restricting photoisomerization that occurs through the 
linker skeleton. The other approach used by the same team is 
based on integration of H2BCMTC as a capping linker into 
Zr6O4(OH)8(Me2BPDC)4 (H2Me2BPDC = 2,2ʹ-dimethylbiphenyl-
4,4ʹ-dicarboxylic acid) coordinated to Zr6O4(OH)88+ nodes.85 The 
observed photoisomerization rates of H2BCMTC in the solid 
state, in solution, and integrated into the MOF were similar (Fig. 
20).85 The authors hypothesized that H2BCMTC itself could form 

 

Fig. 20 (top) Photoswitchable molecules coordinatively immobilized as (left to 
right) a side group, a linker, and a capping linker inside the MOF scaffold. (middle) 
Cycloreversion kinetics and (bottom) corresponding rate constant of TNDS, 
BPMTC, and H2BCMTC as a solid (red), in solution (blue), and immobilized in a MOF 
(green) upon irradiation with visible light.85 Reproduced from ref. 85 with 
permission from American Chemical Society, copyright 2018. 

a “hydrogen-bonding” framework since the carbonyl and 
hydroxyl groups on the carboxyl moieties can easily form O–
H⋯O hydrogen bonds.152 Formation of such a network in the 
solid state could result in restricted molecular dynamics, 
similarly to the confined space of a MOF resulting in similar 
kinetics of photochromic linker. Indeed, the measured rate 
constants of H2BCMTC as a capping linker in 
Zr6O4(OH)8(Me2BPDC)4 and H2BCMTC in the solid state were 
found to be 4.1 × 10–2 s–1 and 4.8 × 10–2 s–1, respectively. 

As a next step, Shustova and coworkers turned their 
attention to a different class of photochromic molecules: 
spiropyran derivatives. In contrast to diarylethene-based linkers 
described above, photoisomerization of spiropyran molecules is 
accompanied with significant structural transformations. Taking 
the structural aspect into account, the first example of a 
spiropyran-based MOF, Zn2(DBTD)(TNDS) (TNDS = 1ʹ,3ʹ,3ʹ-
trimethyl-6-nitro-4ʹ,7ʹ-di(pyridin-4-yl)spiro[chromene-2,2ʹ-
indoline]; Fig. 19) consists of TNDS linkers integrated between 
2D layers.85 Remarkably, coordinative immobilization of TNDS 
into the MOF allowed for its photoisomerization that is 
restricted in the solid state, and moreover, merocyanine-to-
spiropyran rates were similar to ones observed for this linker in 
solution.85 Thus, the porous nature of the crystalline scaffold 
can be used for promoting photoisomerization of photochromic 
linkers that is typically not possible in the solid state due to 
geometric restrictions. 

Combining the possibility of fast isomerization found for 
spiropyran derivatives integrated inside a framework and the 
distinct properties of spiropyran and merocyanine 
photoisomers,86 the same group subsequently established a 
correlation between photoisomerization kinetics and MOF 
electronic properties.86 To monitor changes in photophysical 
and electronic properties of materials, conductivity 
measurements, optical cycling, and spectroscopic analysis were 
employed. For instance, conductivity measurements performed 
on bulk powder of Zn2(DBTD)(TNDS) revealed that conductivity 
modulation can be achieved even after 15 s of irradiation with 
UV light. Similarly, they also were able to establish a 
photophysics−electronic structure correlation for diarylethene-
based MOFs.86 In order to visualize the drastic changes in MOF 
conductivity as a function of photoswitching in a confined 
space, the construction of an electric circuit that allowed for LED 
switching upon exposure to incident light was engineered.86 
Thus, the reported measurements were the first examples 
displaying a correlation between electronic behavior of 
crystalline materials and their photophysics.86 

To expand the principle of electronic property modulation, 
Zhang and coworkers designed an external-stimulus-active COF 
by utilizing a diarylethene moiety,87 BFMTC (BFMTC = 1,2-bis(5-
formyl-2-methylthien-3-yl)cyclopentene; Fig 19.), as a COF 
linker. Their 2D reversible switching thin film exhibited up to a 
200-fold enhancement in electrical conductivity after 
irradiation with UV light. Moreover, they constructed an 
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electrical circuit to correlate changes in conductivity with 
irradiation of UV light, in a similar fashion to Shustova and 
coworkers.86,87 
3.3 Suppression of Aggregation-Caused Quenching (ACQ) Effect in 
Frameworks  

As described earlier in section 2.6, a MOF can act as a platform 
for overcoming challenges associated with ACQ (typically 
exhibited by chromophores in the solid state) by separating 
chromophores through integration as a linker or by confining a 
chromophore into the cavity of a MOF or COF (Fig. 21). This 
section presents proven strategies and progress that has been 
recently acquired to overcome ACQ by using crystalline 
scaffolds (MOFs or COFs), portending the potential of extended 
crystalline structures for solid-state lighting applications. 

One strategy to overcome the challenge of ACQ is based on 
separating the linkers by derivatizing the chromophore core 
with functional groups for incorporation as a part of the 

Fig. 21 Structures of linkers exhibiting ACQ effect that were used for integration 

inside MOFs or COFs. 

framework backbone. Zhou and coworkers utilized a mixed-
ligand approach to synthesize the Zr-based UiO-67 framework13 
with varying ratios of the chromophore, H2PDCA (H2PDCA = 
3,10-perylene dicarboxylate; Fig. 21), and the nonfluorescent 
linker, H2BPDC. Several isoreticular versions of UiO-67 were 
produced containing both linkers with varying average 
distances between chromophores resulted in vastly different 
photophysical properties: photoluminescence maxima, 
excitation lifetimes, and QYs. The restricted perylene core of 
PDCA2− in the MOF resulted in a photoluminescence profile with 
an emission band at 400 nm (λex = 300 nm) that matched the 
emission band of the perylene linker itself. Interestingly, when 
the MOFs contained >0.35 mol% of the perylene-based linker, 
an additional emission band at ~520 nm appeared and would 
increase in intensity as the mol% of PDCA2− increased. This 
particular band in the emission spectra at ~520 nm was 
attributed to excimer formation between adjacent perylene 
linkers. Further increasing the installation of the perylene linker 
beyond 1.8 mol% led to a decrease in emission intensity of both 
bands at approximately 400 nm and 520 nm. In addition, 
fluorescence QYs of several samples were measured. As a 
result, the highest QY was found for the framework (UiO-67) 
containing 1.8 mol% of PDCA2−.13 Since perylene derivatives 
could become emissive when incorporated as a part of the MOF 
matrix, Zhou and coworkers leveraged this phenomenon by 
developing a rapid response sensor for O2. Upon exposure to 
5% of O2, MOF fluorescence was quenched due to ET. 
Moreover, the performance and structure of the MOFs were 
maintained for up to five cycles, portending their employment 
as recyclable fluorescent sensors. 

Skabara and coworkers demonstrated that the ACQ effect 
observed for benzothiadiazole derivatives could be diminished 
by confining a benzothiadiazole-based linker, H2BTBMPBA 
(H2BTBPBA = 4,4ʹ-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(3-
methoxybenzoic acid)), inside a UiO-68 analog.14 A remarkable 
116-fold enhancement of the QY was revealed upon comparing 
the coordinatively immobilized benzothiadiazole-based linker in 
the MOF matrix with the free linker itself.  

Another strategy proven to reduce the ACQ effect of 
chromophores confined in MOFs or COFs is to control the 
mutual orientation of chromophores within the host scaffold. In 
other words, the topological control provided by MOFs and 
COFs can prevent π–π stacking through spatial and orientational 
organization of chromophores, and thus, minimize the ACQ 
effect. For example, Wöll and coworkers prevented ACQ of 
fluorescence in MOFs by designing a zinc-based surface-
anchored MOF (Zn-SURMOF-2) constructed of NDI(OEt)2, 
(NDI(OEt)2 = 4,4’-(4,9-diethoxy-1,3,6,8-tetraoxo-1,3,6,8-
tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)dibenzoic 
acid; Fig. 21).153 Integration of NDI-based chromophores inside 
a MOF allowed for their alignment along the (010) plane. As 
expected from previous reports on NDI-based MOFs, the close-
packing of NDI(OEt)2 (Fig. 21) in Zn-SURMOF-2 led to non-

Page 18 of 28Chemical Society Reviews



Journal Name  ARTICLE 

 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 19  

 

Please do not adjust margins 

Please do not adjust margins 

emissive H-aggregates. Remarkably, Wöll and coworkers found 
that by increasing the rotation angle, θ, of the chromophores 
around the molecular axis (along the carboxyphenyl rings), they 
were able to suppress H-aggregate formation (Fig. 22). By 
employing theoretical modeling, the authors were able to 
confirm their hypothesis that increasing the distance between 
NDI cores and a slipping of the intermolecular transition dipoles 
would result in a larger rotation angle and reduce fluorescence 
quenching.153 The authors calculated the TDM-TDM (transition 
dipole moment) Coulomb coupling between two R-NDI(OEt)2 
chromophores which are 6.8 Å apart as a function of θ (where 
R is one of 18 substituents on the NDI core). Calculations based 

on the transition charge fit discerned that when θ > 55.4°, 
due to bulky substituents on the NDI core, there was a shift in 
formation of H- to J-type aggregates (non-emissive to emissive). 
Moreover, the Zn-SURMOF-2 constructed from i-PrNDI(OEt)2 (i-  

Fig. 22 (top) Schematic representation of a Zn-SURMOF-2 structure showing the 
alignment of chromophores along the [010] plane. Green cube  =  a Zn-paddle-
wheel type secondary building unit, a yellow ellipsoid = NDI(OEt)2, and a gray 
arrow = transition dipole orientation. (bottom) The green line is a plot of 
calculated Coulomb coupling (transition charge from electrostatic potential 
method, TrEsp) vs rotation angle, θ. The different R groups that exert different 
values of θ are illustrated on the graph. The yellow circle on the green line is the 
predicted θ (by GROMACS-2018.4) with R = H. Reproduced from ref. 153 with 
permission from Springer Nature, copyright 2019. 

PrNDI(OEt)2 = 4,4'-(4,9-diethoxy-1,3,6,8-tetraoxo-1,3,6,8-
tetrahydrobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis(3,5-
diisopropylbenzoic acid); Fig. 21), with isopropyl groups 
attached to the NDI core, led to a strongly green emissive 
material (λem = 540 nm, λex = 450 nm) with a QY of 2.3%. Thus, 
through strategic design and computational planning, the 
authors demonstrated that they could transform a traditionally 
non-emissive material to an emissive SURMOF, foreshadowing 
the possibility for rational formation of J-aggregates within a 
rigid framework. 

Allendorf and coworkers demonstrated a proof-of-principle 
study that a MOF could be utilized as a photosensitizer in a 
PHOTOVOLTAIC device by dispersing nanocrystals of a 
porphyrin MOF, PPF-4 (PPF = pillared porphyrin framework), on 
a planar substrate coated with TiO2 by atomic layer 
deposition.154 Similarly, Saha and coworkers strategically grew 
PPF-11 films with vertically aligned ZnTCPP walls and horizontal 
2,2ʹ-dimethyl-4,4ʹ-bipyridine molecules attached to an FTO 
(fluorine-doped tin oxide) surface.155 They probed their 
material as a more effective sensitizer for photovoltaic 
applications. Under simulated one-sun illumination, their MOF-
based dye-sensitized solar cell displayed a PCE of 0.86%.155 

A different (less-investigated) platform that can be 
employed to suppress the ACQ effect is a COF. However, these 
purely organic scaffolds could be challenging to utilize due to 
potential fluorescence quenching arising from chromophore π-
π stacking within the planar two-dimensional (2D) layers. One 
way to address this issue is the rational design of organic linkers. 
For example, Wang and coworkers demonstrated that a COF 
with a semi-planar, contorted structure could behave as a signal 
transducer by amplifying the fluorescence response.156 In this 
study, COF-LZU8 was synthesized from 2,5-bis(3-
(ethylthio)propoxy)terephthalohydrazide and BTCA (1,3,5-
benzenetricarbaldehyde) linkers. Although both linkers are non-
emissive in the solid state, the COF was emissive and had an 
estimated QY of 3.5%. Interestingly, a fully planar COF 
constructed from similar building blocks showed negligible 
fluorescence in the solid state, likely due to ACQ, therefore the 
contorted structure of the COF could be the key to designing 
fluorescent organic scaffolds. The strong fluorescent properties 
of the prepared COF were harnessed as a Hg2+ sensor with a 
remarkable detection limit of 25 parts per billion (ppb).156 

Another avenue for preventing the ACQ effect is strategic 
design of a COF with the desirable motif that impacts layer 
stacking.157,158 Zamora and coworkers prepared the first 
example of an imine-linked 2D COF displaying emission in the 
solid state.157 The COF, IMDEA-COF-1, constructed from DAP 
(DAP = 1,6-diaminopyrene; Fig. 21) and BTCA linkers, exhibits 
green emission, and a photoluminescence QY was found to be 
3.5%.157 Analysis of powder X-ray diffraction (PXRD) patterns 
confirmed that the COF layers were staggered and caused a 
decrease in the degree of π–π stacking compared to the 
eclipsed layer arrangement. In contrast to IMDEA-COF-1, its 
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counterpart with an eclipsed stacking conformation, IMDEA-
COF-2, synthesized from DAP and TP (TP = 2,4,6-
triformylphloroglucinol), was not emissive due to interlayer 
interactions. 

Further control over the orientation of layers was 
investigated by Yin and coworkers.158 They prevented formation 
of eclipsed stacking by decorating the chromophores with alkyl 
chains, and therefore, minimizing interlayer interactions.158 The 
authors reported that in this study, alkyl groups decorating the 
fluorene-based chromophore not only changed the stacking 
conformation of COFs from eclipsed to staggered but also 
increased the interlayer distance. Similar to the example 
described above by Zamora and coworkers, a COF was designed 
with a linker containing alkyl groups, DDAF (DDAF = 9,9-dibutyl-
2,7- diaminofluorene; Fig. 21), to act as a “spacer” and increase 
the interlayer spacing, promoting a staggered conformation. 
Through integration of functional groups on the COF linker, the 
authors demonstrated that a fluorescent COF could be 
prepared with a fluorescence QY of 10.7% 

Spatial chromophore separation can be achieved not only by  

Fig. 23 (top) Schematic representation of fluorescent tag integration in a COF. 
(left) Chromophore aggregation in the solid state and (right) organization through 
a COF scaffold. (bottom left) Normalized emission spectra of 2-bromoanthracene 
(gray) and anthracene[1≡(50%)] (green) in the solid state. (bottom right) 
Normalized emission spectra of 6-bromo-3-cyano-4-methylcoumarin (gray) and 
coumarin[1≡(50%)] (green) in the solid state.90 Reproduced from ref. 90 with 
permission from John Wiley and Sons, copyright 2020. 

direct synthesis of a COF (i.e., chromophore = a part of the 
framework backbone) but also through postsynthetic 
modification of a COF. For example, Shustova and coworkers 
demonstrated that integration of coumarin and anthracene 
(that are nearly non-emissive in the solid state) inside the 
confined space of a framework, could “turn on” their emission 
(Fig. 23).90 
 

3.4 Spatially Separated Chromophores Exhibiting Aggregation-
Induced Emission (AIE)  

Rigidification of chromophores via covalent bonds or 
inter/intra-molecular interactions have been illustrated on 
several examples (e.g., tetraphenylethylene (TPE), 
hexaphenylsilole, hexaphenylbenzene, and substituted 
pyrroles)145,146,159–163 resulting in emission induction through 
their molecular aggregation. This phenomenon, referred to as 
AIE (Fig. 24), is widely applied in biosensing, environmental 
monitoring, and optoelectronics, e.g., organic light-emitting 
diodes (OLEDs), phosphor-converted white-light LEDs (PC-
wLEDs), liquid crystal displays (LCDs), and luminescent solar 
concentrators.164–170 Fluorescence of AIE-based chromophores 
is generally based on the aggregation of molecules that leads to 
restriction of intramolecular rotational and vibrational modes 
(i.e., suppression of non-radiative decay pathways, Fig. 24).171 

Fig. 24 (top) Turn-on luminescence of a non-emissive TPE-core through 
coordinative immobilization within rigid MOFs. (bottom) Normalized 
temperature-dependent fluorescence decay profiles of a TPE-based MOF 
(squares) and TPE-linker (circles). The inset shows PXRD patterns of the activated 
TPE-based MOF and after heating at 350 °C in air. The optical micrographs show 
the fluorescent TPE-based MOF upon heating at various temperatures in air.148,149 
Reproduced from ref. 148 and ref. 149 with permission from American Chemical 
Society, copyright 2011 and 2013, respectively. 
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For instance, this effect can be achieved in the solid state due 
to molecular packing. However, incorporation of AIE-based 
chromophores into rigid frameworks such as MOFs and COFs 
can also result in rigidification of the chromophore backbone 
through coordinative immobilization, and therefore, the 
appearance of bright emission.172 This section of the review will 
first focus on examples of TPE-based chromophores (as the 
most widely studied class of AIE chromophores) in MOFs, 
followed by examples of MOFs containing other AIE-based 
chromophores such as carborane derivatives,173 and lastly, 
examples of COFs containing AIE-chromophores (Fig. 25). 

TPE-based derivatives are renowned for bright emission in 
the solid state, originating from the restriction of phenyl arm 
rotational and vibrational modes.174–177 While in dilute 
solutions, the excited state of TPE will decay non-radiatively, 
resulting in weak emission.174,178–180 By restricting the phenyl 
arms attached to the central ethylene moiety through 
coordinative immobilization of a TPE fragment in 
supramolecular ensembles (i.e., as a part of linkers in MOFs and 
COFs), emission may be restored.145–147,181 The realization of 
fluorescent TPE-based MOFs was demonstrated first by Dincǎ 
and coworkers in a series of extensive reports.146,148,149 For 
instance, by coordinating TCPE4− to Zn2+ nodes (H4TCPE = 
tetrakis(4-carboxyphenyl)ethylene; Fig. 25), it was shown that 
geometrical restrictions imposed on the phenyl ring arms 
impart bright emission that would only be observed in TPE-
containing aggregates, despite the chromophores being 
spatially separated (shortest Ph⋯Ph distance= 3.28 Å for 

Fig. 25 Structures of AIE-linkers integrated in MOFs or COFs. 

H4TCPE and 4.73 Å for Zn2(TCPE): Fig. 24 and 25).146,182 
Furthermore, it was estimated through quadrupolar spin-echo 
solid-state 2H NMR spectroscopy that the activation barrier for 
the phenyl group rotation within the TPE-based MOF was 43(6) 
kJ·mol−1 (20 kJ·mol−1 higher than that of unrestricted TPE).146 
These findings laid the foundation to apply TPE-based MOFs in 
engineering selective sensors working at variable temperatures 
(Fig. 24).149 Due to the MOF matrix, TPE-centered emission was 
preserved in air up to 300 °C (Fig. 24). Interestingly, the TPE-
based MOF149 was not selective toward several gaseous 
analytes (e.g., vapors of triethylamine, ethylenediamine, N,N-
diethylformamide, and water) at room temperature, but at 100 
°C, it exhibited high selectivity towards ammonia.149 
Subsequently, TPE-based MOF sensors were reported for the 
detection of mycotoxins, benzenes, m-xylene, mesitylene, nitro 
explosives, and toxic metal cations.183 

In a similar vein, Xu and coworkers published a study on a 
TPE-derivative, TPPE (TPPE = 1,1,2,2-tetrakis(4-(pyridin-4-
yl)phenyl)ethene; Fig. 25), as well as a TPE-based MOF, 
[Cd2(TPPE)(IPA)2] (IPA = isophthalic acid), for its application as a 
selective solvent sensor and luminescent thermometer.184 Their 
studies revealed bright blue emission for TPPE in solution as a 
function of solvent ratio (e.g., 1000 times increase in intensity 
in 90:10 v/v H2O:tetrahydrofuran (THF) compared to pure THF). 
Immobilization of TPPE within [Cd2(TPPE)(IPA)2] revealed 
solvent-dependent emission attributed to guest-mediated 
inter-ligand electronic coupling.185,186 Moreover, they probed 
[Cd2(TPPE)(IPA)2] for its potential as a selective solvent sensor 
as well as a luminescent thermometer by using electron-rich 
solvents to fine-tune both λem(max) and photoluminescence 
intensity. 

Guest-mediated photophysical property tuning is only 
feasible in porous materials, that highlights a fundamental 
advantage of MOFs in comparison with other reported 
materials. The porosity of MOFs can be exploited to tailor the 
material photophysical response through guest-mediated 
rigidification during guest sorption and desorption 
processes.10,146 In this regard, Tang and coworkers reported a 
silver-chalcogenolate-based MOF, 
[Ag12(StBu)6(CF3CO2)6]0.5[Ag8(StBu)4(CF3CO2)4](TPPE)2 in which 
guest molecules allowed for restriction of the intramolecular 
rotations of TPPE arms.187 After several sorption-desorption 
cycles, there was no significant loss of emission intensity, 
highlighting material recyclability. The detected material 
behavior was attributed to rigidification of TPE-based 
chromophores via guest loading promoting AIE. 

Separate from sensing, potential applications of TPE-based 
chromophores in solid-state lighting are contingent on 
preparation of materials with high QYs and fluorescence 
tunability for achieving bright intensity at desirable 
wavelengths. Aggregates of TPE-based chromophores typically 
have relatively high QYs in the solid state as mentioned 
before.188–190 In MOFs that rely on confinement-driven phenyl 
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ring restriction rather than aggregation, high QYs of TPE-based 
linkers can still be achieved.191–194 For instance, Li and 
coworkers have largely driven the field of MOF-based solid-
state lighting with numerous examples of MOFs possessing 
controllable emission, guest-mediated QYs, and tunable 
fluorescence lifetimes.10,18,19,195–197 For instance, a TPE-based 
MOF, Zn2(TCBPE) (H4TCBPE = 4',4'',4''''',4'''''''-(ethene-1,1,2,2-
tetrayl)tetrakis ([1,10-biphenyl]-4-carboxylic acid)), possessed a 
high QY (>95%) due to the TPE-chromophore confinement.10 
The prepared MOF, Zn2(TCBPE), was shown to have an emission 
profile and Commission International de I’Eclairage (CIE) 
coordinates that are almost identical to those of cerium(III)-
doped yttrium aluminum garnet (YAG:Ce3+; (0.42, 0.54) for 
Zn2(TCBPE) and (0.43, 0.54) for YAG:Ce3+). Therefore, this 
framework could be considered as an alternative for the 
replacement of the commonly-used yellow phosphor, YAG:Ce3+, 
in PC-wLEDs.  

The TPE-class of chromophores are undoubtedly the most 
studied among all AIE-based chromophores integrated in MOFs 
and COFs.18,93,175,176,192,193,197 There are, however, other 
chromophores that display AIE and that can reap the benefits of 
a confined environment for producing bright fluorescence while 
being simultaneously spatially separated in a porous matrix. For 
example, TABD-COOH (TABD-COOH = 4,4ʹ-((Z,Z)-1,4-
diphenylbuta-1,3-diene-1,4-diyl)dibenzoic acid; Fig. 25) 
prepared by Wang and coworkers198–200 possessed similar 
photophysical properties to TPE despite the fact that the 
ethylene moiety was extended to a diene fragment (Fig. 25). 
The chromophore itself exhibited a piezo/mechanochromic 
response in the solid state.199,200 Three different MOFs were 
synthesized by heating TABD-COOH (Fig. 25) in the presence of 
the corresponding metal salts, Mg, Ni, and Co.198 In this report, 
the mechanism for fluorescence was attributed to AIE but could 
be turned off selectively by LMCT due to incomplete d-electron 
valence shells of the metal cations. In particular, the Mg(II)-MOF 
(d5) showed bright emission with a high QY of 38.5%; however, 
due to the LMCT phenomena, QYs of paramagnetic Ni- and Co-
MOFs were found to be only 1.12% and 0.15%, respectively.  

In another example illustrating AIE-based emission in MOFs, 
Kim and coworkers synthesized an ortho-carborane-containing 
emissive framework (Fig. 25) in which appearance of emission 
was attributed to the confinement of carborane clusters within 
a porous scaffold.173 

Emission of AIE-based chromophores in MOFs is an ongoing 
development that undoubtedly will continue to flourish as new 
discoveries are made. Recently, there’s been a shift in design of 
AIE-based materials towards AIE-based COFs.147,201 COFs 
possess many properties similar to MOFs, including crystallinity, 
porosity, and tunability; however, they provide a different 
avenue for tunability of framework topology (e.g., formation of 
periodic columnar π-arrays and inherent π-conjugation). For 
instance, the Dichtel group reported a detailed study on the 
emissive properties of a library of two- and three-dimensional 

(3D) boroxine-linked COFs with the goal of understanding the 
effect of interlayer arrangement on optical properties.202 In this 
report, excitation-emission matrix fluorescence spectroscopic 
analysis revealed the origin of enhanced QYs in chromophore-
containing COFs (in comparison with chromophore solutions). 
Specifically, they were able to assign the observed optical 
features to π-exciplex formation that supports hypothesis about 
through-space electronic communication between 2D COF 
layers. Therefore, this report specifically highlights the necessity 
for understanding the effect of interlayer arrangement in 
extended structures as well as conquers what can sometimes 
be considered a disadvantage of COFs (the ACQ effect). 

Through the use of COFs to connect organic chromophores 
into highly conjugated π-lattices, the Jiang group was able to 
promote emission through the combination of pyrene knots 
and arylyenevinylene linkages.203 The strategic design of a 2D 
sp2 carbon-conjugated COF (sp2c-COF) with π-conjugation in the 
entire plane of the COF symbiotically enhanced stability and 
rigidified the arylyenevinylene linkage. The imparted constraint 
of radiative decay leads to visible emission through scaffold-
based confinement effects. In particular, introduction of the 
arylyenevinylene linkage and pyrene chromophores into a 
single COF led to drastic changes in emission maxima compared 
to that of the pyrene-based linker. For example, free pyrene-
based ligand was blue-emissive in H2O whereas sp2c-COF 
dispersed in H2O was red-emissive. Such a combination of 
porosity, fluorescence, and presence of selective functional 
groups (e.g., cyano functionalities on the COF walls) was used 
by the authors for metal ion sensing through fluorescence 
quenching. This COF was studied as a fluorescent probe for Cu2+ 
sensing with quenching occurring at concentrations of only 88 
ppb of Cu2+ in THF with notable selectivity determined in control 
experiments with both Cu2+ and Zn2+ cations present. 

4. Confinement-Driven Photophysics in Cages 
Metal-organic polyhedrons that are also named in literature 

as coordination cages, metal-organic cages, or porous 
molecular cages, are paramount as molecular containers for 
their role in sensing, drug delivery, bioimaging, and as molecular 
reactors.204–206 In contrast to MOFs and COFs that are insoluble 
extended structures, molecular cages offer an opportunity to 
study host-guest interactions or chromophore molecular 
conformations through “conventional” methods such as NMR 
spectroscopy. Due to this advantage, a cage can be used as a 
replica of a MOF or COF matrix to elucidate dynamics, molecular 
conformation, or intermolecular interactions of chromophores 
using SC-XRD (Fig. 26). In many cases, chromophore loading in 
MOFs is relatively low (a few wt%) and especially taking into 
account a large pore aperture, can lead to significant 
crystallographic disorder. Choice of the cage that mimics the 
pore size and environment allows for minimizing disorder and  
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Fig. 26 Structures of chromophores integrated in a Pd6(TPT)4(NO3)12 cage and a Zn-
TMPA cage.53,207 
possibly addressing the detected changes in photophysical 
properties of chromophore@MOF through monitoring 
chromophore performance inside the cage through 
spectroscopic analysis and SC-XRD. For instance, Shustova and 
coworkers detected unusual emission upon encapsulation of Cl-
BI (Fig. 26) as a guest inside MOFs which led to a 150 nm 
bathochromic shift in emission profile of Cl-BI@MOF compared 
to the chromophore in the solid state.53 It was hypothesized 
that such photoluminescent behavior could be correlated with 
an unusual molecular conformation of the chromophore inside 
the confined space of a MOF pore. Through the use of a 
molecular cage, Pd6(TPT)4(NO3)12 as a truncated model for a 
MOF, we were able to discover that a unique chromophore 
conformation, found in less than 5% of known crystal structures 
containing HBI-based molecules, was dominant in the confined 
space of the cage.53 Transformation of the Cl-BI chromophore 
conformation in the solid state to inside the confined space of 
the molecular cage (Fig. 27) requires a φ-rotation around the 
C−C single bond, resulting in the position of the oxygen and 
chlorine atoms on the imidazolone and phenyl rings, 
respectively, pointing in opposite directions. Using theoretical 
modeling, luminescence modulation as a function of different 
conformations was surveyed demonstrating the fact that a 
confined environment not only affects Cl-BI chromophore 
geometry, but also can influence electronic and geometrical 
structures of the Cl-BI excited states. We also estimated the 
energy barrier associated with rotation of the single C2−C3 
bond by varying the C=C−C=C dihedral angle in the Cl-BI 
chromophore and found it to be 34.2 kJ/mol.53 The energy 
barrier can be further increased to 64.2 kJ/mol in Cl-oHBI (Fig. 
27) due to intramolecular hydrogen bonding.53 

Through SC-XRD, the structure of a new conformer formed 
in the confined environment of Pd6(TPT)4(NO3)12 cage was 
determined (Fig. 27). Based on the support of theoretical 
calculations, it was speculated that the observed a 
hypsochromic shift of the photoluminescence maxima for 

Fig. 27 (top) Schematic representation of changes in the molecular conformation 
of Cl-oHBI upon incorporation inside the molecular cage. (middle and bottom) 
Crystal structures of Cl-BI and Cl-oHBI in the solid state (left) and incorporated 
inside the Pd6(TPT)4(NO3)12 cage (right). The green, dark blue, gray, red, and white 
spheres represent chlorine, nitrogen, carbon, oxygen, and hydrogen atoms, 
respectively. Reproduced from ref. 53 with permission from American Chemical 
Society, copyright 2020.  
Cl-oHBI@Pd6(TPT)4(NO3)12 compared to the unrestricted 
chromophore, Cl-oHBI is associated with the confined space of 
the cage and can be potentially explained by disruption of 
hydrogen bonding.53 Employing a molecular cage as a truncated 
model of a MOF allowed for bridging the gap and establishing a 
correlation between the structure of guest molecules and 
material photophysical profiles. In addition, the multifunctional 
capabilities of the molecular cage was illustrated by employing 
the Cl-oHBI@Pd6(TPT)4(NO3)12 system as a tool for targeted 
cargo delivery of Cl-oHBI to the confined space of DNA and 
resulted in promotion of chromophore–DNA interactions.53  

Conversely, conformation changes of a host can be initiated 
by the guest.207 Zonta and coworkers induced a conformation 
change of a chiral cage, Zn-TMPA (TMPA = tris(2-
pyridylmethyl)amine), through variation of the guest length.207 
Non-coordinative integration of guests with varying alkyl chain 
lengths (e.g., succinic acid versus adipic acid) into the cage led 
to intriguing changes in the circular dichroism profiles.207 In 
particular, an increase of the guest length an inversion of the 
chiroptical absorption in the range of 270–330 nm from 
negative to positive.207 Thus, the described diastereodynamic 
system is the first example in which the guest length can be 
used to tune the chiral properties of a system, allowing for the 
development of programmed conformational control.207 

Ward and coworkers also probed the effect of the guest 
molecules on cage properties and ET processes.208 The authors 
constructed an octanuclear cubic coordination cage with twelve 
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naphthyl chromophores surrounding the central cavity. 
Through conventional luminescence titrations, the authors 
probed the effects of incorporating non-redox active and non-
chrompohoric guests and revealed that a flexible guest, CUD 
(CUD = cycloundecanone; Fig. 26), caused a decrease in 
photoluminescence intensity; whereas, incorporation of a more 
rigid guest, AEO (AEO = 1-((3r,5r,7r)-adamantan-1-yl)ethan-1-
one; Fig. 26), enhanced the intensity of the photoluminescence 
response. The authors hypothesized that incorporation of a 
rigid guest helped to restrict non-radiative decay pathways and 
incorporation of a flexible guest resulted in the opposite effect. 
These efforts demonstrate how strategic design of cages and 
selection of the guest molecule portend a potential avenue to 
transform traditionally non-emissive moieties into bright 
photoluminescent materials. 

5. Conclusion and Perspectives 
As emphasized in this review, MOFs, COFs, and cages have 

the potential to cause a paradigm shift in the way 
chromophores are explored. Advancements in tuning 
chromophore dynamics through confined space-imposed 
photophysics foreshadows surpassing current technologies, 
especially as it pertains to porous fluorescence sensors with 
high spatial resolution. 

MOFs, COFs, and cages proffer unrivaled strategic control of 
chromophore arrangements through the ability to tune 
distances, angles, and even promote unusual molecular 
conformations through functionalization of the linkers.13,22, 53,54, 

62,66,145–150,153,157,158 In particular, several reports, primarily from 
one group, have displayed the ingenuity of engineering artificial 
scaffolds for mimicking the behavior of GFP and its analogs as 
an avenue to glean insight into biological processes or 
preparation of materials with directional ET; however, there are 
many proteins that have yet to be investigated and 
fundamental correlations have to be built to fully harness the 
potential of frameworks as a rigid multifunctional host. 

Both AIE and ACQ phenomena can be also addressed 
through utilization of rigid porous scaffold for development of 
efficient solid-state lighting materials. The area of AIE-based 
crystalline scaffolds has benefited largely from the embedment 
of TPE-based chromophores but a shift in the rather unexplored 
direction of other AIE-based chromophores could significantly 
advance this area of MOF-based photoluminescent materials. 

An overview of the photophysical data of RuBpy and OsBpy 
encapsulated MOFs presented in section 2.3 revealed the 
effects of confinement on the transition metal complexes 
within very restrictive cavities only achievable through a 
templated approach (i.e., dimensions similar to that of the 
encapsulated guest). These results are revealed as an extension 
of the emission lifetime and shifts in the steady-state emission 
spectra that are highly dependent upon the nature of the cavity. 

One of the most significant impacts of confinement in this case 
is the effect on the energy barrier to access the excited states 
beyond the lowest energy 3MLCT state (either the excited 3LF or 
other higher energy 3MLCT states). For instance, tightly 
restricted cavities increase the barrier between the lowest 
energy 3MLCT and other higher energy states, regardless of the 
type of cavity while the energy level of the lowest energy 3MLCT 
is dependent upon the size and polarity of the cavity. Cavities 
that allow for solvent access tend to have lower energy 3MLCT 
states while those that are more restrictive to solvent access 
tend to increase the 3MLCT state energy. These observations 
are important for the future design of photoactive MOFs for 
photocatalytic and light-harvesting applications with tunable 
photophysical properties. 

To summarize, MOFs, COFs, and cages have demonstrated 
unparalleled potential for confining chromophores and 
inducing unprecedented photophysical properties. The 
established field of MOFs has led this area of investigation, but 
COFs and cages have displayed that they can be employed as a 
robust, crystalline platform as well. The less-investigated field 
of COFs has proven to alleviate some concerns relevant to non-
radiative decay (e.g., using boroxine instead of imine linkages), 
and we anticipate that investigation of COFs as a multivariate 
tool will commence in earnest over the next decade. While 
photophysics of chromophores has been probed appreciably 
over the years, discovering intriguing responses of a scaffold-
imposed confined space on chromophores is only the tip of the 
iceberg. 
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