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Thiazolothiazole based functional metal-organic
frameworks

Xing-Cai Huang @* and Jiao-Jiao Kong*

Thiazolothiazole (TTZ)-based functional metal-organic frameworks (MOFs) represent an emerging class of
materials that offer multi-functional properties, making them ideal for advanced applications in
environmental monitoring, biomedical diagnostics, and sustainable technologies. Importantly, the
distinctive structural features of TTZ ligands, characterized by two rigidly fused thiazole rings containing
nitrogen and sulfur heteroatoms, provide exceptional fluorescence properties and multiple coordination
sites, enabling diverse functionalities. Consequently, TTZ-based MOFs exhibit remarkable multifunctional
characteristics attributed to the unique properties of the TTZ moiety, including fluorescence sensing,
catalysis, photon upconversion, photochromism, electrochromism, bioimaging, and other functionalities.
This comprehensive review systematically examines ligand design principles, synthetic methodologies, and
diverse applications of TTZ-based MOFs. Furthermore, we critically analyze the current challenges and
provide perspectives on future research directions in this field. The development of TTZ-based MOFs offers
a promising strategy and alternative approach for addressing specific scientific and technological
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Introduction

Metal-organic frameworks (MOFs) are synthesized through
coordination bonds between metal ions or clusters and a range
of organic ligands."” These structures are utilized in various
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challenges in various research domains.

applications due to their exceptional properties, including ultra-
high specific surface area, high porosity, and tunable porous
architecture. The structure and properties of metal-organic
frameworks (MOFs) are significantly influenced by various
factors, including the functional groups, shape, and size of the
ligands, as well as the type and number of coordinating atoms,
such as carboxylate and N-heterocyclic ligands. By carefully
selecting and designing organic ligands, MOFs can be tailored
to exhibit diverse structural configurations and physicochemical
properties. This versatility allows for fine-tuning of their
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porosity, stability, and catalytic activity, making them highly
adaptable for applications in gas storage and separation,’
sensing,™ catalysis,® anticounterfeiting and security,” drug
delivery,® and so on.

Thiazolo[5,4-d|thiazole, commonly referred to as
thiazolothiazole (TTZ), which is a bicyclic [5-5] system with
four heteroatoms [2:2], consists of two rigidly fused thiazole
rings and exhibits a n-coplanar structure incorporating
nitrogen and sulfur heteroatoms. First synthesized by
Ephraim in 1891, its correct structure was not conclusively
determined until 1960 by Johnson.'® Early research on TTZ
derivatives was predominantly focused on their biological
activity. However, recent investigations have broadened to
explore their diverse properties, particularly their applications
in covalent organic framework materials (COFs),"" >’
semiconductor materials,*** organic solar cells,>*>® organic
light-emitting diodes (OLEDs),>”*® fluorescent probes and
sensors®>®** and so on.

The thiazolo[5,4-d]thiazole (TTZ) group offers several
advantageous properties,**® including: (i) enhanced charge-
carrier mobility due to its rigid planar backbone and extended
n-conjugated electronic structure; (ii) high oxidative stability;
(iii) stabilized downshifted energy levels in the solid state; and
(iv) strong and broad absorption and fluorescence in the visible
region, attributed to the rigid planar backbone and intense n-n
stacking interactions. These characteristics make the TTZ
scaffold highly valuable in the design and application of
advanced functional materials.

The synthesis of TTZ derivatives predominantly relies on the
Ephraim condensation reaction, a one-step process involving
the condensation of dithiooxamide (rubeanic acid) with
aromatic aldehydes. While the reaction can proceed without a
solvent when using liquid aromatic aldehydes, the yield is often
suboptimal. In contrast, the use of solvents such as DMF,*”*
nitrobenzene,*® or n-propanol’® is recommended for solid
aromatic aldehydes to improve reaction efficiency and yield.

Given the unique properties of TTZ and its derivatives, their
integration into MOFs offers a promising avenue for
constructing multifunctional materials with tailored properties.
This review highlights the design principles, synthetic
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Scheme 1 The construction of thiazolothiazole based MOFs.
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strategies, and diverse applications of TTZ-based MOFs, while
also addressing current challenges and future directions in this
rapidly evolving field. The development of TTZ-based MOFs not
only expands the toolkit for material design but also provides
innovative solutions to address specific scientific and
technological challenges across multiple disciplines (Scheme 1).

Construction of thiazolothiazole
ligands and thiazolothiazole based
MOFs

The creation of thiazolo[5,4-d]thiazole(TTZ) ligands primarily
focuses on ligand design, which currently falls into two main
categories: TTZ-based pyridine and TTZ-based carboxylic acid.
TTZ-type pyridines can be easily synthesized in one step and
possess two nitrogen-containing aromatic rings, exhibiting
favorable optoelectronic properties. This makes them
particularly valuable in the development of TTZ-based MOFs.
Furthermore, the diversity of structures and properties in TTZ-
based MOFs stems from the capacity to alter substituents on
the bipyridine structure. This enables the fine-tuning of
electronic properties and chemical environments, leading to
enhancing performance in specific applications. Similarly, TTZ-
type carboxylic acids contain functional groups that facilitate
strong interactions with metal centers through deprotonation
or chelation mechanisms. These ligands play a crucial role in
stabilizing metal centers in complexes used for various catalytic
and sensing applications. Their acidic nature also allows for
effective participation in hydrogen bonding with other
molecules or surfaces, along with n-n stacking, and C-H--'n
interactions inherent to the TTZ framework. Both classes have
distinct characteristics that enhance their effectiveness as
ligands in TTZ-based MOFs, making them promising building
blocks for the construction of multifunctional materials.

To construct a synthetic TTZ ligand, modifications and
decorations need to be made on the TTZ connecting groups.
Extending the TTZ chromophore, particularly by incorporating
additional aromatic rings, is a highly effective strategy for
broadening the conjugation pathway. This modification can
alter the interactions between intermolecular and
intramolecular groups within TTZ, thereby changing the regions
of UV-visible and fluorescence spectra of the TTZ ligands and
enhancing or modifying their optical and electrical properties.
This is particularly crucial for the design and development of
new materials for advanced technologies.

Recently, three approaches for synthesizing MOFs using
TTZ ligands have emerged. (1) Ketcham's method for one-
step synthesis of TTZ pyridine®® or TTZ carboxylic acid
ester:*' this method involves reacting nitrogen-containing
aromatic aldehydes, such as pyridine or imidazole, or
carboxylic acid ester-containing aromatic aldehydes with
dithiooxamide. The nitrogen-containing aromatic aldehydes
or carboxylic acid ester -based aromatic aldehydes can be
synthesized using Pd-catalysed Suzuki or Stille cross-coupling
reactions. (2) Ketcham's method for halogenated precursor

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 The reported bipyridine-based TTZ ligands for TTZ-based
MOFs.

synthesis and coupling reaction:** alternatively, TTZ pyridine
or TTZ carboxylic acid precursors can be initially prepared by
reacting halogenated aromatic aldehydes (e.g., Br, Cl) with
dithiooxamide, followed by Pd-catalyzed cross-coupling
reactions to obtain TTZ pyridine or TTZ carboxylic acid. (3)
Expansion of TTZ pyridine to obtain TTZ-based viologen-like
carboxylic acids:**** additionally, TTZ pyridine can be
utilized to synthesize extended TTZ-based viologen-like
carboxylic acids through further reactions. These three
approaches provide efficient and versatile methods for
synthesizing a wide range of TTZ-based ligands, expanding
their potential applications in various fields.

Creating TTZ-based MOFs, much like other MOF
materials, is achieved through solvothermal synthesis,
utilizing several well-established ligand synthesis strategies.
For bipyridine-based TTZ ligands (Fig. 1), a mixed ligand
approach that combines bipyridine and multicarboxylic acid
ligands is employed to construct MOFs with metal salts. The
multicarboxylic acids used in this method are typically
classified into binary, ternary, and quaternary carboxylic
acids (Fig. 2). In the case of TTZ-based multicarboxylic acid
ligands (Fig. 3), the most common method involves direct
synthesis with metal salts. Similarly, TTZ viologen-type
multicarboxylic acid ligands are also synthesized directly with
metal salts via solvothermal methods. Additionally, TTZ
viologen-type multicarboxylic acid ligands can be combined
with auxiliary multicarboxylic acid ligands and bipyridine
ligands through solvothermal synthesis to construct TTZ-
based MOFs, enhancing their structural and functional
properties.

Masciocchi and co-workers pioneered the wuse of
thiazolo[5,4-d|thiazole-2,5-dicarboxylic ~acid (H,TTZ) in
MOFs.* While the Ag(i) derivative, [Ag,(TTZ)],, formed a
dense 3D framework via pe-bridging -carboxylates and
monodentate N-donor sites, first-row transition metal
complexes (Mn, Co, Zn, Cu) adopted 1D polymeric chains.
Unlike porous carboxylate-based frameworks, [TTZ]*
preferentially adopted NO-chelating over O,0-bridging
modes, suppressing porosity. Structural rigidity and S---S
interactions in H,TTZ-2H,O suggested potential electronic
properties.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The reported auxiliary multicarboxylic acid ligands in TTZ-
based MOFs.

Chemical sensing

The fluorescence properties of MOFs are highly sensitive to
their structural characteristics, coordination environment,
pore surface properties, and interactions with guest species
through coordination bonds, n-n interactions, and hydrogen
bonds. These factors not only affect the luminescence
intensity of MOFs but also determine their emission
wavelength and lifetime, directly impacting the sensitivity
and selectivity of sensors (Table 1).

Sensing metal ions

The contamination of water sources with toxic metal ions
such as Hg”', Pb*', Fe*', and Cr(vi) is a growing concern
attributed to industrialization and urbanization. Even trace
levels of these ions can adversely affect human health and
disrupt ecosystems. Bioaccumulation of these contaminants
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Fig. 3 The TTZ-based multicarboxylic acid ligands for TTZ-based
MOFs.
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Table 1 The reported TTZ-based MOF chemical sensors
MOF Analyte Ko, M LOD Ref.
[Zn,(NDC),(4bpyttz)], Hg”* — — 46
{[Zn(TTVTC)]-4H,0}, Cr042; 1.85 x 10* 0.31 uM 43

Cr,0,% 1.38 x 10* 0.41 uM
{{Ag4(4bpyttz),[Ag(PMO0,,040),]}-Ag(4bpyttz)-2(4bpyttz)-6H,0}, Hg*" — — 47
[Zn(4bpyttz)(5-OH-TPA)], Hg™" 8.43 x 10* 125.76 nM 48
{[Zn,(5-A1A),(DPTTZ)]-DMF},, Hg”" 4.2 x 10" 2.174 nM 49
{[Zn(4bpyttz)(FDBA),]-2H,0}, Fe?* 8.8527 x 10° 125.2 uM 50

Cro,>” 9.7079 x 10° 114.2 M

Cr,0,% 1.3268 x 10* 83.5 uM
[Cd(4bpyttz)(OBA)], 4-NA 1.03 x 10° 0.52 M 51

Cro,>” 2.93 x 10* 1.37 uM
{[Zn,(NDC),(4bppyttz)]-1.5DMF}, AP 4.66 x 10° 2.9 UM 52

Cro,>” 8.32 x 10° 3.4 uM

MnO,~ 1.51 x 10* 3.0 uM

Cr,0,% 7.36 x 10° 2.2 uM
{[Zn,(4bpyttz),(BDC),]-2(DMF)-0.5(H,0)},, TNP 3.257 x 10* 0.93 uM 53

NZF 1.726 x 10* 0.91 pM
{[Cd,(4bpyttz),(BDC),]-2(DMF)}, TNP 4.063 x 10* 0.90 M

NZF 4.538 x 10* 0.85 uM
{[Zn,(OBA),(4bpyttz)]-2DMF}, Co** 3.13 x 10° 1.14 uM 54

NZF 3.02 x 10° 0.14 uM

NFT 1.22 x 10* 0.072 pM
H,TTZ@PCN-700 DCF — 0.9 uM 55

through adsorption by organisms further amplifies their
impact, potentially leading to severe health consequences in
humans. Therefore, the accurate and selective detection of
heavy metal ions is crucial. Luminescent MOFs have emerged
as highly effective platforms for detecting these pollutants.

Mercury (Hg>") detection

Among heavy metal ions, mercury (Hg’') is particularly
hazardous, with contamination arising from natural and
anthropogenic sources. The conversion of inorganic Hg** to
methylmercury (MeHg') by Dbacteria enhances its
bioavailability and promotes its accumulation in food chains,
leading to toxic effects at higher trophic levels. Luminescent
MOF-based sensors are promising for Hg>" detection due to
their high sensitivity and selectivity. The TTZ moiety, which
features nitrogen and sulfur heteroatoms, is particularly
effective due to its strong affinity for Hg>", making it an ideal
ligand in luminescent MOFs design.

Saha and co-workers introduced a luminescent MOF,
[Zn,(NDC),(4bpyttz)],,*® where naphthalene dicarboxylate
(NDC) acts as the antenna chromophore, and the
thiazolothiazole ligand 4bpyttz serves as the energy acceptor
and emitter. This MOF exhibits efficient energy transfer
between the donor and acceptor due to spectral overlap,
enabling selective Hg>" detection with a limit as low as 107°
M (Fig. 4). The presence of Hg>' induces a red shift and
fluorescence quenching, while other metal ions only cause
minor quenching without spectral shifts.

Furthermore, the stable vacant binding sites (nitrogen and
sulfur atoms) of the thiazolothiazole ligand (4bpyttz) in
LMOFs play a crucial role in its excellent sensing
performance for Hg>'. Similarly, Yu, Feng and co-workers

2614 | CrystEngComm, 2025, 27, 2611-2622

reported [Zn(4bpyttz)(5-OH-IPA)],,*® a MOF with exceptional
selectivity and sensitivity for Hg?*, with a Stern-Volmer
constant (Ky,) of 8.43 x 10 M™" and a detection limit of
125.76 nM. This sensor demonstrated reliable recovery in real
water samples, highlighting its potential for environmental
monitoring. Additionally, Wang and co-workers®” presented
{{Aga(4bpyttz),[Ag(PM01,040).]}-Ag(4bpyttz)-2(4bpyttz)-6H, O,
a MOF featuring a Keggin-dimer structure. This framework
exhibited a 72.2% decrease in fluorescence intensity upon
exposure to Hg>* ions, showcasing its selective sensing
capabilities. Meanwhile, Mandal and co-workers*® described
a Zn-based MOF, {[Zn,(5-AIA),(4bpyttz)]-DMF},, composed of
5-aminoisophthalic acid (5-AIA) and 4bpyttz ligands. This
MOF detected Hg** through fluorescence quenching,
achieving an impressive detection limit of 2.174 x 107 M.
The sensing mechanism was attributed to the interaction
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Fig. 4 (a) Single crystal structures of Zn,(NDC),(4bpyttz). (b)
Fluorescence intensity of Zn,(NDC),(4bpyttz) suspension (0.1 mg mL™ in
DMF) with increasing concentration of Hg(OTf),. Inset: fluorescence
microscopy images of pristine (left) and Hg®" treated Zn,(NDC),(4bpyttz).
Reproduced with permission from ref. 46. Copyright 2019, American
Chemical Society.
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between Hg>* and oxygen coordination centers on the 5-AIA
ligands rather than the TTZ sulfur and nitrogen centers.

Detection of other metal ions

The detection of other toxic metal ions, like Fe**, Co*', and
different oxoanion species such as Cr(vi) and Mn(vu), holds
equal significance.

Das and co-workers®® reported a 3D MOF {[Zn(4bpyttz)
(FDBA),]-2H,0},,, capable of detecting Fe*" and Cr,0,/CrO,>
with detection limits of 1252 puM and 114.2/83.5 uM,
respectively (Fig. 5). The fluorescence quenching mechanism
was attributed to competitive excitation energy absorption and
Forster resonance energy transfer. Tadjarodi and co-workers®
designed a 2D framework [Cd(4bpyttz)(OBA)],, which
demonstrated high sensitivity for detecting 4-nitroaniline (4-NA)
and CrO,>". The MOF achieved K., values of 1.03 x 10° M ! for
4-NA and 2.93 x 10* M ! for CrO,*, with detection limits of 0.52
uM and 1.37 uM, respectively. Gao and co-workers*’ reported a
stable 2D MOF, {[Zn(TTVTC)]-4H,0},,, based on a TTZ-extended
viologen tetracarboxylic acid ligand. This MOF exhibited
superior sensitivity and recyclability for CrO,*” and Cr,0,>
detection with detection limits of 0.31 uM and 0.41 pM,
respectively. The sensing mechanism was attributed to
competitive optical absorption.

Huang and  coworkers  developed a  Zn-MOF
{[Zn,(NDC),(4bppyttz)]-1.5DMF}, with a three-fold interpenetrated
pillared-layer structure (Fig. 6).°> This MOF demonstrated turn-on
fluorescence for AP’" and turn-off fluorescence for oxoanion
species like CrO4>", Cr,0,>~, and MnQ, . Detection limits for AI*",
Cr0,%", MnO,, and Cr,0,>" were 2.9, 3.4, 3.0, and 2.2 uM,
respectively. The sensing mechanism involved bonding
interactions, electron transfer, and absorbance-related
fluorescence enhancement.

These studies underscore the versatility and effectiveness
of TTZ-based MOFs for the selective detection of various
metal ions, highlighting their potential for environmental
and analytical applications.

Sensing organic pollutants

The detection of organic pollutants, particularly nitroaromatic
compounds and nitrofuran antibiotics, is of significant
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Fig. 5 (a) {[Zn(4bpyttz)(FDBA),]-2H,0},, along the b axis. (b)
Luminescence responses of {[Zn(4bpyttz)(FDBA),]-2H,0}, with the
gradual additions of aqueous Fe(i). Reproduced with permission from
ref. 50. Copyright 2019, American Chemical Society.
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Fig. 6 (a) The threefold interpenetration of the thiazolothiazole based
Zn-MOF. (b) Fluorescence spectra intensity of the Zn-MOF in aqueous
solution with adding concentrations of Al** showing turn-on effects.
Reproduced with permission from ref. 52. Copyright 2023, Elsevier B.V.

environmental and biomedical importance. Metal-organic
frameworks (MOFs) have demonstrated exceptional capabilities
in this regard due to their tunable structures and luminescent
properties.

Zang, Du and co-workers> developed two three-dimensional
MOFs, {[Zn,(4bpyttz),(BDC),]-2(DMF)-0.5(H,0)},, and
{[Cd,(4bpyttz),(BDC),]-2(DMF)},, featuring the pcu topology and
strong fluorescence properties. These MOFs exhibit efficient
luminescence quenching in the presence of trace amounts of
nitroaromatics such as 2,4,6-trinitrophenol (TNP). For the Zn-
MOF, the Stern-Volmer quenching constant (Ky,) for TNP was
determined to be 3.257 x 10* M, with a detection limit (LOD)
of 0.93 uM. The Cd-MOF demonstrated slightly enhanced
performance, with a K, of 4.063 x 10* M™* and a LOD of 0.90
uM. These MOFs were also effective in detecting nitrofuran
antibiotics, including nitrofurazone (NZF). For the Zn-MOF, the
LOD and K, for NZF were 0.91 puM and 1.726 x 10* M,
respectively, while the Cd-MOF exhibited higher sensitivity with
a LOD of 0.85 pM and a K, of 4.538 x 10" M™'. The
luminescence quenching mechanisms involve dynamic and
static quenching, primarily driven by photoinduced electron
transfer (PET) and Forster resonance energy transfer (FRET)
processes. Tadjarodi further explored a two-dimensional MOF,
[Cd(4bpyttz)(OBA)],, demonstrating remarkable sensitivity to
4-nitroaniline (4-NA) with a Ky, of 1.03 x 10° M.

Huang and co-workers recently reported a three-
dimensional MOF, {[Zn,(OBA),(4bpyttz)]-2DMF},, with a
unique 6-c net structure and a novel topology denoted as
{4".6'°-8}.>* The MOF exhibited high selectivity and multi-
responsiveness, making it effective for detecting Co>* ions
and nitrofuran antibiotics, such as NZF and nitrofurantoin
(NFT), in aqueous media. The detection limits for Co>", NZF,
and NFT were determined to be 1.14, 0.14, and 0.072 uM,
respectively. Importantly, the MOF-derived fluorescence test
papers and composite films were developed for visual
detection of Co*>*, NZF, and NFT (Fig. 7). These practical
sensing platforms significantly enhance the applicability of
MOFs in real-world environmental monitoring and medical
diagnostics.

The development of MOF-based ion detection test papers
or thin films represents an important step toward real-world

CrystEngComm, 2025, 27, 2611-2622 | 2615
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Fig. 7 (a) The procedure for making MOF-based fluorescence test
papers and composite films. (b) and (c) Pictures of the MOF-based
fluorescence test papers and composite films for the detection of the
Co?* ion and antibiotics. Reproduced with permission from ref. 54.
Copyright 2024, Elsevier B.V.

applications, as these materials allow for rapid, on-site, and
cost-effective sensing of pollutants. The combination of high
sensitivity, selectivity, and the ability to fabricate portable
sensing devices underscores the potential of MOF-based
systems in environmental and biomedical fields.

Galli, Piccirillo, Rossin and co-workers® presents the
thiazolo[5,4-d|thiazole-2,5-dicarboxylic acid (H,TTZ)-
functionalized Zr(v) mixed-linker MOF (H,TTZ@PCN-700),
synthesized via solvent-assisted ligand incorporation (SALI).
H,TTZ@PCN-700 exhibits a high diclofenac sodium (DCF)
adsorption capacity (263.2 mg g') in water, driven by strong
host-guest interactions and a hierarchical micro/mesoporous
structure (BET area: 757 m> g '). While H,TTZ@PCN-700
shows ligand-centered luminescence, its emission quenching
mechanism for DCF sensing (LOD: 9.0 x 10~> M) stems from
HOCO localization on non-luminescent Me,-BPDC?" linkers.
Selective DCF detection over other pollutants and partial
desorption reversibility (<10%) highlight its dual wastewater
remediation potential. Its thermal stability (Tees: ~770 K)
and water resistance position H,TTZ@PCN-700 as a robust
adsorbent, with future efforts targeting recyclability and
enhanced sensing synergy.

Photochromism

Photochromic behavior is a hallmark property of TTZ-based
materials. This phenomenon is often driven by photoinduced
electron transfer (PET) processes that alter their electronic
states, leading to visible color changes.

In 2019, Gao and co-workers®® synthesized a tetracarboxylate
ligand, [H,TTVTC]Cl,, derived from thiazolothiazole-extended

2616 | CrystEngComm, 2025, 27, 2611-2622
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Fig. 8 (a) A single 3D framework along the b axis. (b) UV-vis spectra
and photographs of the color changed before and after Xe light
irradiation. Reproduced with permission from ref. 56. Copyright 2019,
American Chemical Society.

viologen (Fig. 8). They further prepared a three-dimensional
metal-organic framework (MOF), {{Cd,(TTVTC)Cl,(H,0)s]-2H,-
O},, which features a (10,3)-d framework with sixfold
interpenetration.  This MOF  demonstrated reversible
photochromism, changing from yellow-orange to green upon
photoinduced electron transfer from carboxylate groups to
TTV>' centers.

Wang and co-workers®” reported a bicarboxylate ligand
based on thiazolothiazole-extended viologen and its derived
3D MOF, {[Zn(4,4-bpy)(TTVP)]-(NO;),-4H,0},, which has an
eightfold interpenetrated structure. Another structure,
{[Zn(Hbtc)(TTVP),.5]},, Was synthesized as a two-dimensional
layered MOF. Both compounds exhibited photochromism,
but the latter compound showed a faster photochromic
response due to the shorter distance between electron donors
(O-carboxylate) and acceptors (N-pyridinium) within TTVP
molecules.

Liu and co-workers successfully obtained a series of
photochromic compounds by incorporating auxiliary carboxylic
acid ligands with thiazolothiazole-extended viologen (TTVP).
Interestingly, Wang and co-workers®" reported two MOFs,
{[CA(TTVP),.5(2,6-NDC)(H,0)]-0.5DMF},, and {[CA(TTVP),.5(4,4"
BPC)(H,0),]-0.5H,0},,, which exhibited both photochromic
behavior and photo-controlled fluorescence. This synergistic
response was attributed to the formation of colored anionic
[TTVP] radicals via PET processes.

Ren, Wang and co-workers®® synthesized N,N'-2,5-bis(3-
pyridinium)thiazolo[5,4-d]thiazole dipropionate based on the
3bpyttz  ligand, (mTTVPA)(HSO3),, and two MOFs,
{{[Cd(mTTVPA)Br,]-H,0}, and {{Zn(mTTVPA)Br,|-H,0},. These
compounds displayed photochromic properties driven by
PET, generating radical species responsible for observable
color changes.

58-60

Electrochromism

Electrochromic properties of thiazolothiazole-based materials
stem from their redox-active ligands and robust frameworks
that facilitate charge migration.

D'Alessandro, Kepert and co-workers reported Zn/Cd-MOFs
based on TTZ derivative ligands (4bppyttz and 4bmppyttz).®***
These studies investigated intervalence charge transfer (IVCT)
phenomena within the redox-active frameworks. Their coplanar

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) Crystal structure of the framework displaying the cofacial
alignment of the 4bppyttz ligands along the c axis. (b) Room
temperature solid-state spectroelectrochemistry with photographs
capturing the framework transitioning from yellow (neutral) to dark
green (mixed-valence state). Reproduced with permission from ref. 64.
Copyright 2018, American Chemical Society.

structures enabled efficient charge migration, as confirmed
through computational models that quantified the extent of
charge transfer and unveiled novel mechanisms of charge
migration in MOFs. Similarly, the redox-active MOFs
[Zn,(abppytiz),(SDC),),  and  [Cda(4bppyttz),(SDC).],
demonstrated  distinct  electrochromic ~ behavior.®>  The
electrochromic response was attributed to reversible redox
processes and electron mobility facilitated by the TTZ ligands.

TTZ-extended
represent a promising class of multi-stimuli responsive
materials. Their photochromic and electrochromic behaviors,
driven by mechanisms such as PET and IVCT, open new

Therefore, viologen-based = materials

avenues for applications in sensors, displays, and energy
storage devices. Further exploration of ligand design and
framework

engineering could lead to improved

responsiveness and broadened functionality (Fig. 9).

Fluorescence bioimaging

MOFs incorporating thiazolo[5,4-d|thiazole derivatives have

emerged as promising candidates for bioimaging
applications, owing to their exceptional optical properties.

A novel UiO-type MOF (ZrMOF) based on the thiazolo[5,4-
dJthiazole bicarboxylate ligand responsive to higher-order
multiphoton excited fluorescence (H-MPEF) was successfully
synthesized (Fig. 10), but single crystal structure data could
not be obtained.*’ The framework design leveraged the
extended m-electron systems of the thiazolo[5,4-d|thiazole
ligands, which facilitated enhanced charge transfer and
increased dipole moments while reducing =n-m stacking
interactions. These structural attributes endowed the MOF
with outstanding fluorescence in the near-infrared II (NIR-II)
region, making it a valuable tool for light-induced

fluorescence imaging in bioimaging applications.

Photon upconversion

Photon upconversion (UC), a process in which low-energy
photons are converted into high-energy photons, has
significant  implications for various scientific and
technological fields, including photochemistry, solar energy

harvesting, and bioimaging.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) Synthesis route of galactose-modified zirconium MOF
(ZTIG). (b) One-/two-/three-photon CLSM images of Hep G2 cell
treatment with ZrMOF upon the irradiation of 405 nm, 860 nm, and
1250 nm. Reproduced with permission from ref. 41. Copyright 2022,
John Wiley & Sons, Inc or related companies.

Stoddart and co-workers®® reported a Zn-based MOF
(ZnMOF) designed for TTA-UC, constructed from tetra(4-
carboxyphenyl)porphyrin (H,TCPP) sensitizers and
dipyridylthiazole (4bpyttz) quenchers (Fig. 11). In this MOF, zinc
ions coordinate the sensitizers and quenchers into a propeller-
like arrangement within a two-dimensional layered structure.
The thiazole pillars connect these layers, and the high ratio of
quenchers to sensitizers (5,1) promotes an organized sensitizer
arrangement, optimizing Dexter energy transfer. This structural
precision achieves an impressive TTA-UC efficiency of 1.95% at
an excitation power density of 25 mW em > When exciting the
low-energy Q bands of Zn-TCPP (565 and 602 nm), blue
emission based on 4bpyttz upconversion (465 nm) is observed.
The presence of this emission is direct evidence that the MOF
exhibits photon upconversion properties.
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Fig. 11 (a) Axial coordination of annihilators to porphyrin sensitizers as
a well-established strategy for constructing TTA-UC systems in
solution. (b) The distance between the 2D sheets and the interlayer
distance. (c) Fluorescence spectra of the MOF suspension in (Me),CO.
Inset: confocal image of the MOF crystals excited by a 561 nm laser.
Reproduced with permission from ref. 66. Copyright 2019, American
Chemical Society.
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Magnetic properties

The integration of thiazolo[5,4-d]thiazole into MOFs also
yields intriguing magnetic properties, particularly through
spin-crossover behavior and the unique characteristics of
lanthanide ions.

Tao and co-workers®” synthesized a two-dimensional grid-
like coordination polymer, {{[Fe(NCBHz3),(4bpyttz),]-4CHCls},,
which displayed a one-step complete spin crossover.
Remarkably, this transition exhibited a large hysteresis loop
(64 K) and a temperature-induced excited spin-state trapping
effect below 91 K, underscoring its potential in molecular
magnetism applications. Structural analysis reveals that the
large hysteresis arises from significant ligand rotation and
grid deformation, which enhance cooperative interactions.
This work highlights the potential of rigid bis-monodentate
ligands in stabilizing wide hysteresis loops, advancing the
development of SCO-based functional materials (Fig. 12).

Incorporating thiazolo[5,4-d]thiazole ligands (H,TTZ or
4bpyttz) further highlighted the magnetic characteristics of
lanthanide MOFs.°®®° These MOFs inherit the characteristic
magnetic properties of lanthanide ions.

Adsorption separation

Adsorptive separation presents a promising alternative to
mitigate the high energy consumption and capital costs of
the distillation separation of similar physicochemical
properties of these molecules. However, achieving efficient
and selective adsorption remains a significant challenge due
to the similar physicochemical properties of these molecules,
necessitating the development of highly selective adsorbents
with tailored pore structures and surface functionalities.
Zhang, Chen and co-workers” reported a flexible metal-
organic framework (MOF) material [Zn,(CI-BDC),(4bpyttz)],
with a doubly interpenetrated pillared paddle wheel structure
for realizing efficient C;H¢/C;Hg separation. By carefully
selecting appropriate linkers, the framework is designed with
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Fig. 12 (a) The Fe:--Fe distances and Fe:--Fe:--Fe angles within the
network, as well as the stacking structures of the quadrilateral
networks for [Fe(NCBH3),(4bpyttz),]-4CHCIls at 250 K and 110 K. (b)
The temperature-induced SCO behavior depicted through three
cycles, with simulation of SCO cooperativity in light blue and the
temperature-induced excited spin-state trapping (TIESST) effect in
green. The inset displays a d(yys)/dT versus T plot for the thermally
quenched sample. Reproduced with permission from ref. 67. Copyright
2022, American Chemical Society.
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Fig. 13 (a) Interpenetrated framework of the MOF viewed along the
b-axis. (b) Channels and pore apertures of the MOF along the b-axis.
(c) Column breakthrough curve of the MOF with equal molar amounts
of C3Hg and C3zHg. Reproduced with permission from ref. 70. Copyright
2020, American Chemical Society.

small pore apertures that significantly enhance propylene
adsorption over propane. This selective adsorption is
primarily governed by the molecular sieving effect of the
flexible framework, which enables precise discrimination
between the two gases. Furthermore, column breakthrough
experiments have demonstrated that this separation remains
highly efficient under dynamic conditions, highlighting the
practical applicability of the material in real-world separation
processes (Fig. 13).

Catalyst

In 2018, Lin and co-workers” reported a dual-continuous
donor-acceptor  (D-A) hybrid  structure, {[Cu,(4bpyttz)
(CN),]o-5(4bpyttz)},, based on the 2,5-bis(4-pyridyl)thiazolo[5,4-d]
thiazole ligand, where 4bpyttz and Cu®** act as the electron
donor and acceptor, respectively. This hybrid structure
demonstrated photocatalytic activity for the degradation of
methylene blue (MB), rhodamine B (RhB), and methyl orange
(MO). The strong coordination interactions and cation-n
interactions between the two semiconductor components
contributed to its enhanced photocatalytic performance
compared to the individual semiconductors 4bpyttz and CuCN.

Zang, Li and co-workers” reported the MOFs {[Zn(4bpyttz)(2-
NH,-BDC)](DMF)}, and {{Cd(4bpyttz)(2-NH,-BDC)](DMF)-0.5(H,-
O)}, with 2-fold interpenetrated three-dimensional bi-pillared-
layer framework, which was constructed using the nitrogenous
linkers 4bpyttz and 2-amino-1,4-benzenedicarboxylic acid (2-NH,-
H,BDC). Given their good chemical stabilities, high thermal
stabilities, and exposed nitrogen sites, the MOFs will provide a
multifunctional platform for adsorbing CO, selectively and
catalysing the Knoevenagel reaction effectively.

Neogi, Kundu and co-workers” demonstrate a novel linker
scissoring strategy to develop a robust MOF [Co(2-ATA)(4bpyttz)]
from the assembly of Co(u) ions with an electroactive 4bpyttz
(NS atoms) linker and a H-bond operative 2-ATA
(2-aminoterepthalic acid) ligand. The activated framework
exemplifies highly efficient oxygen evolution reactions (OERs)
with a low overpotential of 391 mV and an appreciable Tafel
slope of 85 mV dec™. And then Neogi, Kundu and co-workers’*
reported a 2D layer-stacked Co(u)-organic framework (FCG-2) by
C; symmetric tricarboxylic acid (H;TCA) and 4bpyttz

This journal is © The Royal Society of Chemistry 2025
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Fig. 14 (a) Synthesis routes and crystal structure of PFC-98. Gas-solid
photocatalytic CO,RR performance of PFC-98. (b) Evolution rate and
selectivity of reduction products over 10 hours. (c) *C NMR spectra of
liquid products from photoreduction with 2CO, and *CO.. (d) *H NMR of
liquid products with 2CO, and *CO, in the presence of H,O. () GC-MS
spectrum of liquid product with D,O and CO, (inset: GC-MS result of
CHsCOOH).

functionalized strut manifest bimodal redox-activity as a water
oxidation catalyst in alkaline medium with 375 mV
overpotential, 78 mV per dec Tafel slope, 81.25% faradaic
efficiency (FE) and 23 h of chronopotentiometric stability. The
Ni*" grafted FCG-2(M*' @FCG-2) exhibits bifunctional acid-base
properties, enabling size-selective deacetalization-Knoevenagel
reaction with high yield and multicyclic usability under mild
conditions.

Zhang and co-workers** reported that a MOF Cd-TTZBDP
based on the TTZ viologen carboxylic acid ligand can be used to
simulate the electron transfer chain (ETC) in biological systems.
The stacking mode of TTZ dyes in the material promotes light-
induced charge separation across ligands, as well as subsequent
delocalization of electrons and protons along the stacked D/A
columns, inhibiting recombination of separated charge carriers.
This enables spatial isolation of the reduction and oxidation
centers, visualizing the photocatalytic steps through long-lasting
photochromism of the MOF.

Wu, Liu and co-workers’”® have described a NiTTZ MOF
(PFC-98) as a model photocatalyst, with the material possessing
energy levels that align with the lowest unoccupied node and
linker orbitals. This alignment creates a delocalized lowest
unoccupied crystal orbital (LUCO) over both the node and
linker, facilitating charge separation and enabling abundant
electrons to gather at the catalytic sites for multi-electron
transfer processes. PFC-98 exhibits outstanding overall CO,
photocatalytic performance, and demonstrated remarkable

This journal is © The Royal Society of Chemistry 2025
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selectivity (89.68%) and productivity (58.14 umol g* h™) for C,
products, specifically ethanol and acetic acid, in the absence of
sacrificial agents (Fig. 14).

Conclusions and outlook

In recent years, metal-organic framework (MOF) materials
based on thiazolo[5,4-d]thiazole (TTZ) derivatives have been
widely used in various fields due to their excellent structural
tunability and outstanding photoelectrochemical properties.
These TTZ-based MOFs show great potential in solving
technical challenges in areas such as fluorescence sensing,
photochromism, adsorption separation, photon
upconversion, catalysis, and fluorescence bioimaging.

Despite the notable achievements in TTZ derivative-based
MOFs, there are still challenges and room for development:

(1) Designing and optimizing material properties: the
rational design of TTZ-based ligands provides a pathway for
constructing structurally diverse and functionally advanced
MOFs. Initially, by diversifying the types of TTZ based
bipyridine or dicarboxylic acid ligands through molecular
assembly and design, including the incorporation of large
conjugated groups, electron-donating, electron-withdrawing,
and other functional groups to further control the framework's
pore structure, electronic or charge distribution, and properties,
such as absorption and emission, in order to extend and
enhance their performance. Designing ligands that allow for
precise control of MOF architectures, including pore size,
connectivity, and dimensionality, enabling tailored applications
in gas storage, separation, or catalysis. Increasing the
n-conjugation of TTZ ligands to improve their electronic
communication, luminescence properties, and interactions with
metal nodes. This can not only expand the structural library of
TTZ-based MOFs but also provide opportunities for tuning their
properties to meet the demands of specific applications.

(2) Deepening functional studies of TTZ-MOFs: the study of
MOFs based on TTZ ligands is just beginning. Due to the
superior performance of TTZ ligands, research on this type of
material is expected to grow. Currently, the focus is mainly
on  structural characterization, fluorescence  sensing,
photochromism, and catalysis, with fewer studies in other areas.

(3) Incorporating artificial intelligence (AI) and machine
learning (ML): the integration of MOFs, not limited to TTZ based
MOFs, with Al and ML is an exciting frontier in materials science.
Researchers can use AI and ML algorithms to predict MOF
properties based on their molecular structure, such as pore size,
surface area, and stability. Machine learning models, including
deep learning, can be trained on large datasets to accelerate the
discovery of new MOFs with specific functionalities. By combining
data-driven approaches with traditional chemical knowledge, the
development of MOFs for specific applications can be
streamlined, reducing experimental costs and time. Incorporating
AI and ML into MOF research will lead to more efficient, scalable,
and targeted material design, potentially revolutionizing industries
like energy, environmental sustainability, and medicine.
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Overall, MOF materials derived from TTZ show great promise
for various applications. As material design and performance
continue to improve, they are expected to have a significant impact
in areas such as materials, energy, environment, and biomedicine.

Abbreviation

4bpyttz 2,5-Di(pyridin-4-yl)thiazolo[5,4-d]thiazole
3bpyttz 2,5-Di(pyridin-3-yl)thiazolo[5,4-d]thiazole

bpzttz 2,5-Di(1H-pyrazol-4-yl)thiazolo[5,4-d|thiazole
4bppyttz  2,5-Bis(4-(pyridin-4-yl)phenyl)thiazolo[5,4-d]
thiazole

4bfppyttz  2,5-Bis(3-fluoro-4-(pyridin-4-yl)phenyl)thiazolo
[5,4-d]thiazole

4bmppyttz  2,5-Bis(3,5-dimethyl-4-(pyridin-4-yl)phenyl)
thiazolo[5,4-d|thiazole

3bppyttz  2,5-Bis(3-(pyridin-4-yl)phenyl)thiazolo[5,4-d]

thiazole
tppttz N,N'-(Thiazolo[5,4-d|thiazole-2,5-diylbis(4,1-
phenylene))bis(N-(pyridin-4-yl)pyridin-4-amine)
H,TTZ Thiazolo[5,4-d]thiazole-2,5-dicarboxylic acid
H,TTZBDC 4,4'-(Thiazolo[5,4-d]thiazole-2,5-diyl)dibenzoic
acid
TTVP 4,4'-(Thiazolo[5,4-d]thiazole-2,5-diyl)bis(1-

(2-carboxyethyl)pyridin-1-ium) chloride

mTTVPA  3,3'-(Thiazolo[5,4-d|thiazole-2,5-diyl)bis(1-
(carboxymethyl)pyridin-1-ium)

TTVTC 4,4'-(Thiazolo[5,4-d]thiazole-2,5-diyl)bis(1-(3,5-
dicarboxybenzyl)pyridin-1-ium) chloride

TTZBDP 4,4'-(Thiazolo[5,4-d]thiazole-2,5-diyl)bis(1-(3,5-
dicarboxyphenyl)pyridin-1-ium) chloride

H,BDC Erephthalic acid

2-MBDC 2-Methylterephthalic acid

BMBDC 2,5-Dimethylterephthalic acid

BOBDC 2,5-Dihydroxyterephthalic acid

ABDC 2-Aminoterephthalic acid

CIBDC 2-Chloroterephthalic acid

1,4-H,NDC Naphthalene-1,4-dicarboxylic acid

H,NDC Naphthalene-2,6-dicarboxylic acid

1,3-BDC Isophthalic acid

5-MBDC 5-Methylisophthalic acid

5-AIA 5-Aminoisophthalic acid
5-OH-IPA  5-Hydroxyisophthalic acid

H,FDC Furan-2,5-dicarboxylic acid
H,TDC Thiophene-2,5-dicarboxylic acid
H,SD Selenophene-2,5-dicarboxylic acid
H,OBA 4,4'-Oxydibenzoic acid

H,FDBA 4,4'-(Perfluoropropane-2,2-diyl)dibenzoic acid

H,BPDC [1,1"-Biphenyl]-4,4"-dicarboxylic acid

H,CBBA 4,4'-((((1R,2R)-Cyclohexane-1,2-diyl)bis(azanediyl))
bis(carbonyl))dibenzoic acid

H;TCA 4,4' 4"-Nitrilotribenzoic acid
H,TCPPA  4,4',4" 4"-(Pyrazine-2,3,5,6-tetrayl)tetrabenzoic
acid

H,TCPP 4,4',4" 4"-(Porphyrin-5,10,15,20-tetrayl)
tetrabenzoic acid
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