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Bismuth-based metal-organic materials (MOMs), including coordination polymers and metal-organic
frameworks (MOFs), are gaining momentum in terms of their popularity in the field of materials
chemistry. Their biocompatibility and potentially abundant and tunable structures and properties are
some of their eye-catching features. The 6s lone pair of Bi** gives rise to both hemidirected and
holodirected coordination environments, which strongly influence the dimensionality, topology,
crystallinity, and porosity. This review summarizes the recent progress in Bi-based MOMs with emphasis
on their synthetic methods, structural modification strategies, modulating agents, solvent and reaction
effects, and the relationship between coordination geometry and framework formation. The review
surveys representative dense and porous Bi-MOMs, inclusive of their oxide and sulfide derivatives,
highlighting emerging applications in catalysis, sensing, photoluminescence, gas adsorption/separation,
energy storage, and biomedicine. Finally, current challenges and future opportunities are outlined,
foreseeing Bi-based MOMs with holodirected building units to follow in the footsteps of reticular
chemistry-guided transition-metal MOFs. Further developments are required to improve strategies to
directly synthesize hemi- and holo-directed building units, balance the degree of connectivity and net's
interpenetration, thereby controlling porosity and stability, and develop greener routes for high-quality
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share the 2025 Nobel Prize in Chemistry, together with Prof.
Richard Robson.** Historically, Yaghi and O'Keeffe developed
the so-called reticular chemistry,*” in which the use of
a secondary building unit (SBU) is exploited as molecular

1. Introduction

The realm of materials chemistry and crystal engineering has,
in the past few decades, garnered unprecedented attention from

academics and industries. In particular, a subclass of metal-
organic materials (MOMs), known as metal-organic coordina-
tion polymers (MOCPs), is gaining attention owing to their
potential to combine the distinctive properties of the individual
building blocks into one material for obtaining the target
functionality for a particular application. MOCPs are polymeric
materials built from a synergistic self-assembly of metal moie-
ties and organic ligands coordinatively extending into one-, two-
, or three-dimensional structures.® An emerging second gener-
ation of MOCPs that are characterized by highly ordered, three-
dimensional extended structures featuring permanent porosity
with astonishing structure-driven functionalities is popularly
known as metal-organic frameworks (MOFs), a term coined by
Prof. Omar Yaghi,”* or otherwise porous coordination polymer
(PCP), as proposed by Prof. Susumu Kitagawa, for which they
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polyhedra for the construction of unlimited numbers of well-
designed MOFs with intriguing structures (network topolo-
gies), diverse sizes (pore size, surface area, and resulting particle
size), as well as outstanding physical and chemical properties
(multifunctional MOFs). In a similar way, the concept of nodes
and spacers was introduced by A. F. Wells**° to form regular
and somewhat predictable network topologies, such as cubic
diamondoid, hexagonal diamondoid, square grid, and octahe-
dral network topologies.

1.1 Uniqueness of bismuth MOMs

Unfortunately, the aforesaid concepts are predominantly
observed in the transition-metal (TM) and late-TM-based
MOCPs that form regular SBUs. This is not the case, however,
for heavy, lone-pair-containing groups 14 and 15 cations, such
as Sb*", sn*, Pb>" or Bi*", possessing an ns” lone pair of elec-
trons that can be stereochemically active or inactive. Their
network topologies are not as regular and predictable as those
of the commonly used TM and late-TM MOCPs, such as Cu>*
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and Zn”*, respectively. However, several materials of techno-
logical interest are observed to have asymmetric electronic
densities™ typically associated with the main group metals
owing to the presence of a nonbonding lone electron pair.

Among the heavy lone pair electron-containing cations, Bi**
is the heaviest nonradioactive, abundant and inexpensive
element. It was found to have not only fascinating applications
but also unusual and complex structural topology.’> Bi** and its
compounds are gaining prominence in multivarious applica-
tions, especially in the medical field, owing to their biomedical
safety and biocompatibility. They are considered noncarcino-
genic and nontoxic, attributable to their low solubility in neutral
aqueous solution.”®™ For decades, bismuth-based compounds
have been used as antimicrobial and antitumor agents and for
the treatment of ulcers and dyspepsia.'® Recently, CAU-7, a Bi*'-
based MOF, has been successfully applied as an efficient drug-
delivery system owing to its high biocompatibility and low
accumulation in cells.’”

Although the network topology in bismuth-based MOCPs is
commonly irregular and unpredictable, both the hemidirected
and holodirected geometries produce the -corresponding
primary building unit (PBU) or SBU, which may translate into
the respective library of MOCPs. Interestingly, the holodirected
coordination geometry forms less distorted and relatively
regular polyhedra, with stereochemically inactive lone electron
pairs, similar to those of the rich TM-based ones. Notable
examples include the formation of Bi carboxylate-based
Kagomé Lattice,”® paddle wheel,”2* and ionic layer
compounds.”® Carboxylate-based bismuth complexes and
extended networks have demonstrated rich and intriguing
structural diversity and have drawn substantial attention
recently, and we observe an increased interest in this less
explored area, in particular, Bi*" carboxylate-based compounds,
showing potentially rich structural chemistry comparable to
those of TM-based compounds. Further details on the effects of
Bi** lone pairs can be found in Section 2.4.

Based on the generalized concept of the hard-soft acid-base
(HSAB) principle, Bi*" is classified as a borderline acid, with an
affinity for ligands containing either or both hard donor atoms
(e.g. O-atom) and soft donor atoms (e.g. N-atom).>*>® Thus, one
can envisage Bi** forming a stable structure with aromatic and
heteroaromatic polycarboxylic acid based ligands.>”*® Although
most of the discussion will deal with bismuth compounds
containing O- and N-donor atoms originating from aromatic
and heterocyclic carboxylate-based ligands, occasional refer-
ences will also be presented on chalcogen-, halogen- or mixed-
donors where appropriate (see the ligand definitions in Tables
1 and 2). Based on the current reports pertaining to bismuth
coordination compounds, a large number of these compounds
form dimeric units or extended 1D chains/ladders, 2D layers/
sheets or 3D polymeric compounds.**** However, examples of
monomeric  or discrete multinuclear  bismuth-based
compounds are also common.***

A previous review by Whitmire and co-workers examined the
general binding motifs of numerous Bi**-carboxylates, focusing
on amino-polycarboxylate and polyamino-carboxylate ligands.**
The readers are also referred to a comprehensive structural
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review on thio- and seleno-coordination compounds of bismuth
halides,* more specifically on porous Bi-based MOFs and more
generally on MOCPs based on 6s> Pb** and Bi**.” Moreover, Kai
Wang and co-workers systematically reviewed the synthesis and
modification strategies of Bi-based MOFs, highlighting
advances in their catalytic performance and photocatalytic
applications.®® Yankun et al. also reviewed photocatalytic
applications of Bi-based MOFs.*’ Qing et al. and Wenjing et al.
published review papers in 2021 and 2022, respectively, also
focusing on photocatalytic applications.***" There is no review,
to our knowledge, that delineates the role of modulating agents
in Bi MOM syntheses and the resulting structural porosity and
crystallinity in connection to bismuth's hemidirected and hol-
odirected coordination environments, which strongly influence
dimensionality, topology, crystallinity, and porosity. With such
a unique structural feature, a clear structure vs. property rela-
tionship needs to be revealed, covering emerging applications,
such as sensing, photoluminescence, gas adsorption/
separation, energy storage, and biomedicine. In this review,
we highlight the Bi-based MOMs synthetic methods and strat-
egies, ie., the use of modulating agents in combination with
(various) synthetic methods, with the optimum recipe of
selected solvent(s), starting materials ratio, and reaction
conditions (mainly time and temperature control and indirect
control of pressure) to produce high-quality single crystals. We
further describe the effects of lone pair stereochemical activity,
which form two types of PBU (hemi- or holo-directed), leading to
their corresponding structure and dimensionality (from 0D
discrete to 3D extended MOCPs and MOFs). A brief section on Bi
MOM derivatives (oxide and sulfide) geared toward applications
is also included. We conclude with the potential, emerging
applications, and a summary, inclusive of critical insights and
analysis, coupled with remaining questions to be addressed in
future work.

2. Synthesis strategies
2.1 Synthetic methods

The partial solubility of bismuth precursors, such as Bi(NO;);-
-5H,0 or Bi,03, in aqueous or common organic solvents is one
of the stumbling blocks in the synthesis of bismuth-based
MOMs. To ease the solubility issues, chemists resort to using
other synthetic routes, including solvo/hydrothermal, branch
tube, or reflux methods. A new reaction pathway that is not
accessible in ambient water due to the high energy barrier, lack
of solubility, and/or low molecular diffusion rate, becomes
accessible at hydro- (or in a similar manner, solvo-) thermal
conditions, mainly due to the high temperature and autogenous
pressure.”” It is known that hydrothermal vs. conventional
aqueous reactions can favor the formation of kinetic over
thermodynamic products, giving MOMs with many interesting
structure types.*® These facts motivate us and others to explore
the potential of hydro- or solvo-thermal methods to access
bismuth-based MOMs. We have successfully isolated several
bismuth carboxylate-based coordination polymers using
a combination of hydro- or solvo-thermal methods with or
without the addition of a base.'®***>* Other mono- and hetero-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nuclear bismuth-based MOMs were also reported based on
hydro- or solvo-thermal methods.***” Solvothermal reactions
could also be performed under vacuum inside a sealed boro-
silicate tube.®® The branch tube method combines autogenous
pressure and thermal gradient with the purpose of dissolving
and reacting the reagents in the hot zone, followed by crystal-
lization of the formed compound in the colder zone, which may
eliminate the need for slow cooling as in the case of hydro- and
solvo-thermal methods. Pyridyl-containing bismuth MOMs
were synthesized by adopting this method.**”” Nano-sized
particles of the compounds were also synthesized using the
sonochemical method and the microwave method.”

A conventional reflux reaction, followed by slow evaporation,
was another successful method for isolating bismuth-based
MOMs, although the number of reported compounds is
comparatively small.®»”*7” Examples of hydrothermal followed
by slow evaporation are also scarce.*

Room-temperature dissolution of the Bi(NOs);-5H,O precursor
could also be achieved by gradual addition of concentrated
acid.”®*® Partial dissolution of the precursor and/or the ligand in
a common solvent, with which the filtrate was used for slow
evaporation, is also a common method. Slow evaporation, precip-
itation, followed by recrystallization, and layering, either in an inert
or ambient atmosphere, have typically been used for other bismuth
precursors, e.g., BiX; (X = Cl, Br, or I) and triphenylbismuth.**%%

Solid-state reactions or a solvent-free method, which
involved a melt of reagents or thermally stable ligand, followed
by slow cooling or sublimation, as well as solution chemistry,
both under inert conditions, have been used to synthesize the
bismuth carboxylate-based paddle-wheel.*>*

Recently, there has been increased interest in exploiting
hemi-directed PBU of s’p° main group cations (e.g. Bi**) to
direct the formation of polar space groups, either at or below
room temperature, for second harmonic generation (SHG) and/
or ferroelectric applications. We combined synthetic strategies
of ferroelectric oxide (the use of s’p° cations, e.g. Bi**) and
a homochiral metal coordination compound (the use of
unsymmetrical ligands and a homochiral ligand) to synthesize
two homochiral bismuth coordination polymers.*® The dipole
directions from the formed hemidirected bismuth PBU,
however, were not parallel to each other; thus, moderate SHG
properties were achieved.*® Mercier and co-workers reported the
formation of unparallel and parallel dipoles of the distorted
bismuth mixed halides PBU with methyl viologen. The parallel
dipoles produced strong polarization, giving true ferroelectric
properties with record-breaking spontaneous polarization.***

An important highlight from the synthetic methods is that
despite solvo- and hydro-thermal approaches being commonly used
to synthesize Bi-based MOMs due to Bi precursor limited solubility,
there are reports in which they were successfully synthesized using
a simple, lower temperature dissolution-crystallization route, which
may enrich the Bi-based MOMs structural library.

2.2 Modulating agents

2.2.1. Modulation in Bi-based MOM synthesis. The
synthesis of Bi-based MOM is often complicated by the high

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coordination number and irregular coordination flexibility of
Bi*", particularly when flexible multidentate ligands are used.
Under these conditions, rapid coordination and uncontrolled
aggregation often result in amorphous precipitates or poorly
crystalline solids, rather than well-defined architectures.
Because Bi*" can coordinate strongly with both hard O-donor
and softer N-donor ligands, careful tuning of the reaction
environment is essential to obtain crystalline frameworks.
Modulated synthesis has therefore become an important
strategy for regulating Bi** coordination chemistry, suppressing
undesired precipitation, and promoting the growth of X-ray
quality crystals.

2.2.2. General role of modulators. Modulators act by
competing with the organic linker for Bi** coordination,
adjusting linker deprotonation, and controlling metal hydro-
lysis. These effects slow nucleation and moderate crystal
growth, thereby improving crystallinity. In addition, solvent
composition (discussed vide infra) can strongly influence the
crystallization pathway. In mixed-solvent systems, the water-to-
organic solvent ratio affects hydrolysis and solubility. Excessive
water often favors microcrystalline or precipitate products,
whereas weaker metal-solvent interactions generally promote
crystallinity by limiting solubility and reducing uncontrolled
aggregation. Similarly, in some cases, an increased Bi salt-
ligand ratio can favor the formation of larger crystals.>

2.2.3. Types of modulators used in Bi-based systems. In
classical MOF synthesis based on hard Lewis acids, such as Zr"",
Ti*", or Cr**, monocarboxylic acids, HF/HBF,, or dilute mineral
acids are commonly used to suppress linker deprotonation and
compete with the linker for coordination sites.®*® In the Bi*"
system, however, modulators are often selected differently.
Since Bi*" is a borderline acid, soft or borderline Lewis bases,
such as piperazine,®®* bipyridine,*»***>* imidazole,’*** and
pyridine,*****” are frequently employed to tune the coordination
equilibria and slow down rapid Bi-ligand association. These
additives can temporarily coordinate Bi**, reduce nucleation
rates, and facilitate the growth of well-defined crystals. In some
cases, inorganic bases or acids, such as NaOH, KOH, LiOH,
nitric acid, benzoic acid, or citric acid, have also been used,
depending on the desired balance between pH control, linker
activation, and metal availability.>*?*-%>

2.2.4. Representative examples and mechanistic insights.
A central challenge in Bi**-based synthesis is to regulate the
availability of Bi** in solution while controlling its hydrolysis
reactivity. Excessively fast coordination often leads to dense, non-
porous products rather than open frameworks. In one represen-
tative example, Yang and co-workers used dilute HNO; together
with  piperazine to synthesize the porous MOCP
[Biy(L)1.5(H,0),]- (DMF); 5(H,0); (NOTT-220, L = biphenyl-
3,3',5,5-tetracarboxylate) from Bi(NO;);5H,0." In this case,
HNO; lowered the pH and suppressed excessive linker deproto-
nation, while piperazine competed with the linker for Bi*" coor-
dination, together slowing nucleation and enabling the growth of
high-quality crystals. Similarly, Xin et al. showed that pH adjust-
ment with HNO; was crucial for the synthesis of crystalline Bi-
TDPAT based on 2,4,6-tris(dicarboxylplenylamino)-1,3,5-triazine
(TDPAT).>* At high acidity, only gelatinous material was

RSC Adv.
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Reactants Modulattmg Outcomes
agen
(i) Competition for (i) pH / Deprotonation (iii) Hydrolysis ]
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COooH Bi** coordination control suppression A sRonerpidegtion
' Regulated v Cor;t,;:[led crystal
O % O %\ : 9 OH, coordination He
+ + el HL —> L™ ﬂ{\ / equilibrium V' Defect repair /
B o > )/d ‘ > structure reorganization
! E ’ \ ’ \ 3 .
\ . / \ v High-quality crystals
VAW 2, B o
COOH v’ Desired framework
Bismuth Organic linker  (acid / base / pH (porous or nonporous)
salt (H,L) N-donor)
Modulator competes with Adjusts pH and regulates Suppresses rapid hydrolysis
linker for Bi%* sites, linker deprotonation, of Bi** maintaining its °
reducing the rate of preventing e.xcessive availabil‘ity o contrill ed 2 g
sk il dep hand framework assembl, =
and nucleation. premature nucleation. A Amorphous /
High-quality microcrystalline

crystals precipitate

Scheme 1 Roles of modulators in the Bi MOM synthesis.

obtained, whereas at higher pH, rapid precipitation occurred.
Optimal acidification with HNO; slowed crystallization suffi-
ciently to yield large crystals.

2.2.5. Implications for porous Bi-based MOFs. Interest-
ingly, most porous Bi-based MOFs reported to date, including
CAU-7, CAU-17, CAU-33, CAU-35, IEF-5, and Su-101, were
synthesized without the intentional use of modulators, whereas
only a few, such as Bi-NU-901 and NOTT-220, required addi-
tives, such as trifluoroacetic acid or the piperazine/HNO;
combination. This suggests that modulator-free conditions may
sometimes be more favorable for obtaining open Bi-based
frameworks, while the presence of organic base modulators
may increase Bi** solubility and promote coordination envi-
ronments that favor dense or less porous products.

Overall, the role of the modulating agent in forming high-
quality single crystals of Bi MOMs is summarized in Scheme 1
and Table 3. From this study, we could gain the insight that the
presence of organic base modulators may increase the proba-
bility of obtaining an asymmetric and irregular Bi*" geometry.
As the pH rises, the rate of linker deprotonation increases and,
similarly, the presence of a soft N-donor modulator may also
increase the solubility of the bismuth salt; both may create
dense and non-porous MOCPs, which is an undesirable
synthetic environment for MOF synthesis. Therefore, this may
suggest that controlling Bi** ion availability and its coordina-
tion chemistry by securing the perfect ratio of linker deproto-
nation and bismuth salt dissociation, which may stem from
judicial use of appropriate modulator(s) guided by HSAB and

Table 3 Modulating agents in the Bi-based MOMs: types, roles, and representative examples

Modulator type Typical examples Main function

Effect on Bi-based synthesis Representative outcome

Acidic modulators HNOj;, TFA, benzoic acid,

and acetic acid

Lower pH suppresses
excessive linker

Slows nucleation and can
improve crystallinity

Useful when rapid
precipitation occurs

deprotonation and controls

hydrolysis
Soft/borderline Lewis-base
modulators

Piperazine, pyridine,
bipyridine, and imidazole
Inorganic bases NaOH, KOH, and LiOH

Mixed acid-base
modulation

HNO; + piperazine

Modulator-free conditions None added intentionally

and solvent

RSC Adv.

Compete with linker for Bi** Reduce fast Bi-ligand
coordination and tune
coordination equilibrium
Increase pH and alter
deprotonation and solubility coordination or induce

Combine pH control with
coordination competition

Relies on the intrinsic
balance of precursor, linker, porous frameworks

Effective for growing XRD-
binding and promotes quality crystals
crystal growth

Can either promote Used selectively for specific
linker/metal systems
precipitation, depending on
conditions

Balances deprotonation,
Bi** availability, and
nucleation rate

Sometimes favor open,

Example: NOTT-220

Examples: CAU-7, CAU-17,
CAU-33, CAU-35, IEF-5, and
SU-101
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crystallization principles, may enable the isolation of more Bi-
based MOFs in the near future. Further, high-quality single
crystals of Bi-based MOMs can be isolated by regulating the
crystallization process utilizing a proper combination of
modulating agent, solvent engineering, and reaction condi-
tions. The last two parameters will be described further in the
following section.

2.3 Solvent engineering, reaction conditions and green
chemistry

Solvothermal and hydrothermal techniques are widely used
synthetic routes for the preparation of bismuth-based MOMs.
This is attributed to the solubility concerns regarding the
precursor bismuth salts in aqueous and common organic
solvents. It is therefore important to meticulously select
solvent(s) and a favorable reaction temperature aimed at
enhancing the solubility of the precursor salts as well as
controlling the hydrolysis of Bi** in solution. Generally, less
attention has been paid to the effects of experimental synthesis
parameters, especially temperature and solvents. Solvent is an
integral part of MOMs synthesis, playing a role in determining
activation energies and reaction thermodynamics. Moreover,
depending on their size and polarity, solvents may act as
structure-directing agents as well as controlling the crystallinity,
morphology, and stability of the MOM products. For the
synthesis of Bi** compounds, dimethylformamide (DMEF),
methanol (MeOH), ethanol and water are widely used solvents,
or mixtures thereof, such as DMF/methanol, DMF/water, DMF/
ethanol, water/ethanol or ethanol/acetic acid, DMF/acetonitrile,
or DMF/toluene or DMF/nitric acid. This may be connected to
their polarities. Among these solvents, only methanol can be
used to synthesize bismuth compounds featuring permanent
porosity, such as SU-100, CAU-7 and CAU-17. Other solvents are
used as mixtures, for instance, DMF with water, DMF with
acetonitrile, DMF with ethanol, or DMF with toluene to
synthesize CAU-35, NOTT-220, NU-901, or CAU-33, respectively.

Based on that, Nguyen and co-workers studied the impact of
different solvent systems, such as DMF, MeOH and DMF/
MeOH, on the size, porosity and crystal morphology of the
organic decomposition of Bi-BTC. They noticed the crystal
structure of Bi-based MOF was highly dependent on solvent
selection, where Bi-BTC-DMF/MeOH was isomorphic to CAU-17,
while Bi-BTC-DMF and Bi-BTC-MeOH crystals matched the XRD
pattern of bismuth carboxylate. Therefore, the effective solvent
system to synthesize porous Bi-MOF, in this case, is the mixture
of DMF and MeOH. MeOH facilitates the rapid formation of
CAU-17 in the initial phase of the solvothermal process,
whereas DMF ensures the stability of the CAU-17 structure
under extended solvothermal time.*”

Temperature and reaction time also play vital roles in the
synthesis of these materials. Only a few bismuth compounds
have been reported to be synthesized at room temperature, with
the majority being synthesized at temperatures well above room
temperature. Generally, the metal precursor and the organic
linker, in the presence or absence of modulators, are typically
dissolved/suspended in a suitable solvent(s), depending upon

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

the synthesis route, whether solvothermal, hydrothermal,
solution chemistry, microwave-assisted, or, in a few cases,
reflux. When H,O0 is used as a solvent, mostly higher tempera-
tures ranging from 120-200 °C are required for the synthesis,
and reaction times in the range of 3 to 5 days are needed. For
instance, in the hydrothermal synthesis of trinuclear Biz;O,-
Cu(OH)(pdc),, temperatures up to 200 °C and a 3 days reaction
period were required. Similarly, several compounds, such as
[Bi(SB)OH, [Bi,(ST),(HST)O,(H,0),]- H,0, [Bi(ST),05(H,0).},"
o[Bi(PTC)], B[Bi(PTC)],* and [C4N,H;,]
[Bi(C;H4NO,)(C,H;3NO,)]-H,0 were hydrothermally synthesized
at 180 °C in reaction times of 2 to 3 days; also, was Bi-BDC
prepared at 180 °C in 3 h. 2D luminescing compounds,
[Bi(PTC)(H,0),] and (H;0)[Bi,(PTC)(HPTC),(H,0),], were both
synthesized hydrothermally at 160 °C in 6 hours,” while Bi,-
O,(HBPT) and BigO,(H,TPTC); were also synthesized at 160 °
C.'** Several other compounds are synthesized hydrothermally
using synthesis temperatures between 120 °C and 150 °C. The
heterogenous catalysts [Bi(CsH3N,0,)(CsH,N,0,)] and [Bi(p,-
OH)(C,H3NO,)] were both synthesized at 150 °C, while 3D
photoactive [Hbpe][Bi(Hpydc),(pydc)]-H,O and
Bi(pydc)(Hpydc)(H,0) were synthesized hydrothermally in 3
days at 140 °C.***® A few other compounds were synthesized
hydrothermally at 120 °C, Bi(OH)(H,BPT),(H,0),-H,O in 20
hours,'* Bi,(HBPT)3;(H,0);-H3;BPT in 7 days,'™ and BiCo-MCP
in 3 days.”® Surprisingly, two luminescing MOCPs, Bi-MOF'*
and (H,bpy)[Bi(bpy),(Hpdc)]-5H,0% were both synthesized
hydrothermally at 100 °C.

On the other hand, solvothermal synthesis, especially in
DMF or a mixture with other solvents, requires lower tempera-
tures, commonly 100 °C, and a 3 days synthesis period. Typi-
cally, solvothermal syntheses are carried out at temperatures
above the boiling point of the solvent to build the required
viscosity and autogenous pressure necessary to allow the
desired solubility of the starting material and the stability of the
product. However, the boiling point of DMF is 143 °C and the
prevalent temperature is 100 °C, this may be related to the
solubility of bismuth salt precursors at temperatures below the
boiling point of DMF. Other solvents, such as dry THF and dry
toluene, have also been used for the synthesis of bismuth-
containing ferrocene-based ligands at 130 °C or refluxing for 1
day.*

Further, the temperature of the reaction is considered an
important parameter for crystalline growth; when the reaction
temperature was higher than 140 °C, it became difficult to
precipitate the solid product. At 110-130 °C, the product yield
was low, and the proportion of microcrystals was small. The
crystal quality was somewhat poor at around 100 °C, whereas at
90 °C was significantly better.*® Moreover, optimizing the reac-
tion temperature is important during synthesis as some of the
solvents decompose at high temperatures, affecting the reaction
medium and the quality of the final product. Additionally, the
stability of some MOF structures is temperature dependent.
Excessively high temperatures may lead to framework collapse,
while low temperatures can result in incomplete reaction.**

In this section, solvent choice is shown to be an integral part
of forming the porous network of Bi MOM, like in the case of
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CAU-17, where the use of MeOH/DMF was needed. Optimum
temperature is also crucial to isolate highly crystalline Bi MOMs
and preserve porosity. A move toward a green chemistry route
through mechanochemical synthesis has also been reported for
Bi MOMs. This method offers solvent-free synthesis of MOF,
thereby overcoming the limitations associated with conven-
tional solvent-based methods. Furthermore, products are ob-
tained within minutes in high yield.**”

2.4 Typical polyhedra and the corresponding structures

A coordination polymer consists of linkers and nodes, which
can be PBU (single metal node) or SBU, that repeat to form an
extended (one-, two-, or three-dimensional) structure with
covalent coordination bonds. The node comprises a single or
multiple metal cation centers surrounded by donor atoms,
typically O, N, chalcogens, or halogens, of the ligand. A typical
bismuth PBU can have a coordination number up to ten,*' with
the possibility of forming asymmetric (hemidirected) or
symmetric (holodirected) geometry (Fig. 1), owing to the non-
bonding lone pair effects.

2.4.1. Effects of 6s” lone pair activity on Bi*" compounds.
The 6s> lone pair on Bi*" is the so-called ‘inert pair’, exhibiting
strong resistance to all kinds of bonding, including covalent or
H-bonding, and also inert to removal, a phenomenon that is
referred to as the “inert pair effect”. Such an effect is also typical
of other main groups, such as Pb*". The stereochemical activity
of the lone pairs on the metal center is known to have a strong
influence on the macroscopic properties of materials. For
example, stereoactive lone pairs are susceptible to second-order
Jahn-Teller (SOJT) distortions,'*®'* and favor the formation of
acentric materials with noncentrosymmetric (NCS) struc-
tures.'® Solid-state structures crystallizing with the NCS space
group are associated with key symmetry-dependent properties,
such as ferroelectricity, piezoelectricity, pyroelectricity and
second harmonic generation (SHG),**'**'* and show atypical
optical properties.®******* On the other hand, cation centers with
stereochemically inactive lone pairs of electrons, especially on
materials with corner-shared octahedra such as M(II)X, the so-
called perovskites, are fundamental in determining their elec-
tronic properties.”* It is well established that the symmetry in
these materials is highly correlated with a smaller band gap,
which significantly increases the conductivity properties.****

(b)

Fig. 1 Effect of lone pair activity: (a) symmetric distribution (holodir-
ected) and (b) asymmetric distribution (hemidirected).
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Although the lone electron pair activity of Bi** and other
lone-pair-carrying metals cannot be spectroscopically deter-
mined, its manifestation can be detected as structural variances
in the coordination network. The manifestation of lone pair
activity is seen in the coordination geometry of Bi*" with
a varying magnitude of influence. Two distinct structural
behaviors indicate the stereochemical activity of lone electron
pairs: firstly, strong distortion from the ideal distribution of
ligands around the sphere, resulting in visible voids in the
geometrical polyhedra, and, secondly, irregular bond distance,
with shortening of the M-L bond opposite to the apparent lone
pair site. The valence shell electron pair repulsion (VSEPR)
model has been explicitly applied to explain the coordination
geometry of the heavy main group elements, including
Bi’".17118 VSEPR treats non-bonding or bonding valence shell
electrons as localized electron pairs distributing themselves
within the valence shell to maximize the distance between
them. Therefore, the properties and effects of lone pairs (non-
bonding electron pairs) on the stereochemistry of the coordi-
nation geometry of the lone pair heavy metals can be effectively
explained.

During the self-assembly, the Bi*" electron lone pair can
either maintain its stereochemical activity with a high asym-
metric distribution of ligands (i.e. hemidirected polyhedra) or
lose its stereochemical activity with a very small distortion in
the distribution of ligands around the coordination sphere (i.e.
holodirected polyhedra). The activity of the lone pair may be
influenced by certain factors, including the number of coordi-
nation bonds and the nature of coordinating ligands."***** For
example, a low coordination number (CN) may lead to a hemi-
directed mode of ligand distribution, with the lone pair visibly
occupying space and actively participating in the structure-
directing role, while higher CNs lead to a more uniform
ligand distribution with no visible void on the coordination
sphere, indicating an inactive lone pair, holodirected poly-
hedra. However, the nature of the donor groups, in terms of size
and polarization, also strongly influences the activity of the lone
electron pairs. Large, polarizable and soft Lewis bases largely
favor the formation of holodirected polyhedral, even with low
coordination number.

2.4.2. Bismuth compounds with asymmetric (hemi-
directed) polyhedra geometry. Hemidirected Bi*" polyhedra
contain stereochemically active lone pairs that occupy one of
the apexes, thus forming distorted polyhedra with long and
short bonds, from which a dipole direction can be located.
Typical observed bond distances between bismuth and the
donor atoms are: Bi-O (2.1 to 2.9 A), Bi-N (2.4 to 2.8 A), Bi-S (2.6
to 3.1 A), and Bi-Cl (2.9 to 3.4 A). The distortion of donor ligands
in the coordination sphere is created because of the strong
electrostatic repulsions between the lone non-bonding and
bonding electron pairs, and the result is displayed as a non-
spherical distribution of charge around the Bi** ion, created
by localized electron density of the stereochemically active lone
pair.

It is a known phenomenon for 6s®> lone-pair containing
metals to feature asymmetric geometry when the coordination
number is equal to or less than seven. This is especially so for
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Fig. 2 Lone pair effect on nine-coordinated Bi** geometry showing
the approximate 6s® lone pair location. This figure has been repro-
duced from ref. 101 with permission from ACS, copyright 2019.

Bi*" when the donating ligands have low polarizability, high

electronegatwlty, and are not readily oxidizable, an archetypal
attribute of hard Lewis bases such as O-donor ligands. However,
other reports also show that nine-coordinated Bi*" also forms
a hemidirected geometry.

2.4.2.1 Porous, hemidirected Bi MOF. A typical example of
nine-coordinated hemidirected Bi** was reported by Li and co-
workers, who studied K[Bi(tcbpe)(DMF),]xDMF (L-MOF-401),
in which the Bi*" coordination sphere is surrounded by nine
O-donor atoms with stereochemically active lone pairs that
cause irregular bond lengths and asymmetric distribution of
the ligands.' The two-fold interpenetrated anionic 3D net is
composed of rectangular tcbpe linkers and a highly distorted
hemidirectional tetrahedral Bi** geometry with respect to linker
connectivity (Fig. 2, Table 1). Such nine-coordinated Bi** hem-
idirected geometry may be favored because of the surrounding
hard, all-O-donating linker geometry with less electron transfer
(due to the lone-pair orbital possessing p character) and
possible interlinker attractions.

A porous Bi**-based MOF, Bi(BPT)-2MeOH (SU-100), was the
first example of a flexible and breathing bismuth-based MOF
capable of separating CO, from other gases. It is a thermally
stable MOF with a decomposition temperature of 350 °C and
a surface area of 473 m> g~ . The inorganic building unit (IBU),
Bi,0;, dimer, which is related by inversion symmetry, contains
two Bi*', each with seven-coordinated hemidirected polyhedra
surrounded by all O-donor atoms from the carboxylate linkers.
The Bi-O bond lengths range from 2.3 to 2.7 A, forming an
irregular decahedron coordination geometry around the Bi**
centers (Fig. 3, Table 1).***

Isomorphous to SU-100, Bi,O(H,0),(C;4H,04)-nH,0 (SU-
101) is a bio-inspired MOF synthesized using common and
edible reagents, ellagic acid (a common natural antioxidant) as
the linker, and bismuth acetate as the Bi*" precursor, both
suspended in aqueous solution and stirred under ambient
conditions for 24 hours. The coordination number of Bi** in SU-
101 is six, with hemidirected polyhedra surrounded by 3

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure of SU-100 showing the (a) dimeric unit with three
BPT®>~ bound to each Bi**, (b) asymmetric Bi*" center with hemi-
directed polyhedra and (c) 3D framework with esg topology. This
figure has been reproduced from ref. 102 with permission from ACS,
copyright 2020.

phenolate O atoms, two |,-0xygens, and a coordinated terminal
water molecule completing the sphere. Given the intermolec-
ular carbon-carbon distance of 3.57 A, ellagate linkers are in -
7 stacking interactions, which further stabilize the structure,
with thermal stability up to 250 °C and a surface area of 412 m”
g ' (Table 1).

Stock and co-workers reported a microporous bismuth-
based MOF, [Bi,(O)(OH)(TATB)]-H,O (CAU-35), with 77 m> g~
surface area, containing hemidirected, seven-coordinated, all-
O-atom linker surrounded Bi*" spheres. The 3D structure is
made of linear IBUs with BiO, polyhedra connected into
a network similar to a distorted honeycomb topology, with one
linker occupying the distorted hexagonal pore (Fig. 4, Table
1).122

Another flexible, porous bismuth MOF,
[Bi4(0),(OH),(H,TCPB)(TCPB)(H,0),]- xH,0, termed CAU-33, is
a similar example of five-coordinated, hemidirected bismuth
geometry with an active electron lone pair. The 3D structure is
composed of two distinctive Bi*" centers and two TCPB organic
linkers, both aligned around the inversion centers. The two
distinct Bi*" cations are connected via p-OH and p;-oxygen in
the rod. Corner-sharing bismuth oxo rods are extended in the c-
axis and form the IBUs of CAU-33. The rods are linked by

FaE
| R

Fig. 4 The crystal structure of CAU-35 view along the c-direction.
This figure has been reproduced from ref. 119 with permission from
ACS, copyright 2002.
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H,TCPB>~ and TCPB*  anions into a 3D framework. The
compound, having a surface area of 450 m”> g™, is stable against
common organic solvents, including water at pH 3-11 (Table
1).123

2.4.2.2 Non-porous, hemidirected Bi MOMs. There are a large
number of reports on the use of non-porous, hemidirected
bismuth polyhedra as building blocks. For example, Cheetham
and co-workers reported a 3D diamond net, MOCP, [Bi(1,4-
BDC),]-(DMA)(DMF), with a threefold interpenetration.”® The
Bi’** cation is eight-coordinated (BiOg), surrounded by eight O-
atoms from four different BDC linkers. The BiOg polyhedra
are hemidirected with active lone pairs of electrons. Each Bi**
polyhedron is linked to four other Bi** polyhedra via four
different BDC?>~ anions, leading to an infinite 3D network
(Fig. 5).

A dense 3D supramolecular MOCP, Bi(pydc)(Hpydc)(H,0),
reported by us, also features seven-coordinated, hemidirected
bismuth (BiOsN,) polyhedra.>® The 3D supramolecular frame-
work is made up of zig-zag 1D chains running along the c-axis
and connected via extensive hydrogen bonds along the a- and b-
axes. The neighboring Bi** centers within the zig-zag chain are
related by 2, symmetry along the c-axis. O- and N-atoms from
pydc®” and Hpydc™ anions and one O-atom from the coordi-
nated water molecule complete the coordination sphere,
resulting in hemidirected polyhedra around the Bi** ion in
which one of the apexes is taken by the stereochemically active
lone pair (Fig. 6).

Besides single-bismuth PBUs, we similarly reported a multi-
bismuth IBU cluster bridged by O-atoms, Biz(us-

Fig. 5 3D network of [Bi(1,4-BDC),]- (DMA)(DMF) along the (a) a-axis
and (b) c-axis. This figure has been reproduced from ref. 89 with
permission from RSC, copyright 2016.
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Fig. 6 (a) Bismuth coordination sphere in Bi(pydc)(Hpydc)(H,O) and

(b) distorted hemidirected polyhedron showing the approximate
location of the active lone pairs. This figure has been reproduced from
ref. 23 with permission from ACS, copyright 2011.

O),(pydc)(Hpydc)(H,0),.** Using a hydrolytically sensitive
bismuth precursor, it decomposed and formed a multinuclear
(BigO4) bismuth-oxo cluster. The centrosymmetric BiO, IBU
(Fig. 7(a)) consists of BizO, repeats that are related by an
inversion symmetry, with each made from a BiOs distorted
hemidirected square bipyramid that shares a common edge
with a BiOsN hemidirected distorted pentagonal pyramid,
which, in turn, shares a corner with a BiOsN, hemidirected
distorted pentagonal bipyramid. The 2,5-pydc ligands link the
BigO, IBUs into 2D layers, which are further linked into
a supramolecular 3D network via extensive H-bonding origi-
nating from monoprotonated 2,5-pydc ligands (Fig. 7).
Another multi-bismuth-oxo IBU, Bi,O, cluster containing
compound, Bi,0,(TA), reported by us, is composed of a planar
four-membered Bi,O, ring with bridging u> oxygen (Fig. 8(a)).
The whole framework is built around centrosymmetric Bi,O,
layers. The asymmetric unit is made of four unique Bi*" cations,
four bridging O-atoms, and two independent TA anions. The
four unique Bi*" are seven-coordinated, hemidirected Bi(1)O-,
Bi(2)O;, Bi(3)O, and Bi(4)O,, forming a distorted pentagonal
bipyramid for Bi(1), Bi(2) and Bi(4), while Bi(3) is a distorted
capped octahedra, with a stereochemically active lone pair of
electrons (Fig. 8(b)). The Bi,O, are combined into a 2D layer
composed of a repeating unit of three different covalently
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Fig. 7 Centrosymmetric BigO4 IBU (a), hemidirected polyhedra with
the stereochemically active lone pairs (b) and interlinking into a 3D
supramolecular compound featuring H-bonds (shown within black
circles) (c). This figure has been reproduced from ref. 45 with
permission from RSC, copyright 2011.
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Fig. 8 Bi>O, IBU (a) and covalent bonding into a 2D layer (with green
bismuth polyhedra) further pillared by 2,5-pydc ligands (b). This figure
has been reproduced from ref. 45 with permission from RSC, copyright
2011.

bonded chains made from a combination of edge- and corner-
sharing distorted bismuth polyhedra. A pillared 3D structure
is formed as Bi,0, layers are connected by terephthalate ligands
along the z-direction.*

Using 2-nitro-terephthalic acid (NO,TA), we reported another
multi-bismuth-oxo IBU containing compound,
Bi O3(NO,TA);(H,0)-(H20)p65, with an asymmetric unit
composed of four unique Bi** cation centers, three NO,TA>",
and coordinated and interstitial water molecules. The four
unique bismuth cations are surrounded by independent oxo-O-
atoms and O-atoms from the NO,TA>" anions, forming a Bi,O;
chain. The four Bi*" centers are Bi(1)O,, a distorted hemi-
directed capped octahedron; Bi(2)O,, a hemidirected capped
trigonal prism; Bi(3)Og, a distorted capped pentagonal bipyr-
amid; and Bi(4)Os, a hemidirected octahedron. The whole
framework is built around a distinct centrosymmetric Bi O;
motif, and the chain of Bi,O; is composed of alternating
sequences of Bi(3), Bi(2), Bi(1), and Bi(4) polyhedra that are
related by inversion symmetry. The chains are linked to each
other by NO,TA>" linkers along the ac-axes, forming a 3D
framework.*

We further reported another two members, Bi,O, IBU and
Bi,0,(pydc), mainly composed of Bi,O, chains extended along
the c-axis, which are linked into a 3D framework by pydc
ligands. The N- and O-atoms of the pydc ligands and two oxo-O
atoms from thermal degradation of the hydroxo salt surround
the coordination sphere of the bismuth ions. The Bi,O, chain
contains two unique Bi*" centers, each a six-coordinated hem-
idirected polyhedron with irregular bond distances. Bi(1)OsN is
a hemidirected pentagonal pyramid, and the Bi(2)O is a hemi-
directed distorted octahedron, all with a stereochemically active
lone pair of electrons (Fig. 9). The chains of corner-shared Bi(1)
OsN polyhedra (chain A) and of Bi(2)O, polyhedra (chain B) are
linked via edge sharing to form the AB chain. In turn, the AB
chain shares edges with the adjacent AB chain, featuring
different spatial arrangements (A'B’) to form ABA’B’ chains
related by two-fold symmetry along the a-direction. The two
chains (ABA'B’) are linked into a 2D structure along the g-axis
and further connected into a chiral 3D framework by pydc
ligands.”® Interestingly, the chirality emerges from an

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Labelled asymmetric unit of Bi,O,(pydc), depicting the

coordination sphere of Bi(l) and Bi(2). (b) Hemidirected distorted
polyhedra with arrows indicating the approximate location of the
active lone pairs. This figure has been reproduced from ref. 46 with
permission from Elsevier, copyright 2012.

asymmetric binding of the pydc ligands, where the structure is
related by 2, symmetry in the c-axis without an inversion center.

We then presented a mixed metal and mixed valent bismuth-
based MOCP using a chiral ligand, 1R,3S-camphoric acid, Bi,-
Na,(1R,3S-cam)g(EtOH); 1(H,0)34, a 3D dense MOCP.** The
framework is built around chains of Bi,O, four-membered IBU
extended in the b-axis. The Bi,0, is composed of distorted Bi(1)
O, Bi(2)0O-, Bi(3)O, and Bi(4)Os polyhedra with the coordina-
tion sphere surrounded by O-atoms of the 1R,3S-cam ligands
featuring irregular bond distances. The polyhedra of all the Bi**
centers, Bi(1)Og, Bi(2)O,, Bi(3)O; and Bi(4)Os, are hemidirected
pentagonal pyramidal, pentagonal bipyramidal, pentagonal
bipyramidal, and octahedral, respectively, with a typical
stereochemically active lone pair of electrons (Fig. 10). The
framework is composed of zig-zag chains that propagate in the
c-axis. The overall 3D structure has an infinite 2, chiral, helical
chain stretched in the c-axis.

Fig. 10 : Asymmetric unit of BisNas(1R3S-cam)g(EtOH)z 1(H»0)z 4. (b)
Hemidirected polyhedra of four unique bismuth atoms with an arrow
indicating the lone pair approximate location. This figure has been
reproduced from ref. 46 with permission from Elsevier, copyright
2012.
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Cheetham and co-workers reported another eight-
coordinated, hemidirected (BiOg) bismuth polyhedra in
a mixed metal 3D MOCP ([NaBi(1,4-BDC),(DMF),]). The 3D
structure is composed of alternating BiOg and NaOg polyhedra
linked together into a rhombic 1D channel. The asymmetric
unit is composed of one Bi*" and Na®, two dianion BDC linkers
and two DMF molecules. The oxygen atoms in this hemi-
directed BiOg are from four different BDC linkers, with stereo-
chemically active lone pairs of electrons (Fig. 11). The Bi-O
bond length is in the range of 2.226(6) to 2.907(4) A, which
further confirms the asymmetric distribution of the ligands
around the coordination sphere.*

Multivariate, mixed-metal MOCPs are widely used for
heterogeneous catalysis. Another multi-metal Bi**/Cu®*" MOCP,
Bi;0,Cu(OH)(pdc),, crystallized in the P1 space group with a 2D
inorganic subnetwork featuring an unprecedented structural
topology.®® The asymmetric unit is composed of three unique
bismuth centers (Bi(1), Bi(2) and Bi(3)), a single Cu(1), two
pdc®~ anions, two oxygen atoms (O(9) and O(10)), and one
hydroxyl group. The three crystallographically unique Bi**
centers are Bi(1)N,0,4 and Bi(2)Os in a hemidirected distorted
octahedron, and a distorted hemidirected triangular prism,
Bi(3)Oy, all having an active stereochemical lone pair of elec-
trons (Fig. 12), plus an independent Cu center that connects the
PBUs in an infinite inorganic 1D chain. The adjacent inorganic

Fig.11 (a) 1D IBU connectivity of O-Na-O-Bi—0O along the a-axis and
(b) 3D structure showing the 1D rhombic channels along the a-axis.
This figure has been reproduced from ref. 59 with permission from
ACS, copyright 2010.
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1D chains are linked by the pyrazole ring of the pdc®~ into an
infinite inorganic 2D layer.

Bi,O,(HBPT) is another dense MOCP with distorted, hemi-
directed bismuth polyhedra possessing active lone pairs of
electrons.'® The IBU is composed of Bi*" rods connected by six
BPT®" anions for each rod sequence. It is composed of two
unique bismuth centers having distorted six- and seven-
coordinated centers forming hemidirected octahedra and
pentagonal bipyramid geometry, respectively, with irregular
bond lengths in the range of 2.15 to 2.75 A. Another non-porous
MOCP, described by the same authors, BisO4(H,TPTC)s, also
features hemidirected bismuth polyhedra with active lone pairs
of electrons.’® A bismuth hexamer cluster connected by four O-
atoms makes up the IBU of this compound. There are three
distinct hemidirected Bi*" cation centers, two of which are six-
coordinated and the other is a seven-coordinated, distorted
octahedron with asymmetric bond lengths in the range of 2.0-
3.0 A (Fig. 13).

Natajaran and co-worker reported bismuth carboxylate
compounds with brucite- and fluorite-related structures® that
feature 1D ladder-like chains composed of Bi,O, dimers con-
nected by 2,6-pyridinedicarboxylate anions through pu;-O,
[C4N,H;,][Bi(C,H,NO,)(C,H;NO,)]-H,0. The
coordinated Bi** (BiOsN,) is a distorted capped trigonal prism
with a hemidirectional mode of distribution of ligands around
the coordination sphere. Such distortion and the irregular bond
distances (2.28(4)-2.612(5) A) around the coordination sphere,
with the shortest bond distance (2.28(4) A) found opposite to the
observed gap on the sphere, suggested stereochemically active
lone electron pairs. In the same effort, the authors reported
another MOCP, [Bi(u,-OH)(C;H;3NO,)], also composed of Bi,0,
dimeric units connected into chains by carboxylate groups
extended in one dimension. The chains are linked by the N-

seven-

Fig. 12 Geometric representations of the hemidirected octahedra of
Bi(1) and Bi(2), capped triangular prism Bi(3) and distorted square
pyramid Cu center. This figure has been reproduced from ref. 60 with
permission from RSC, copyright 2013.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Hemidirected, distorted polyhedra of Bil, Bi2 and Bi3 in Big-
O4(H,TPTC)s. This figure has been reproduced from ref. 104 with
permission from ACS, copyright 2020.

atom of the pyridine group and an O-atom of the carboxylate
group of the 3,4-pyridinedicarboxylate anions. The Bi*" is seven-
coordinated (Bi(OH),O4N), forming a hemidirected distorted
capped octahedra, with asymmetric bond distances and
avisible void in the coordination sphere, which is an indication
of a stereochemically active lone electron pair.”* Considering
the structure from the perspective of secondary interactions, the
Bi** coordination changes from seven to nine, leading to an
infinite Bi-O-Bi connectivity as a 2D layer resembling the so-
called Kagomé layer. The Kagomé-related layers are further
connected by 3,4-PDC anions into a 3D structure.

Huang and co-workers*® reported a 1D MOCP with a 3D
supramolecular network due to extensive H-bonding. The
compound, [Hbpe][Bi(Hpydc),(pydc)]-H,O, crystallizes in
a triclinic P1 space group. The Bi** centers are seven-
coordinated, connected by monoprotonated and deprotonated
pyridine-2,5-dicarboxylates (Hpydc/pydc) into 1D chains prop-
agated along the crystallographic b-axis. The bismuth coordi-
nation sphere is surrounded by four O- and three N-atoms of the
pydc, forming hemidirected polyhedra with irregular bond
distances, with the shortest bond distance opposite the identi-
fied void space, an indication of a stereochemically active lone
pair of electrons (Fig. 14).

In a one-dimensional bismuth-thiophenemonocarboxylate
(TMC) based MOCP, Hpy[Bi,(TMC)s(NO3)],*® the asymmetric
unit is composed of one distinct Bi*" center, three TMC anions,
one coordinated nitrate ion, and one pyridinium cation. Adja-
cent metal centers are connected by the carboxylate group to
form a dimer [Bi,(TMC)¢], which is further connected by nitrate
ions into the anionic 1D MOCP, with pyridinium ions located
between the 1D chains balancing the charge (Fig. 15(a)). Each
bismuth center is surrounded by eight O-atoms from four TMC
anions and one nitrate ion. The geometry around the Bi** center
is a distorted hemidirected polyhedron with significant lone
pair activity manifested by the identifiable gap in the coordi-
nation sphere and irregular bond distances in the range of
2.209(2) to 3.057(4) A (Fig. 15(b)).

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Advances

Fig. 14 Hemidirected polyhedra found in [Hbpel[Bi(Hpydc),(pydc)]-
H,O. This figure has been reproduced from ref. 96 with permission
from Elsevier, copyright 2017.

In a typical example of a ferrocene-dicarboxylate based
bismuth MOCP, 1D [Biy(i,-n*OOCFcCOO-1,-n%)(n*-O0CFc-
CO0-1%)(t,-m*-O0CFcCO0-N?)],,% is built from a bismuth
dimer, Bi,0,, containing two distinct Bi*" centers, Bi(1) and
Bi(2), with seven- and eight-coordinated geometry, respectively.
Both Bi(1) and Bi(2) have hemidirected distorted polyhedra
surrounded by O-atoms from the ferrocene-dicarboxylate ions
(Fig. 16(a)). Three different ferrocene-dicarboxylate coordina-
tion modes, 1,-1>-OOCFcCOO-p,-1?, N*-00CFcCOO-1?, and 1,-
N*-00CFcCOO-1%, connect the Bi(1) and Bi(1) into two dimer
motifs as well as linking them into a 1D chain (Fig. 16(b)). One
of the linkages results in an extended sixteen-membered hetero-
bimetallic Bi,Fe, macrocycle (Fig. 16(c)).

Another example of ferrocene-based 1D bismuth coordina-
tion polymer is a helical [Bi(u,-n>*FcCOO)(n*-FcCOO),],, with
the monomeric repeating motif [Bi(p,-1>-FcCOO)(n>-FcCOO),].
The bismuth is seven-coordinated with hemidirected distorted
polyhedra having irregular bond lengths. Three ferrocene-
dicarboxylates bind the central bismuth ion, two of which
bind in an anisobidentate chelation mode n?>-FcCOO, while the

(a) ()

Fig. 15 Structure of 1D Hpy[Bi>(TMC)g(NOs3)] showing the (a) chains of
anionic [Bi(TMC)s(NOsz)]l~ extended along the b-axis with pyridinium
cations occupying the interchain space and balancing the charge and
(b) distorted, hemidirected polyhedra showing the approximate lone
pair location. This figure has been reproduced from ref. 30 with
permission from Wiley, copyright 2017.
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(a)
Bi(1)
(b)
(c)
Fig. 16 (a) Hemidirected coordination sphere of Bi(l) and Bi(2),

showing the approximate location of the lone pairs of electrons. 1D
extended chain showing (b) Bi dimers and (c) alternative repeating
motifs found in the compound. This figure has been reproduced from
ref. 62 with permission from RSC, copyright 2012.

last one binds in both anisobidentate chelation and bridging
modes, p,-n>-FcCOO (Fig. 17). The 1D MOCP adopts a right-
handed helical conformation, where the Bi*" PBU chain is
wrapped with an outer sheath of ferrocene-dicarboxylate
ligands (Fig. 18). Interestingly, this compound showed the
absence of a common Bi,0, core commonly present in bismuth-
carboxylate-based CPs.*

In summary, the hemidirected coordination geometry of Bi**
rises from the stereochemically active 6s> lone pair, which leads
to asymmetric ligand distribution and forms distorted poly-
hedra. This anisotropic electron density creates irregular coor-
dination environments. Although hemidirected polyhedra
typically lead to comparably irregular extension with denser
structures, there are, however, porous Bi MOFs with good
chemical (e.g. CAU-33) and thermal stability (up to 350 °C) and
medium surface area (up to ~400 m”> g~ ') reported that possess
such asymmetric polyhedra geometry.

Fig. 17 (a) 1D structure of [Bi(pz-n2-FcCOO)(n,-FcCOO),], and (b)
hemidirected bismuth coordination sphere. This figure has been
reproduced from ref. 62 with permission from RSC, copyright 2012.
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Fig. 18 1D helical chain conformations wrapped with an outer sheath
of ferrocene-dicarboxylate in [Bi(uy-12-FcCOO)(n,-FcCOO),],. This
figure has been reproduced from ref. 62 with permission from RSC,
copyright 2012.

2.4.3. Bismuth compounds with symmetric (holodirected)
polyhedral geometry

2.4.3.1 Porous, holodirected Bi MOFs. The first Bi-based MOF
was reported by Stock and co-workers, who used conventional
solvothermal and microwave-assisted reactions. The
compound, Bi(BTB) (CAU-7, BTB = 1,3,5-benzenetrisbenzoate),
was constructed from chains of face-sharing BiOg tricapped
trigonal prisms with holodirected geometry that were linked
into a porous, slightly distorted honeycomb structure via BTB
ligands.®* The structure was solved by using a combination of
Rietveld refinement, electron diffraction and DFT calculations.
It exhibited thermal stability up to 380 °C with a surface area of
1150 m* g, the highest surface area for Bi MOF to date (Table
2). Another porous and conductive MOF that exhibits enhanced
cathode-ray scintillation, termed Bi-SMOF, presents an
unconventional strategy for designing phosphors for field
emission displays. The Bi-SMOF, [(Hdma)Bi(1,4-ndc),(-
DMF)],,-n(DMF), was solvothermally synthesized and structur-
ally characterized using single-crystal X-ray diffraction. The
asymmetric unit contains one unique Bi** center coordinated
by nine oxygen atoms forming a holodirected, slightly distorted
tricapped trigonal prism geometry (Fig. 19). The two 1,4-ndc>~
in the asymmetric unit each exhibits a p,-coordination mode,
connecting other Bi*" centers into an infinite 2D layer along the
ac-plane. The stack of 2D layers along the b-direction held by
hydrogen bonding further formed a 3D supramolecular
compound.

Topological complexity, but not to a greater extent like those
in TM-based MOFs, is common among bismuth-based
compounds; in fact, large inorganic IBUs, including layers
and rods, are archetypal among bismuth-containing organic-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Structure of Bi-SMOF showing the (a) Bi** center and the
coordination environment of the 1,4-ndc ligands and (b) 2D layer
along the ac-plane. This figure has been reproduced from ref. 61 with
permission from Wiley, copyright 2012.

inorganic compounds. For instance, CAU-17, [Bi(BTC)(H,O)]
2H,0-MeOH" (Fig. 20 and Table 2), with a surface area of 69.5
m?® g™, is an unusually complex bismuth-containing porous 3D
extended structure, featuring helical Bi-O rods cross-linked by
BTC®™ anions. The asymmetric unit is composed of nine Bi*",
nine BTC?~, and nine coordinated water molecules. Each Bi*" is
coordinated with nine O-atoms, eight of which are from BTC
ligands, and an O-atom from coordinated water completing the
coordination sphere to give BiOg holodirected polyhedra. Along
the c-direction, each Bi** shares four O-atoms with two adjacent
Bi’*, forming helical rods made of regular octahedra, with each
rod further connected to four other rods.

Another porous Bi’*"-based MOF with an interesting struc-
tural intricacy is Bi-BTC, [Bi(BTC)(DMF)]-DMF(CH;0H),.
Synthesized solvothermally using DMF and MeOH, the struc-
ture was refined using single-crystal XRD data.’* The Bi** center
is nine-coordinated by carboxylate O-atoms to give BiOy holo-
directed polyhedra. Five different BTC*~ anions and one coor-
dinated DMF complete the coordination sphere. Various coor-
dination modes, including bidentate chelation and
monodentate bridging BTC?*~ anion carboxylates, led to the
formation of centrosymmetric Bi, 0,4 dimeric units. Six BTC?™
anions further connect the dimers into a 3D structure that is
composed of two distinct 1D helical chains, with right-handed
and left-handed chains arranged alternately along the b-direc-
tion. Ying Bai and his coworkers reported a similar 1,3,5-
benzenetricarboxylate-based MOF, [Bi(BTC)(H,0)]-H,O (Bi-
MOF), which was synthesized solvothermally and character-
ized using single-crystal XRD data. Bi-MOF features an inter-
esting white-light emission and enables sensing of Fe** and
Cr,0,%" ions in water.'®* The asymmetric unit is composed of
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Fig. 20 Structural depiction of CAU-17, showing the bismuth poly-
hedra in purple and the two periodic htb nets. This figure has been
reproduced from ref. 12 with permission from ACS, copyright 2016.
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one unique Bi*" center, coordinated by nine O-atoms, BiOs,
from five BTC’~ anions having both monodentate and bi-
dentate chelate coordination mode, further arranged into
a symmetric dimer of Bi,O,s. The individual Bi** center is hol-
odirected, with a stereochemically inactive lone electron pair.
The neighboring co-dimers (Bi,O;5) are linked by the BTC*~
anions into a 3D network with two distinct types of pore
channels."®”

The Stock group reported a series of bismuth-based porous
MOFSs, i.e. CAU-7-TATB, CAU-7-TATB-NH,, CAU-31 and CAU-32,
all of which possess holodirected Bi*" polyhedra, with surface
areas ranging from 104 to 813 m” g~ ! and thermal stability up to
350 °C (Table 2). Both CAU-7-TATB and its analog, CAU-7-TATB-
NH,, were synthesized using a microwave-assisted reaction at
120 °C and 600 rpm for only 20 minutes and characterized using
high-resolution PXRD data and Rietveld refinement."” The
bismuth centers in these MOFs are ten-coordinated with O-
atoms from the TATB anions, forming holodirected poly-
hedra, BiOy,. Face-sharing of the bismuth polyhedra leads to
the formation of Bi*" IBUs chains in the c-direction. TATB*~
anions further linked the chains into a somewhat distorted 3D
honeycomb network featuring a 1D channel along the c-direc-
tion. CAU-31 and CAU-32 were synthesized solvothermally in
methanol and a mixture of methanol and DMF, respectively.
The CAU-31 structure, [Bi,(TCPB)(H,TCPB)(H,0)]-xH,O, was
resolved using Rietveld refinement against data obtained from
continuous rotation electron diffraction. The Bi** center in
CAU-31 is composed of holodirected, eight-coordinated O-
atoms, in which six O-atoms are chelated from three TCPB
carboxylates and coordinated water molecules complete the
coordination sphere to give BiOg polyhedra. TCPB*~ and
H,TCPB>~ connectivity lead to a 2D layer with bex topology.
Inclined interpenetration in the 2D layers results in a 3D
interlocked structure.” On the other hand, in CAU-32,
(NH,(CH3),)[Bi(TCPB)(H,0)]-xH,0, the structure was solved
using single-crystal XRD data. The Bi*" center in CAU-32 is nine-
coordinated holodirected polyhedral BiO,, with four TCPB*~
chelation and one water molecule completing the coordination
sphere. Four carboxylate groups are linked to each Bi*", result-
ing in a 3D structure featuring 3D channels.””® The second-
highest reported Bi MOF surface area (1014 m* g ') was
observed for NOTT-220, with holodirected Bi polyhedra (Table
2). It consists of Bi-dimers with 8- and 9-holodirected coordi-
nated polyhedra with two polymorphs, NOTT-220-a. (Bi(1)Og/
Bi(2)0,) and NOTT-220-B (Bi(1)0s/Bi(2)Og). The topology of the
compound can be represented as tfi or pts when the ligand is
considered as 3- or 4-connected nodes, respectively.”

2.4.3.2 Non-porous, holodirected Bi MOMs. Besides the
hemidirected, stereochemically active lone pair of Bi*" poly-
hedra, there exists the non-stereochemically active one. Bi**
polyhedra with non-stereochemically active lone pairs, or so-
called holodirected polyhedra, possess slightly distorted, if
not regular, polyhedra. As a result, many Bi**-based MOCPs of
this category are reported to have the well-known TM-based
MOCP structures. For instance, we reported the first 2D
bismuth-based Kagomé lattice motif, featuring slightly di-
storted bicapped octahedra, holodirected, BiOgN, PBU, with
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(a)

(b)

Fig. 21 Four-connected node (2 up and 2 down) of holodirected
(green) bismuth polyhedra (a), forming a 2D Kagome lattice (b). This
figure has been reproduced from ref. 18 with permission from RSC,
copyright 2011.

four 2,5-pydc ligands (two up and two down) that formed a four-
connected node (Fig. 21(a)),"® forming three- and six-membered
rings with the overall structure of a 2D polymer with the
renowned Kagomé Lattice motif (Fig. 21(b)). This was the first
report of bismuth-based CPs, while there are ample examples of
TM-based CPs.

We also reported two other four-connected bismuth node,
supramolecular coordination compounds, with three “up”, one
“down” 2,5-pydc ligand arrangements.> An interesting anionic
layered structure, K,Bi(pydc);(Hpydc)(H,0)s; 3, consisting of one
[Bi(pydc)s(Hpydc)]*~ complex, four K~ ion positions, and one
ordered and five fractionally occupied water molecules. The
bismuth coordination sphere is surrounded by four O and
four N atoms from pydc and Hpydc ligands, forming a slightly
distorted holodirected bicapped-octahedral BiO,N, polyhedron.
Three pydc ligands occupied the “up” position, and one Hpydc
ligand occupied the “down” position of the bismuth polyhedra
viewed along the b-axis. The other 1D supramolecular
compound, (DMA");Bi(pydc),(Hpydc),, also shows an inter-
esting three “up”, one “down” pydc arrangement. The asym-
metric unit comprises one anionic bismuth complex,
[Bi(pydc),(Hpydc),]’~, and three dimethylammonium cations
(Fig. 22(a)). The coordination geometry around the bismuth is
also a holodirected, slightly distorted bicapped octahedron,
BiO,N, (Fig. 22(b)), with Bi-O and Bi-N bond distances in the
range of 2.362(2)-2.479(2) A and 2.562(2)-2.610(2) A, respec-
tively. The bismuth cationic complex is arranged into 1D
supramolecular chains extended along the x-axis through H-
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bonding from the monoprotonated Hpydc, which is further
balanced by DMA" residing in the interchain spaces.

Natarajan and coworker® reported Bi**-carboxylate
compounds with interesting brucite- and fluorite-related
structures. In Bi(4,5-IDC)(4,5-IDCH) (where 4,5-IDCH, is 4,5-
imidazoledicarboxylic acid), the Bi’" center is eight-fold coor-
dinated with distorted holodirected bicapped trigonal prismatic
polyhedra (Fig. 23(a)). The coordination sphere is surrounded
by six O-atoms and two N-atoms, BiOgN,. The Bi** centers are
linked together by 4,5-IDC anions through the p;-oxygen atom
(0(3)), forming a 2D bilayer along the ab-planes (Fig. 23(b)).
Structurally, each 4,5-IDC ligand is bound to three Bi,0O,
centers, and each center is linked to six 4,5-IDC anions; if the
Bi,O, dimer and 4,5-IDC are simplified as single nodes, then the
resulting framework mimics the classical inorganic structure,
the brucite topology (Fig. 23(c)) commonly observed in CdI,,
CdCl,, or Mg(OH),.*

Another Bi*"-based MOF featuring rutile (rtl) topology,
a CTH-6, [Bi,(cpb)(HOAc),(DMF),] (cpb = 1,2,3,4,5,6-hexakis(4-
carboxyphenyl) benzene), reported by the Ohrstrém group, was
also found to have a Bi** center with holodirected polyhedra,
BiO, (Fig. 24). Nine O-atoms complete the Bi** coordination
sphere, six O-atoms from three cpb carboxylate groups, two O-
atoms from DMF, and one O-atom from acetic acid. The over-
all structure formed a 3,6-connection in a well-known 3D rutile
framework topology.**>

Using thiophenemonocarboxylic (TMC) acid as a ligand, the
Knope group prepared a series of Bi**-thiophenemonocarboxy-
late compounds, three of which possess a bismuth center with
holodirected polyhedra.*® Hpy[Bi(TMC);(NO;)] is composed of
nitrato bridged anionic dimers, [Bi(TMC);(NO;)]|~, balanced by
pyridinium cations. Each Bi** center is a nine-coordinated BiOg
polyhedron surrounded by all O-atom from three chelating

(a)

Fig. 22 (a) Asymmetric unit and (b) bismuth coordination geometry in
(DMA™")3Bi(pydc),(Hpydc),. This figure has been reproduced from ref.
23 with permission from ACS, copyright 2011.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 Structure of Bi(4,5-IDC)(4,5-IDCH) showing the (a) holodir-
ected Bi** polyhedra, (b) view of the single layer and (c) topological
presentation of the (6, 3) net. This figure has been reproduced from ref.
93 with permission from ACS, copyright 2013.

TMC anions and two nitrate groups in mono- and bi-dentate
fashion. Two Bi*" centers are further bridged into dimers
through nitrato groups and through intermolecular forces,
including H-bonding and m-m stacking interactions, from
which the dimers are stabilized in the structure. The second
structure, Hpy[Bi(TMC),], comprises an asymmetric unit made
of one unique Bi*" center, four TMC ions and a pyridinium
cation. All Bi** centers are similarly nine coordinated O-atoms
from five TMC anions to form holodirected BiOy polyhedra.
Each two BiOg polyhedra are bridged by TMC's carboxylate O-
atoms to form a binuclear anionic unit, [Biy(TMC)s]*~
(Fig. 25). H-bonding between the H-atom of the pyridinium
cations and a carboxylate O-atom further stabilizes the
structure.

In the third structure, Hpy[Bi(TMC),], the asymmetric unit is
composed of two unique Bi*" centers, eight TMC anions and
two pyridinium cations. Each Bi*" center is holodirected with
ten- and eight-coordinated Bi(1)O;, and Bi(2)Og polyhedra,
respectively. Similarly, TMC carboxylate O-atoms link two Bi**

(@) (b)

Fig. 24 Structure of CTH-6 showing the (a) holodirected Bi** poly-
hedra and (b) asymmetric unit of CTH-6. This figure has been repro-
duced from ref. 102 with permission from ACS, copyright 2020.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Anionic dimer of [Bi>(TMC)gl?>~ showing the holodirected BiOq
polyhedra. This figure has been reproduced from ref. 30 with
permission from Wiley, copyright 2017.

polyhedra into a dimeric unit; H-bonding between pyridinium
cations and TMC anions further stabilizes the structure.*
Using thiophenedicarboxylic acid (H,TDC), synthesized at
room temperature in aqueous solution, the Knope group also
reported a series of Bi**-based CPs featuring holodirected
polyhedra.”” Hpy[Bi(TDC),(H,0)]-1.5H,0 comprises a unique
Bi*" center, two TDC? anions, one H,O and one pyridinium
cation. The Bi*" center is a holodirected, nine coordinated, in
which all O-atoms form the BiO, polyhedra (Fig. 26(a)). Bi*"
centers are bridged by TDC anions forming zig-zag chains
(Fig. 26(c)), further linked into an anionic 2D sheet through
TDC anions, charge balanced by pyridinium cations (Fig. 26(b)).
These chains combine with other chains (related by inversion
symmetry), resulting in an interpenetrated network (Fig. 26(d)).
The sheets are stacked together with coordinated water mole-
cules located in the interlayer. H-bonding and strong m-m
stacking interactions between proximal thiophene rings across
the interlayers further stabilize the structure.
[Hpy]3[Biz(TDC)4(HTDC)H,0]-xH,O possesses
metric unit of two distinct Bi*" centers, four TDC?>~ anions, one
protonated TDC anion, three disordered pyridinium cations
and one bound water molecule. The anionic framework is
charged-balanced by pyridinium cations. The two Bi*" centers

an asym-

Fig. 26 Structure of Hpy[Bi(TDC),(H,O)]-1.5H,O showing the (a)
asymmetric unit and coordination sphere, (b) one sheet, (c) single zig—
zag chain and (d) interpenetrated chains. This figure has been repro-
duced from ref. 97 with permission from RSC, copyright 2018.
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(Bi(1) and Bi(2)) are ten and nine coordinated O-atoms from the
TDC anions to form holodirected Bi(1)O;, and Bi(2)Oy poly-
hedra, respectively. One TDC>~ ligand bridges Bi(1) and Bi(2) to
give a similar zig-zag chain propagating along the ab-plane.
TDC ligands further linked the zig-zag chains into inter-
penetrated 2D sheets packed along the c-axis. In (Hpy),[-
Bi(TDC),(HTDC)]-0.36H,0, however, the asymmetric unit is
composed of one unique Bi** center coordinated by ten O-atoms
from four chelating TDC>™ anions and one monoprotonated
HTDC™ anion to give holodirected BiO;, polyhedra. TDC>~
anions further connect the polyhedra into zig-zag chains that
are further connected by TDC?~ anions into a thick 2D sheet.
These sheets are stacked together through H-bonding between
the terminal HTDC™ ligand and a partially occupied water
molecule and display -7 stacking interactions between prox-
imal thiophene rings.’”

The Cheetham group reported four anionic bismuth-based
MOCPs, three of which feature holodirected Bi** polyhedra.”®
In the first MOCP, a two-dimensional [Bi(1,4-BDC),(-
DMF)]-(DMA)(DMF),, the asymmetric unit comprises one
bismuth cation, two BDC anions, three DMF molecules and one
DMA cation. The Bi*" cation possesses a non-stereochemical
lone pair, leading to a holodirected, nine-coordinated BiOq
polyhedron. It is coordinated with eight O-atoms from the BDC
ligands and one O-atom from a terminal water molecule. The
BDC anions connect each Bi** cation with four other proximate

(a)

Fig. 27 Structural representation of the 3D [Bi(1,4-BDC),]-(DMA)
along the (a) c-axis and (b) a-axis. This figure has been reproduced
from ref. 90 with permission from Wiley, copyright 2010.
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Bi*" cations, creating a 2D corrugated layered structure. The
DMA cations are located between the stacked layers, and the
non-coordinated DMF are located both within and between the
layers. The second MOCP, [Bi,(1,4-BDC),(Him)](DMA),(DMF),,
is a 3D diamondoid net (dia) with two-fold interpenetration.
The asymmetric unit comprises two Bi*" cations, three and
a half BDC anions, one DMF and one DMA molecule, and a half
imidazole molecule. Two distinct Bi** cation centers are found,
each with nine coordinated and holodirected polyhedra. Bi(1)
NOg is coordinated by one N-atom from the terminal imidazole
molecules and eight O-atoms from four different BDC anions.
While Bi(2)Oy is a nine-coordinated polyhedron surrounded by
O-atoms from six unique BDC ligands. Face sharing between
Bi(1)NOg and Bi(2)Os polyhedra results in dimeric IBU forma-
tion, and seven BDC anions connect each dimer with four other
proximal dimers to form an infinite 3D structure, with a twofold
interpenetrated dia topology.®

The third MOCP, [Bi(1,4-BDC),]-(DMA), is also a 3D
compound featuring two unique Bi*" centers, Bi(1)O;, and Bi(2)
O,. Both Bi(1) and Bi(2) are holodirected with stereochemically
inactive lone electron pairs.” Through face sharing, the Bi(1)O;,
polyhedra connect with two different Bi(2)Oy via three carbox-
ylate O-atoms, forming a trimeric IBU, with each trimer linked
to six analogous trimers through twelve BDC ions, resulting in
the formation of an infinite 3D structure (Fig. 27), featuring two-
fold interpenetrated primitive cubic packing (pcu) topology.
The DMA cations are disordered and occupy the spaces between
the BDC ions.

A typical example of a heterometallic bismuth-containing 3D
MOCP with holodirected bismuth polyhedra was also reported
by the Cheetham group.” The 3D heterometallic NaBi[(1,4-
BDC),(DMF)(H,0)]- (DMF), contains chains of alternating BiOg
and NaOg polyhedra, which are further linked to each other
through BDC ligands into a 3D framework featuring 1D
rhombic channels. The Bi** cation center is eight-coordinated
with seven O-atoms from the BDC anions and one coordi-
nated water molecule. The geometry has a symmetrical distri-
bution of ligands with an inactive stereochemical lone pair of
electrons. The Bi** and Na™ are connected by the BDC anions in
the asymmetric unit, leading to the formation of 1D inorganic
chains of O-Na-O-Bi-O along the a-direction (Fig. 28). The
alternating edge- and face-sharing polyhedra of BiOg and NaOg
are further linked by other proximal chains in a 3D framework
featuring two types of rhombic 1D channels.

The other heterometallic 3D framework, NaBi[(1,3-BDC),(-
DMF)], has an asymmetric unit containing one Bi**, one Na",
two 1,3-BDC anions and one DMF molecule. The Bi** cation has
nine coordinated O-atoms from five distinct BDC anions, giving
a holodirected BiOg coordination geometry with a characteristic
inactive stereochemical lone pair of electrons. BDC anions
connect the Bi** and Na" cations as an infinite 1D IBU chain of
alternating Bi** and Na* edge- and face-sharing polyhedra O-
Na-O-Bi-O. The chains are further linked through edge-shared
Bi** polyhedra into a 2D inorganic framework. BDC anions
bridge the 2D layers into a 3D framework.*

Similarly, Bi,C0,C4,H36NeO33 (BiCo-MCP) is another typical
example of heterometallic bismuth-based 2D compounds with
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28 The structural NaBi[(1,4-BDC),(-

representation  of
DMF)(H20)]- (DMF) showing the (a) infinite O—Na-O-Bi—O IBU chains
(b) the 3D view of the framework showing the 1D rhombic channels
along the a-direction. This figure has been reproduced from ref. 59
with permission from ACS, copyright 2010.

Fig.

holodirected Bi** polyhedra, synthesized solvothermally with
a photocatalytic activity towards the degradation of imidaclo-
prid pesticide in wastewater.”® The asymmetric unit is
composed of two distinct, nine-coordinated Bi** centers, bound
by three distinct 2,4-bipyridine dicarboxylate (2,4-pda®") anions
donating six O-atoms and three coordinated water molecules to
give holodirected polyhedra, Bi(1)Oy and Bi(2)Os. On the other
hand, the Co*" is a six-coordinated, slightly distorted CoN;0;
octahedron in which 2,4-pda ligands act as bridging ligands by
chelating Co>* and connecting Bi*" centers to form a 2D layer
along the b-direction with a staggered arrangement between the
Co®" and Bi’* centers.*

Ferrocene-dicarboxylic acid-based bismuth CPs are also
found to have very interesting structures. For instance, the
solvothermal reaction of ferrocene-dicarboxylic acid and
triphenyl-bismuth afforded a 1D polymer, [Biy(j,-n*-OOCFc-
COO-11,-1%)(N*-00CFcCOO0-1?)(11,-n*-O0CFcCO0-1?)];, the
structure of which was solved from single-crystal XRD data.®
The asymmetric unit contains two unique Bi** centers (Bi(1)
and Bi(2)), while Bi(1) is a seven-coordinated BiO, hemidirected
polyhedron, Bi(2) is an eight-coordinated BiOg featuring a hol-
odirected square antiprism. Three unique ferrocene-
dicarboxylates with different coordination modes surround
the coordination sphere of the Bi** centers and connect them
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into a 1D CP. The 1D CP features two types of Bi,O, IBUs and
their interconnections give rise to a 1D chain (Fig. 29).

The second described compound, [Biy(p,-n*-FcCOO),(n>-
FcCOO),(H,0),]-(2FcCOOH), is a dimeric complex. Each
bismuth is bound to three ferrocene carboxylate anions in
chelating and bridging modes, giving rise to a Bi,O, moiety. The
two Bi*" centers are nine-coordinated, holodirected, tricapped
trigonal prisms (Fig. 29(c)).

Hakimi and coworkers reported an example of 0D discrete
bismuth-pyridine dicarboxylate based compounds, possessing
holodirected polyhedra.* An anionic complex, (2-apyH),|[-
Bi(pydc),(Hpydc)]-2H,0, has an asymmetric unit comprising
one distinct Bi** cation, two unprotonated and one protonated
pydc ligands, two H,O molecules and two 2-apyH" cations. The
Bi** center is a nine-coordinated, holodirected polyhedron
surrounded by six O-atoms and three N-atoms, BiOgN;.
Through H-bonding between the 2-apyH' cation, carbonyl
groups and H,0 molecules, the anionic monomers are linked
into a 3D supramolecular compound. Similarly, (4-apyH),[-
Bi(pydc)(Hpydc),]-4H,O is also a discrete 0D anionic complex
balanced by 4-apyH" cations. The asymmetric unit is composed
of one unique Bi** center coordinated by nine atoms, six O-
atoms and three N-atoms from one pydc®>~ and two Hpydc™ to
give rise to holodirected BiOgN; polyhedra with stereo-
chemically inactive lone electron pairs. All the pyridine
carboxylates adopt similar coordination modes, forming
anionic monomeric units. Through H-bonding between
carboxylate and 4-apyH, each monomeric unit is connected to
three 4-apyH" cations, resulting in an interesting 3D supramo-
lecular structure. Another compound, (pipzeaH),[Bi,(pydc)s(-
pydcH)(H,0),]-5H,0, features two types of dimeric units, one

Fig. 29 (a) One-dimensional structure showing the alternating Bi,O,
four-membered rings (ring A and B). (b) Bi(1) and Bi(2) polyhedra
showing the coordination environments. (c) Dimeric unit of [Bix(1x-n2-
FCCOO),(n,-FcCOO)4(H,0)4]- (2FcCOOH) and the corresponding
geometry. This figure has been reproduced from ref. 62 with
permission from RSC, copyright 2012.
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neutral [Bi,(pydc),(pydcH),] and one anionic [Bi,(pydc),]>~
complex. The asymmetric unit of this complex is composed of
two distinct Bi** eight coordination centers, bound by six O-
atoms and two N-atoms to give holodirected bicapped octa-
hedra with a slight effect of the lone electron pair activity. Both
the neutral and the anionic dimeric units are disposed through
alternating rows along the [010] plane, giving rise to a 3D
supramolecular structure parallel to the c-axis. The structure is
further stabilized through H-bonding and m-m stacking
interactions.”

In a similar way, using pyridine-tricarboxylic acid through
high-throughput investigation, four novel Bi**-based MOCPs
featuring holodirected polyhedra were reported by the Stock
group. Through varying the molar ratios of the starting mate-
rials, Bi** salt, 2,4,6-pyridinetricarboxylic acid (H;PTC), NaOH,
HNO; and H,0, and the reaction time, four MOCPs, ie.
[Bi(PTC)(H,0),], (H30)[Bi,(PTC)(HPTC),(H,0),], o[Bi(PTC)] and
B[Bi(PTC)] were synthesized. [Bi(PTC)(H,0),] features a 2D
layered framework and the asymmetric unit contains one uni-
que Bi*" cation center, one PTC anion and two coordinated H,O
molecules. The Bi*" cation center is a nine-coordinated, hol-
odirected, monocapped square antiprism, BiNOg, surrounded
by three PTC*~ and H,O molecules. Fully deprotonated PTC?~
anions link the BiNOg polyhedra into an edge-sharing IBU
chain. The IBU chains are further connected into layers by
PTC®” anions, and H-bonding between carboxylate O-atoms
and coordinated H,O molecules connect the layers to each
other. Similarly, (H;0")[Biy(PTC)(HPTC),(H,0),] is also a 2D
layered structure with two unique Bi** centers, each is an eight-
coordinated, holodirected, slightly distorted square antiprism
bound by O- and N-atoms from PTC’~ anions. The coordination
sphere of the Bi(1)NO, polyhedron is surrounded by four
HPTC?", while Bi(2)N,0¢ polyhedra are bound by two HPTC>~
and one PTC’™ anions. The IBU is made of an alternating chain
of edge and corner-sharing Bi(1)NO, and Bi(2)N,O¢ polyhedra
linked by PTC®" anions into a 2D layer. The 2D layers are joined
by a network of H-bonding between H;O" residing in the
interlayer space and O-atoms from the proximal carboxylate. On
the other hand, o[Bi(PTC)] is a 3D framework and the asym-
metric unit comprises one unique Bi** cation center and one
PTC® anion. The Bi*" cation center is bound to six PTC*~
molecules, leading to a coordination number of eight, BiNO-,
a holodirected, marginally distorted square antiprism. In this
compound, the IBU unit is composed of a dimeric unit of edge-
sharing BiNO; polyhedra linked by PTC>~ anions. Each dimer is
surrounded by ten PTC*~ molecules, which further link 24 more
dimers. B[Bi(PTC)] is a polymorph of «[Bi(PTC)], also a 3D
MOCP, however the Bi*" cation center is bound with five PTC?~
anions, leading to a nine coordination number. The polyhedron
is a holodirected, monocapped square antiprism, BiNOg. The
IBU unit also consists of a dimeric unit formed by edge-sharing
polyhedra, further connected into a 1D chain along the z-axis.
The chains are further linked into a 3D framework through
PTC’™ anions.”

Using heterocyclic dicarboxylate ligands, dithieno[3,2-b:2',3-
d'|thiophene-2,6-dicarboxylic acid (DTTDC), Garcia-Sanchez
and coworkers prepared a porous Bi**-based MOF,
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[Bi;»(DTTDC),,4]-23DMA-4DMF-2H,0 (IEF-5).* The PBU in
IEF-5 is composed of three Bi*" centers [Bi;(-CO0),,]*~ linearly
arranged and connected by twelve carboxylate groups from
DTTDC?" anions. Two parallel DTTDC?" ligands linked each
PBU with six proximal PBUs into an anionic pcu topology,
charge-balanced by DMA cations. The three distinct Bi*" centers
in the trinuclear [Biz(~COO),,]* " are all holodirected eight-, ten-
and eight-coordinated polyhedra for Bi(1), Bi(2) and Bi(3),
respectively."**

Our group also reported a highly water-stable and proton-
conducting MOCP that was also synthesized by using a hetero-
cyclic dicarboxylate ligand, pyrazine-2,3-dicarboxylate (pzdc).**®
The 2D MOCP, (Imi),[Bi,(pzdc),]-2H,0, is composed of two
distinct Bi** centers in the asymmetric unit, each with a coor-
dination number of nine. Five pzde®>~ bound the coordination
sphere donating both N- and O-atoms to give holodirected,
marginally distorted bicapped pentagonal bipyramids, Bi(1)
N,0; and Bi(2)N,0,, featuring a symmetric coordination envi-
ronment with no lone pair spectrochemical activity (Fig. 30).
The 2D layer is made from chains of Bi(1) and Bi(2) polyhedra
bridged by pzdc ligands. The adjacent 2D layers are linked by H-
bonding between imidazolium cations and the pzdc®~
anions.*”

From this subsection, we can conclude that, unlike struc-
tures built from hemidirected polyhedra, holodirected poly-
hedra with more symmetrical building blocks, in general, self-
assemble into less dense structures adopting prototypical
topologies that are well-known in reticular chemistry-guided
transition-metal-based MOMs. Several Bi MOFs were reported
that possess holodirected PBU geometry, such as Bi-SMOF,
CAU-7-TATB, CAU-17, CAU-31, CAU-33, and NOTT-220, with
surface area reaching 1150 m> g~' and remaining thermally
stable up to 380 °C.

2.5 Bi MOMs derivatives

Bi MOMs derivatives, especially bismuth oxide and sulfide, have
attracted considerable interest due to their improved structure

014

Fig. 30 Holodirected and bicapped pentagonal bipyramids of the Bi(1)
N,O7; and Bi(2)N,O; polyhedra of 2D (Imi),[Bix(pzdc)s]-2H,0,
respectively. This figure has been reproduced from ref. 125 with
permission from Taylor & Francis, copyright 2021.
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stability, large surface area, tunable morphology, and improved
physicochemical properties. Typically, these derivatives are
obtained through sulfurization or thermal treatment (calcina-
tion) of Bi-based MOMs. Bismuth oxides have been widely used
for applications in gas sensing, photocatalysis, and energy
storage because of their visible light activity and suitable band
structure. Bismuth sulfides exhibit excellent catalytic perfor-
mance and electrical conductivity, making them attractive for
environmental and electrochemical applications. Moreover,
employing Bi MOMs as a precursor provides a prefabricated
template that can form porous structured materials with
controlled size, porosity, shape, and phase through a facile
calcination process.”***** Bi,O;@C microrods, for example,
were synthesized from Bi-BTC CAU-17 by calcination at 500 °C
under N, atmosphere for 2 h."”® An example of Bi,S;-derived Bi
MOM, with nanorod morphology, was reported by Tianran Hao
and coworkers wherein they used a bismuth coordination
polymer of trithiocyanuric acid as the precursor for the hydro-
thermal reaction at 160 °C for 12 h."*° A single atom site can also
be made from MOF precursors using similar, but controlled,
calcination methods. One example was reported by Erhuan
Zhang et al., who used Bi-BTC MOF (CAU-17) as a precursor to
synthesize single-atom Bi by pyrolysis at 600 °C under 1.45 mbar
Ar pressure in the presence of dicyandiamide as an N source to
form Bi-N, sites on porous carbon.™" Single-atom site catalysts
are known to be highly regio- and site-selective for hydro-
formylation, hydrosilylation, hydroboration, hydro-
phosphinylation, hydrogenation, azide-alkyne click chemistry,
carbenoid insertion, hydrogen-deuterium exchange, and di-
functionalization of alkenes.'**

3. Potential applications
3.1 Electrochemical sensors

In sensing applications, bismuth-based MOFs (Bi MOFs) have
gained increasing interest owing to the distinctive characteris-
tics of bismuth, including its environmentally benign nature,
stereochemically active 6s> lone pair of electrons, and versatile
coordination behavior. These features make Bi MOFs promising
platforms for a wide range of applications, from electro-
chemical and fluorescent sensing to photocatalysis, gas detec-
tion, and biomedical diagnostics.’***** In particular, Bi-MOFs
have been widely explored for electrochemical,"** photo-
luminescent,”® colorimetric,” and photoelectrochemical
sensing,"* attributed to their excellent redox-active centres, and
compatibility with nanomaterial composites, as summarized in
Table 4.

In most cases, MOF-based electrochemical sensors operate
as illustrated in Fig. 31.*** The diagram depicts the fundamental
working principle of a nanomaterial-modified electrochemical
sensor designed for analyte detection in complex matrices such
as food and water. The system comprises three primary
components: the analyte, the receptor, and the transducer. The
analyte (e.g., H,0,, glucose, urea, ethanol, or heavy metal ions)
interacts with a specific receptor immobilized on the sensor
interface. These receptors, which may include enzymes, carbon
nanotubes, graphene, or MOF-based nanomaterials, are
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tailored to selectively recognize and bind the target analyte.
Following analyte recognition, the resulting physicochemical
change is transformed into an electrical signal by a transducer,
commonly an electrode or thermistor. This signal is then
amplified to improve sensitivity and resolution, yielding
distinct electrochemical outputs for analysis.

The incorporation of MOFs and other nanomaterials
enhances sensor performance by providing high surface area,
tunable porosity, and excellent conductivity. These character-
istics contribute to improved sensitivity, selectivity, and lower
detection limits, making MOF-based electrochemical sensors
highly effective for monitoring trace contaminants in food and
environmental samples.'3*"3

Another important class of electrochemical sensors includes
gas sensors, which are widely used for the detection of
hazardous gases and volatile organic compounds in environ-
mental and industrial monitoring applications. A novel
electrochemical sensor for detecting lead (Pb®") ions in water
was developed utilizing a nanocomposite of bismuth oxide
(Bi,O;) nanoparticles and carbonized UiO-66-NH, metal-
organic framework (MOF). The sensor was fabricated through
a one-step calcination process, resulting in a material with
enhanced surface area and active sites conducive to Pb>" ion
detection. Characterization techniques, such as scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and X-ray photoelectron spectroscopy (XPS), confirmed
the successful synthesis and structural integrity of the nano-
composite. Electrochemical testing demonstrated that the
sensor exhibited a wide linear detection range from 2 to 130 pg
L' and a low detection limit of 0.05 pg L™" for Pb>" ions. The
sensor also showed excellent stability, repeatability, and resis-
tance to interference from other ions, making it suitable for
practical applications, such as monitoring lead contamination
in water environments."’

In addition, Bi-MOFs gas sensors have shown great promise
in detecting gases, such as NO,, acetone, and triethylamine, at
room temperature.”*® Studies using Bi,Se; and ZnO-Bi,O3
heterojunctions have enabled highly selective and sensitive
detection platforms, with quick response and recovery times,
making them suitable for environmental monitoring. M. Xu
et al. developed a triethylamine (TEA) gas sensor using bismuth
molybdate (Bi,M0oOg) nanorods derived from a metal-organic
framework (MOF). The sensor exhibited high sensitivity and
selectivity towards TEA, with rapid response and recovery times.
The enhanced performance is attributed to the unique nanorod
morphology and the high surface area provided by the MOF-
derived structure. This study demonstrates the potential of
MOF-derived Bi,Mo0Og nanorods in developing efficient gas
sensors for environmental monitoring applications.**®

3.2 Colorimetric sensors

Bismuth-based metal-organic frameworks (Bi MOFs) have
shown considerable promise as colorimetric sensors due to
their peroxidase-mimicking nanozyme activity, high surface
area, and chemical tunability. These properties allow Bi MOFs
to catalyze chromogenic reactions, enabling rapid, visual
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Fig. 31 Schematic of a Bi-MOF based electrochemical sensor platform. This figure has been reproduced from ref. 134 with permission from

Elsevier, copyright 2024.

detection of various analytes in environmental and biomedical
samples.

Q. Y. Yang et al. synthesized a Bi MOF nanozyme capable of
catalyzing the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB)
in the presence of hydrogen peroxide, with the help of Cr®" as
both promoter and analyte. The system produced a blue-colored
product whose intensity decreased linearly with increasing
concentrations of Cr®*, enabling sensitive and selective colori-
metric detection of chromium ions.*® In a separate study, El-
Sewify et al. developed a dual-mode detection platform based
on Zr MOFs for the detection of Bi*" ions. Although the MOF
used was not bismuth-based, the interaction of Bi** with the
MOF induced a distinct color change from colorless to yellow,
complemented by fluorescence quenching. This dual-mode
strategy enhanced sensitivity and allowed both visual and
spectroscopic detection routes."® Further advancing practical
applications, C. Jin and co-workers reported a paper-based,
triple-readout biosensor for point-of-care detection of glucose
in urine. The system incorporated a Bi-MOF nanozyme that
catalyzed a glucose oxidation cascade, producing a measurable
colorimetric signal alongside fluorometric and photothermal
outputs. The platform enabled rapid, low-cost, and non-invasive
glucose monitoring, demonstrating the utility of Bi-MOFs in
integrated diagnostic devices.'*!

Overall, these studies show that Bi-MOFs are versatile and
effective for colorimetric sensing, making them suitable for
portable and easy-to-use sensors in real-world applications.

3.3 Photoelectrochemical sensors

Bi MOFs have recently gained attention as effective components
in photoelectrochemical (PEC) sensing platforms, owing to
their light-responsive semiconducting properties, structural
tunability, and ability to promote charge separation. For
example, a visible-light-driven PEC aptasensor using a Ce-UiO-
66/Mn:Bi,S; heterojunction was constructed for the detection of
ofloxacin. In this system, Bi,S; acted as a photosensitizer,
enhancing photocurrent generation and overall sensitivity.'*®
Similarly, S. Wang and colleagues developed a self-screening
PEC biosensor based on a CAU-17-derived Bi,WOg/Bi,S;
heterojunction for the detection of quorum-sensing molecules.
The heterojunction improved visible-light absorption and
charge transfer, while the inclusion of aptamer-bound MoS,
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quantum dots modulated the photocurrent through a dual-
inhibition mechanism.** In another example, a PEC sensor
was devised based on a Bi-MOF nanosheet electrode function-
alized with copper porphyrinic ligands, which significantly
enhanced photoactivity and sensitivity for the detection of
hydrogen peroxide.***

These studies collectively demonstrate the potential of Bi-
MOFs as efficient photoactive materials in photoelectro-
chemical sensors, where they enhance light harvesting, charge
transport, and photocurrent response for the ultrasensitive
detection of a wide range of analytes. Importantly, the sensing
mechanisms underlying these systems are based on the
generation of photocurrent upon light irradiation, which
fundamentally differentiates photoelectrochemical sensors
from colorimetric sensors that rely on visible color changes for
analyte detection.

3.4 Photoluminescence sensors

Unlike photoelectrochemical sensors, which rely on light-
induced photocurrent responses, luminescence-based sensors
detect target analytes by measuring changes in emitted light
intensity, typically through fluorescence or phosphorescence.
Bi-MOFs have shown considerable promise in luminescence
sensing due to their structural tunability, strong coordination
with lanthanide ions, and intrinsic fluorescence or quenching
properties. When doped with luminescent rare-earth ions, such
as Eu®" or Tb*', or designed to interact with analytes that
modulate emission intensity, Bi-MOFs offer highly sensitive,
selective, and real-time optical detection of a wide range of
molecules. For example, L. Xu et al. developed a Bi-MOF func-
tionalized with Eu** and Tb** ions for the ratiometric fluores-
cence detection of dipicolinic acid (DPA), a key biomarker of
bacterial spores. In this system, DPA selectively enhanced Eu®*
emission while quenching Tb** fluorescence, enabling accurate
quantification based on the fluorescence intensity ratio. This
dual-lanthanide strategy improved signal reliability by miti-
gating the influence of environmental variability and back-
ground interference.'*

Similarly, L. Song and co-workers constructed an Eu**-doped
Bi-MOF for the selective detection of serotonin (5-HT). The
presence of 5-HT resulted in a clear fluorescence quenching
response, enabling quantitative analysis with high specificity,
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even in complex biological samples."** L. Peng et al. reported
a Bi-MOF nanozyme that mimicked peroxidase activity and
catalyzed a fluorescent reaction in the presence of hydrogen
peroxide (H,0,). The system not only allowed for sensitive H,O,
detection but also distinguished between phenylenediamine
isomers based on differential fluorescence output.**® Further, Q.
L. Guan et al designed a Bi-MOF incorporating a tetra-
phenylethylene-based ligand with strong aggregation-induced
emission (AIE) characteristics for Fe’* sensing. This system
exhibited fluorescence quenching upon Fe®" binding and
a fluorescence “turn-on” response to cysteine, enabling dual-
mode detection in environmental and biological samples.***
These examples highlight the versatility of Bi-MOFs as photo-
luminescence sensors, leveraging metal-ligand interactions
and optical tunability for effective and selective detection of
ions, biomolecules, and reactive species.

3.5 Other potential applications

Bismuth-based MOMs have, to date, been shown to have
potential in multivarious applications. For decades, Bi**-based
compounds, owing to their biocompatibility and low accumu-
lation in cells, have been exploited as drugs and as nanocarriers
for biomedical imaging and drug delivery.**-'7146-148

This is attributable to the simultaneous intrinsic insolubility
in neutral aqueous media and efficient inhibition of pathogenic
bacteria. A typical example, Bi-NU-901, has been proven to be an
efficient computed tomography (CT) contrasting agent for CT
imaging, which allows visualization of human internal organs
and more. Heavy atoms are desired for the attenuation of X-rays
because they improve the contrast. This is conventionally done
using elements such as iodine and barium. Bi-NU-901 was
proven to have a higher attenuation factor compared to the
commercially available iodixanol."* Similarly, CAU-7 has
a demonstrated propensity as an ideal platform for drug
delivery with higher therapeutic efficiency compared to the free
drug approach.'” This MOF has been used to deliver two cancer
drugs, sodium dichloroacetate and o-cyano-4-hydroxycinnamic
acid, with loading capacities of 33 and 9 wt%, respectively,
achieving a slow rate of drug release of up to 17 days and 33 days
for sodium dichloroacetate and a-cyano-4-hydroxycinnamic
acid, respectively.

Bi**-based MOCPs have also shown outstanding perfor-
mance in photocatalysis, where solar energy is converted into
renewable energy. Bi-BTC, ([Bi(BTC)(DMF)]-DMF), a 3D MOF
with a very interesting 1D helical chains along the b-axis,"**
shows a remarkable photocatalytic activity towards O, evolution
(up to 880 uL h™") under UV-Vis radiation. However, the struc-
ture collapsed due to photo-corrosion after photocatalysis. To
overcome the issue of photo-corrosion, ligands with high elec-
tron density and a rigid core must be used to improve stability
and hole-transport ability. In this regard, IEF-5 ([Bijy(-
DTTDC),,]-23DMA-4DMF-2H,0), with the DTTDC ligand, is
proven to be more efficient for photo-electrocatalytic activity
production of H, gas.*** Another photocatalyst with a promising
potential as a green photocatalyst is BiCo-MCP (BiCo(2,4-
pda);(H,0)-1.5H,0). The 2D layered bimetallic shows an
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interesting photocatalytic degradation of imidacloprid and
rhodamine B in wastewater of up to 81% and >94%, respec-
tively, within 120 minutes under acidic conditions.

Another efficient way of photodegradation is the use of Bi**-
based MOCP derivatives, owing to their high stability, excep-
tional electron-hole separation and ample active sites. Nano-
scale Bi,0,CO; nanoparticles, derived from Bi**-based MOCP,
CAU-17/melamine for the construction of Bi,0,COs/porous g-
C;3N, Z-scheme heterojunction display a superior performance
over Bi,0,CO; made by the conventional method.*** In another
example, a bromination-annealing process of Bi-BTC MOCP
creates a hierarchical BiOBr/Bi,;03,Br;, heterojunction with
rhodamine B removal of 92.4% at 60 minutes illumination,
displaying good activity, pH adaptability, and reusability.

In the photocatalytic field, two bismuth-based MOCPs, Bi-
BTC and Bi-TATB, were explored to study the effects of metal
dots on their excitonic behavior.**> Although both the BTC and
TATB ligands show strong fluorescence emissions, the corre-
sponding Bi-BTC and Bi-TATB MOFs display a strong phos-
phorescence emission, which can be ascribed to a more efficient
singlet-to-triplet intersystem crossing in Bi-BTC and Bi-TATB
MOFs. As a result, highly selective photo-oxidation of benzyl
alcohol to benzaldehyde using Bi-BTC and Bi-TATB MOFs
under UV-Vis irradiation was reported. The intersystem
crossing induces the *0, — 0, conversion and subsequently
the singlet 'O, oxidizes benzyl alcohol to benzaldehyde with
high selectivity.'>?

Derivatives of monometallic and heterometallic bismuth-
based MOMs have potential catalytic applications in organic
reactions. BizO,Cu(OH)(pdc), was thermally stable under air
and could be used as a precursor to form Bi,CuO, with high
selectivity and diastereoselectivity (>99%) for the synthesis of
(E)-2-benzylidenecyclohexanone.®

Pristine Bi-based MOMSs were also reported to be active
catalysts. The Bi-based heterometallic paddle-wheel complexes
were found to be comparable in terms of reactivity and selec-
tivity for metal carbenoid catalysis reaction, although in the
cyclopropanation reaction with styrene it was found that the Bi-
Rh heterometallic carboxylate paddle-wheel, namely BiRh(O,-
CCF;);3(0,CCHj;), was less reactive compared to the original
homometallic dirhodium-carboxylate paddle-wheel counter-
part.’ A robust Bi-Pd carboxylate paddle-wheel was synthe-
sized and used as a precursor for a carbon-supported bimetallic
catalyst in the conversion of glucose into gluconic acid with
high catalytic activity.” The first truly porous Bi-based MOF,
synthesized solvothermally using Bi(NO3;);-5H,0 and BTB (BTB
= 1,3,5-benzenetrisbenzoate) ligand in methanol, was reported
to have high catalytic activity for solvent-free hydroxymethyl-
ation of hemicellulose-derived 2-methylfuran to give 5-methyl-
furfuryl alcohol.**

Single-atom and dual-atom site catalysts (SAC and DAC) are
state-of-the-art compounds that can drastically enhance cata-
Iytic regio- and site-selectivity and activity. There is only one
paper that reported Bi SAC made from calcined Bi-MOF; the
others were made using Bi salt. Zhang et al. reported a Bi SAC
that could promote global carbon balance and mitigate climate
change. The resulting Bi-N, electrocatalyst showed an
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exceptionally high activity and selectivity for the electrocatalytic
reduction reaction of CO, with high faradaic efficiency up to
97% and high turnover frequency of 5535 h™" at a low over-
potential of 0.39 V versus the hydrogen electrode.™*

The Mo-O-Bi compound, [Cp*(0),-Mo-O-Bi(o-tolyl),],, was
decomposed in the presence of polyol hydrolyzing agent into
biphasic bismuth molybdates, Bi,M0,0, and Bi,MoOg, whose
ratio can be determined by the choice of the hydrolyzing
reagent.”* Such a bismuth molybdate mixture was proven to be
capable of sensing EtOH selectively at elevated temperatures.**®

Supercapacitors and batteries as energy storage technologies
are another potential application for Bi MOM derivatives due to
their intrinsic high porosity, large surface area, and high energy
density and specific capacitance. CAU-17 derived Bi,O; micro-
rods were explored as a negative electrode supercapacitor and
demonstrated an interesting long-term retention of 93% after
4000 cycles with 1378 C g~ at 0.5 A g™ ', outperforming all other
Bi,0;-based materials.**

A novel way to engineer Bi-Sb alloy nanoparticles for sodium
ion batteries was reported by the Deng group.**® Using MOF-836
as a precursor, they prepared Bi-Sb alloy nanoparticles (Bi;_,-
Sb,) using nanoscale laser metallurgy with a uniform particle
size, exhibiting a specific capacity of 259.8 mA h g ' at
200 mA h g~ " after 500 cycles and a capacity retention of
180.9 mAh g ' at1 A g " over 1000 cycles.

Selenylation of Bi-MOF was also reported as another novel
method to prepare bismuth selenide nanosheet/nitrogen-doped
nanocarbon (Bi,Se;@NC) for lithium-ion battery anodes with
enhanced cyclic performance.*” Bi,Se;@NC prepared at a post-
treatment temperature of 400 °C was found to have a large
specific capacity of 410.6 mA h g~ " at 100 mA h g™ " after 50
cycles, and 500 and 335.8 mA h g~ " were also achieved after 400
cycles, an indication of the excellent lithium storage feature,
which can be credited to the synergistic effects between Bi,Se;
nanosheet and N-doped nanocarbon. Similarly, using Bi-BTC
MOF as a precursor, another composite material, Bi,Te;@C,
featured uniform particle size and, interestingly, retained the
morphology of Bi-BTC MOF. It displayed a reversible specific
capacity of 236.4 mA h g~ after 100 cycles at 100 mA h g~ *.%%®
Another bismuth-based coordination compound was also used
as a precursor to form Bi-based nanomaterials. Highly crystal-
line Bi,O; nanoparticles were obtained from the decomposi-
tions of several single-source precursors, such as ((4-Hmapy)[(p-
2,3-pydc)(2,3-Hpydc)Bi(NO3)]-2H,0),, (4-mapy = 2-amino-4-m-
ethylpyridine),'* [Bi,(p-4,4"-bipy)Cl,o]-2(4,4’-Hbipy)- (4,4’
H,bipy)-2H,0,* and Bi(2,6-pydc)(H,O)F.*® Decompositions of
[Bi(2-bpmp)Br; 06Clo.04] and [Bi(4-H,bpmp)Br, »9Cly 71]-H,0 in
air yielded agglomerated BiOBr nanoparticles with 35 to 70 nm
in size. Calcination of the supramolecular nanoparticles of
[Biy(4,4’-Hbipy); 675(4,4-Hbipy)o 330 (1-1)215.678](4,4"-bipy) under
nitrogen resulted in Bil; nanowires, whereas Bi,O; nanorods
were obtained when they were decomposed under air."* These
nanoparticles were thermally unstable compared to their single-
crystal counterparts due to the large surface area of the former.
Tiekink and co-workers reported the formation of crystalline
Bi,S; nanorods, nanotapes, and nanocrystals, depending on the
nature of the Bi-thiolate ligand wused (xanthate wvs.
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dithiocarbamate), and the resulting structural motif (dimeric or
polymeric), as well as the method conducted (solvothermal vs.
CVD).*

Photoluminescence property, which may be attributed to
intra-ligand = — 7* and/or n — 7* transitions, and ligand-to-
metal-charge transfer (LMCT), was also observed in Bi-based
coordination compounds.'®*****7¢ The photoluminescence
properties of luminescing pristine compounds can also be
tuned by, in this case, doping of rare-earth elements into Bi
sites.

A heterometallic Na-Bi with bdc ligands, which exhibited
blue photoluminescence, was doped with trivalent Eu and Tb
(2 mol% each) to establish red and green ligand-sensitized
photoluminescence, respectively, indicating a successful
energy transfer.” Another successful energy transfer by rare-
earth doping was established by Cheetham et al. in the Bi-2,6-
pydc system. Further, Cheng and co-workers reported a hetero-
metallic Bi-Cd-2,6-pydc system in which the pristine
compound, originally exhibiting blue photoluminescence, was
tuned in terms of photoluminescence color by 5 mol% rare-
earth doping. Dy-doped, Eu-doped, Tb-doped, and Sm-doped
compounds led to white, red, green, and blue photo-
luminescence, respectively.®

An interesting single-component white-light-emitting phos-
phor, Bi;(u13-0),(2,5-pydc),(2,5-Hpydc)(H,0),, was reported by
us, featuring a pristine bismuth coordination polymer exhibit-
ing white composite photoluminescence without the addition
of any dopant.* Although some other mononuclear, non-
bismuth coordination compounds also exhibited white-light
emission,”*31:1%0163 the exact reasoning for this is still elusive.
Tuning the white-light emission from a single-source phosphor
to obtain the desired chromaticity coordinate (CIE) remains
a great pursuit.

Bismuth-based MOMs, which crystallized in
centrosymmetric and, more importantly, polar space groups,
gained increased attention due to their technologically impor-
tant applications, such as SHG and ferroelectricity. We reported
the first polar Bi-based coordination polymer that exhibited
SHG properties.*® Mercier and co-workers reported a genuine
ferroelectric Bi-based coordination compound with the highest
spontaneous polarization in a Bi-based coordination compound
to date.*

The development of energetic materials was reported as
another potential application of Bi-based coordination
compounds. The impact and flame-stimulus studies of [Bi(tza)],,
showed that it had potential for energetic materials and may be
used as a catalyst for solid propellants.” A thermal study
showed that Bi-containing bipy, [4,4'-Hbipy],"[Bi(4,4'-bipy)
Br,],"", was an energetic compound as it was highly exothermic
at ~350 °C, which was believed to be due to the presence of
cationic bipy.*

Applications in gas adsorption and separation have also
been reported as another potential use of bismuth-based coor-
dination compounds. [LiBi(2,6-pydc);(H,0)]-2(dma) was
observed to have appreciable H, adsorption selectivity, whereas
CO, sorption was observed in LisBi(2,6-pydc),(H,0),, regardless
of the lack of porosity of the two compounds.*®**

non-
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4. Conclusion and future outlook

Bi-based compounds’ gain popularity in the realm of materials
chemistry is two-fold: their biocompatibility and, more impor-
tantly, Bi** dual stereochemical activities that generate two
structural libraries, one based on hemidirected polyhedra and
a second based on holodirected ones. Several key conclusions
and future works can be summarized as follows:

e To this end, an accurate and precise method to synthesize
either polyhedral geometry is still elusive. However, recent
developments suggest that the presence of an organic base
modulator has the propensity to form asymmetric and irregular
Bi** polyhedral (hemidirected), especially when combined with
a hard donor ligand. Holodirected polyhedra possessing more
symmetric building blocks typically yield less dense structures,
adopting well-known topologies similar to those of reticular
chemistry-guided transition-metal-based MOFs.

e In terms of isolating the Bi-based MOF structure, one may
need to avoid using high pH in combination with a soft donor
modulator. Nevertheless, Bi MOFs synthesized from both
polyhedral geometries were reported.

e Therefore, a question arises: What governs the formation
of permanent porosity in Bi MOMs? In transition-metal-based
MOFs, as a comparison, symmetric SBUs are interconnected
without or with minimum interpenetration among the nets,
leading to the formation of extended pores, which is accom-
plished by using a supermolecular building layer (SBL)'*>** or
a supermolecular building block (SBB) approach.***¢”

e In Bi MOMs, however, an example of structural complexity
having a high connectivity node/cluster, hence robustness, while
chiefly controlling porosity, is yet to be reported. Can one, then,
adopt an SBL (or SBB) strategy to build a robust (high degree of
connectivity) Bi MOF with tunable pore size? This is another
question to be resolved in the near future to advance Bi MOFs to
levels on a par with those of transition metal-based MOFs.

o In terms of synthetic procedures, solvo- and hydro-thermal
routes are currently dominating, while simpler and greener
approaches, like dissolution-crystallization and mechano(-
chemical) synthesis, are starting to gain traction.

e A proper formula of modulating agent, solvent engi-
neering, and reaction conditions becomes a fundamental recipe
to isolate high-quality single crystal Bi MOMs.

e Macroscopic properties of Bi-based compounds are
strongly dependent on the stereochemical activity of Bi*". A
noncentrosymmetric structure, resulting from a stereo-
chemically active lone pair of electrons, typically displays
ferroelectricity, piezoelectricity, pyroelectricity, and non-linear
optical activity. The stereochemically inactive ones often
present tunable electrical conductivity.

e In terms of coordination number (CN), Bi** is susceptible
to both low and high CN, as one of the attributes of being
a borderline acid. Such privilege means that its Lewis acidity
can be fine-tuned for various catalytic processes. Reports on
precisely adjusting the Lewis acidity to address a specific cata-
Iytic process are still in the infant stage, especially for Bi MOM
with extended structures.
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¢ Single- and dual-atom site catalysts containing bismuth are
expected to further improve the regio- and site-selectivity and
activity for (electro)catalytic processes, e.g. CO, reduction.

e Bi-based MOMs and their (nano-sized) derivatives are also
applicable for multiprobe sensing technologies, offering
a versatile and sustainable platform. Overall, their high
performance arises from the unique chemical and structural
properties of bismuth as one of the lone pair-containing heavy
metals with low toxicity.

e As research continues to advance in the design and func-
tionalization of Bi-based MOMs using a combination of high
throughput and machine learning, these materials are well-
positioned to play a pivotal role in addressing urgent techno-
logical and environmental challenges. Such a combination of
high-throughput (HT) synthesis coupled with machine learning
(ML) offers a powerful and efficient technique to synthesize
MOF specifically crafted for a certain application. Unlike trial-
and-error experiments and computational insights that would
take years to design and develop a product, “HT-ML duo”
requires weeks to accomplish the same outcomes, including
reduced manufacturing cost.'*® Prof. Norbert Stock's group re-
ported a HT approach to Bi MOMs, investigating the crystalli-
zation and transformation of six new bismuth coordination
polymers. The combination of HT and in situ PXRD measure-
ments demonstrated how the solution to the complexity of the
reactions and the role of the reaction time and temperature, as
well as metal-to-linker molar ratio, could be fast-forwarded to
achieve a shorter timeline.'*

e Research on Bi MOMs is still developing compared with the
more mature field of transition-metal MOMs (MOFs). Cost,
stability, and scalability remain key barriers to their commer-
cialisation, as summarized in Table 4.
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