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Hierarchically porous titanium(v) phosphonates (HPTPs) have recently attracted significant attention as
a novel class of hybrid materials that achieve remarkable flexibility in structural porosity, chemical
strength, and multifunctionality, offering broad applicability compared to traditional hybrid materials.
Unlike carboxylate-based metal—organic frameworks (MOFs), they exhibit robust hydrolytic stability due
to their multimodal coordinating ability and strong Ti-O-P bonding. This makes them suitable
candidates for catalysis, pollutant adsorption, ion exchange, and energy storage. However, despite their
promising capabilities, the unpredictable self-assembly of Ti(lv) metal nodes, poor structural crystallinity,
and challenges in hierarchical pore size control hinder the tunability of these materials for targeted
applications. Furthermore, the relationships between porosity, stability, and catalytic efficiency
necessitate further research to improve overall performance. This review critically examines synthetic
methodologies, structural features, and emerging applications of HPTPs, highlighting strategies to
address these limitations. Despite advancements in synthetic procedures, the crystallization of HPTPs
with precise pore topology and desirable electronic characteristics remains challenging. The
combination of computational modeling and machine learning may enhance material design, stability,
and porosity. Additionally, solventless strategies alongside green fabrication and nanomaterial integration,
could further expand the potential applications of HPTPs in energy storage, photocatalysis, and
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The intricate synthesis, hierarchical structure, and multifaceted applications of titanium phosphonates underscore their pivotal role in addressing global
challenges across various scientific and industrial domains. By providing a comprehensive review, this article sheds light on the tunable properties of porous
titanium phosphonates, which have significant implications for advancing sustainable technologies in industry, innovation and infrastructure. Their appli-

cations in catalysis, energy storage, and environmental remediation offer promising avenues for reducing environmental impact, enhancing energy efficiency,
and promoting green chemistry practices as well as sustainable, inclusive economic growth. By bridging fundamental insights with practical applications, this
work inspires interdisciplinary collaboration and sets a foundation for future breakthroughs that benefit society and the environment with value-added

partnerships for goals.

1. Introduction

Hierarchical porous organic-inorganic hybrid materials have
experienced significant advancements in the last two decades,
driven by the development of tunable structures that incorpo-
rate metal nodes and suitable linkers. These materials are
tailored depending on the dimensions and functionality of
targeted complexes."” Moreover, these materials achieve versa-
tility through an impressive research platform that leverages
their unique properties, including organic functionality and
flexible inorganic scaffolds. Open framework structures target-
ing cavities within the complexes require the use of bulky
ligands with aromatic rings or alkyl chain derivatives. The key
concept of pore chemistry is to incorporate structural voids that
induce distinctive features, which help in integrating the
framework backbone of hybrid materials and facilitating mass
transfer through the interface.?

The use of polydentate ligands, tailoring metal-ligand
geometry, and incorporating guest molecules/templating
agents has proven to be a successful strategy for designing
hybrid porous solids.*®* Among these, metal complexes with
organophosphorus acids® and their derivatives as O-donors
(Scheme 1) stand out as paradigms in these hybrid network
structures due to their diverse coordination modes and poten-
tial applications in catalysis,”® sensing,”'® sorption,™'* metal
extraction™ and optoelectronics.** Unlike the widely explored
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carboxylate-based = metal-organic = frameworks  (MOFs),
phosphonate-based MOFs/clusters remain relatively underex-
plored. The rational design of phosphonate MOFs via an iso-
reticular approach has emerged as a key synthetic strategy to
broaden the scope of organophosphate materials.">** While
carboxylate- and multicarboxylate-based frameworks have been
extensively investigated, with structures ranging from zero-
dimensional clusters to three-dimensional porous frame-
works,"” phosphonate-based frameworks offer inherent struc-
tural flexibility and enhanced stability. To further diversify
hybrid materials and to unlock novel functionalities, other
phosphorus- and sulphur-based linkers such as phosphonates,
phosphinates, phosphates, and sulphonates have also been
explored. These linkers can mimic the carboxylate's coordina-
tion ability, and thereby serve as pioneering building units for
the assembly of advanced porous materials.™

Since the 18th century, traditional porous structures such as
zeolites, mesoporous silica, and activated carbons have been
well-known as porous materials. However, they often encounter
limitations in applications due to their rigid structural frame-
work and lack of atomic-level structural tunability."?*® This
rigidity hinders optimal interaction with reactants or gases,
thereby limiting practical applications in specific fields such as
catalysis or adsorption.** Later, new molecular sieve materials
were developed for the first time featuring interconnected
octahedral and tetrahedral oxide polyhedra, and showing novel
compositions with larger pores and new topologies.**** Subse-
quently, the introduction of hetero atoms into these frame-
works emerged as one of the successful strategies for the
formation of hybrid materials. Microporous titanium silicates
(TS-1, ETS; Engelhard Corporation Titanosilicate) are used as
active base catalysts in the dehydration of tertbutyl alcohol or
the dehydrogenation of alcohols.** Simultaneously, other tita-
nium hybrids like crystalline mono® and di-hydrated titanium
phosphates® were investigated with a detailed study of their
catalytic, ion exchange and proton conduction behaviour. Upon
disclosure, their crystal structures exhibited significant differ-
ences in structural arrangement, while the degree of hydration
influenced both the structure and the extent of ion exchange
properties in both compounds. With high stability towards
hydrolysis, di-hydrated titanium phosphates show greater ion
exchange capacity. Later in 1997, Bortun et al. further studied
these compounds with newly identified crystalline fibrous tita-
nium(v) oxophosphates.?” This extended work resulted in MIL-
n (MIL; Materials of Institut Lavoisier) series of compounds
synthesized in the presence of fluorine and/or amines or
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Scheme 1 Phosphorus-based acids with the maximum number of acidic protons (red) available.

surfactants. For example, Tiy(PO,),F,-(N,C,Hy,) (MIL-6,) and
Ti,(PO,4),F4 - (N,C3Hyp)-H,O (MIL-63) consist of TiO4F, octa-
hedra connected by PO, tetrahedra with the interlayer space
occupied by diammonium, bonded strongly with terminal
fluorine atoms via hydrogen bonding.?® It was observed that the
charged templates are not a good option for developing these
materials as the removal of organic groups leads to structural
collapse. So, to avoid this difficulty, Alberti and Clearfield et al.
proposed synthesis methods without using templates, and,
thus, they started using diphosphonic acid instead of phos-
phoric acids, resulting into nonporous compounds like MIL-22
and MIL-25n (n = 2,3)***(Fig. 1a-c).

As porous materials are quintessential in most scientific and
technical fields, with useful applications ranging from catal-
ysis,*® separation,® energy storage,*” and biomedical applica-
tions,* developing zeolite-type porous structures using various
organic linkers has gained attention over the past two decades.
In 2006, the first porous titanium(iv) MOF was fabricated by
Serre et al. using N,N'-piperazinebismethylenephosphonate
(O3P-CH,-NC,HgN-CH,-PO;), designated as MIL-91 (Tii"O(Hz-
L)-nH,0).** Structural analysis revealed, as shown in Fig. 1d,
a tancoite architecture featuring a framework of TiOg octahedral
units surrounded by HPO3;C moieties, forming a channel-like
structure (4 A), with a reported surface area of approximately
500 m> g '. The study demonstrated that organic linkers
enhance tunability, which in turn enables the tailoring of
organic-inorganic hybrid materials or clusters composed of
metal ions bridged by organic linkers—introducing modularity
to porous materials. Additionally, these phosphonate-based
compounds exhibited well-defined control over intriguing
structural characteristics to a greater extent and became highly
sought-after in the field of porous materials.

The growing number of zeolite-like porous structures
featuring phosphonates has received significant attention over
the past two decades. While these materials address stability
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issues, they still encounter the challenging problem of nonpo-
rous, layered, and unpredictable structures due to extensive
metal-oxygen binding through all three accessible oxygen
atoms.*® Thus, the challenge lies in synthesising phosphonate
MOFs/clusters with imbued porosity. According to HSAB theory,
phosphonate groups exhibit a strong affinity for hard metal ions
such as Ti(v), leading to thermally and chemically robust Ti(1v)
phosphonates with hierarchical porous framework structures.*
Additionally, the association of tetravalent Ti(v) with phos-
phonate results in Ti(v)-O-P bonds, providing high chemical
stability even under extreme conditions of pH = 1.*” While this
stability is beneficial for metal recovery and separation
processes, it also limits control over reaction conditions due to
inherent stability. On the other hand, phosphonates, [RPO;]*~
and their related ligands derived from phosphonic acids are
particularly significant due to the presence of the P-C bond,
which enhances stability and prevents hydrolysis, along with
the +5 oxidation state of phosphorus (Scheme 1). Furthermore,
the available P-O bonds allow oxygen to coordinate with metal
ions, increasing the specificity of the complex through its
multidentate behaviour, thereby enabling variations in the
coordination environment of titanium phosphonates (TPs).*®
-R, as an alkyl or aryl group, contributes to the orientation of
the complexes in space and their electronic behaviour largely
affects the intermolecular interactions, such as widely studied
hydrogen bonds, pi-pi interactions, etc. Apart from this, many
discrete units reported to date, such as titanium oxo clusters
(TOCs), with diverse nuclearity show the highly oxophillic
nature of the titanium metal ion.*® Generally, titanium oxo core-
based clusters are developed from a metal ion solution of
Ti(OR), in the presence of carboxylate/phosphate/phosphonate
ligands, with control over parameters like reaction time, pres-
sure, presence of water, reaction conditions like an inert
atmosphere, etc. Various types of clusters with different Ti,O,
cores are presented in Scheme 2 which shows the rich structural

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Crystalline structures based on diphosphonate linkers: (a) MIL-22,3 (b) MIL-25,,%¢ (c) MIL-255 (ref. 36) and (d) MIL-91(Ti)***” color code: Ti,
blue; O, red; C, grey; P, orange; N, dark blue. H-atoms of C-atoms were omitted for clarity. Adapted with permission from ref. 37. Copyright of
The Royal Society of Chemistry, 2017.
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Scheme 2 Schematic core structures of various titanium oxo clusters.#*
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chemistry of oxo compounds with p,, pnz, and p, bridged oxo
groups.*»** Although its preferred coordination number is 6 it
also exhibits 5- or rarely 4- and 7-coordinated structures; as
a result, more than 500 polynuclear homometallic Ti(v)
compounds have been analysed by Single Crystal XRD structure
analysis. In addition to this, in the coordination environment,
apart from neutral ligands, anionic ligands play a dual role in
these compounds, often stabilising the structure by balancing
the residual charge of the oxo core Ti,O, as y < 2x, while
simultaneously satisfying the coordination sphere of the metal
ion.*!

The high reactivity of Ti(iv) makes the formation of crystal-
line coordination polymers and MOFs particularly challenging.
However, these materials hold significant promise for photo-
catalytic and optoelectronic applications. Among various tetra-
valent phosphonates reported, titanium(iv) is an impressive
candidate due to its low cost, and redox, semiconducting,****
and photocatalytic properties.* Titanium phosphonates have
been widely reported as discrete units, clusters, 1D, 2D and 3D
coordination polymers and MOFs. This precision arises from
the ability to alter pore size, shape, and functional groups by
selecting specific metal nodes and linkers as well as modifying
the resulting frameworks post-synthetically to achieve the
desired properties. This unique feature bestows MOFs/hybrid
porous materials with several advantages, such as high
surface area, tunable porosity, and specific interaction sites,
enabling a wide range of potential applications. Hierarchical
porous titanium phosphonates (HPTPs), characterised by
multiple pore scales (micropores, mesopores, and macropores),
overcome diffusion limitations typically observed in conven-
tional microporous MOFs or single-sized porous materials by
facilitating enhanced mass transport.*® Interconnected porous
structures in hierarchical architectures enhance the practical
utility of hybrid materials, making them ideal for applications
that require rapid molecular diffusion, such as catalysis of
large-molecule reactions, gas storage, air filtration, wastewater
treatment, etc." These properties can be further modified,
incorporating new functional groups (-OH, -NH,, and -COOH)
into the organic linkers, aiding precise control over electronic
structures at the molecular level. In some cases, mixed linkers
offer additional advantages, by introducing multiple charac-
teristics into the hybrid materials, such as tunable pore size,
increased surface area, and enhanced electronic behaviour,
complemented by more accessible active sites. Moreover, these
materials influence the adsorption behaviour due to the
enhanced interactions occurring with the guest molecules
during the process. The introduction of hydrophilic/
hydrophobic groups in linkers is particularly beneficial for
solvent separation applications.”> An overview of the porous
titanium phosphonates discussed in this review is provided in
Table 1.

The limited number of reviews on hierarchical porous
materials of metal phosphonates or phosphate underscores the
need for a comprehensive compilation of titanium phospho-
nates, which are yet to be reviewed, to provide insights into this
emerging field of research. While our group has extensively
studied MOF-based photocatalytic applications*~** and has
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contributed numerous review articles on this topic, many
remarkable porous hybrid materials remain unexplored and
require a broader, more comprehensive analysis. This review
aims to explore recent advancements in titanium phosphonate
MOFs, clusters and hybrid complexes, focusing on their coor-
dination environment and hierarchical porosity. Additionally, it
emphasises synthetic strategies to overcome the unpredictable
behaviour of the Ti(iv) metal ion in forming targeted structures,
along with an analysis of structure-property relationships.

2. Rational fabrication of porous
titanium(iv) phosphonates

Various synthetic strategies have been developed to produce
porous titanium(iv) phosphonates (PTPs) based on different
precursors as linkers. Template-assisted synthesis is the most
versatile and convenient approach to generate hybrid porous
structures with significant performance in photocatalytic
hydrogen evolution. HPTPs are synthesized via a facile hydro-
thermal process using a polyelectrolyte-surfactant system, for
example, the cationic surfactant cetyltrimethylammonium
bromide (CTAB) and an anionic polymer like poly(acrylic acid)
(PAA). These components facilitate electrostatic interactions,
enabling the co-assembly of precursors into well-defined hier-
archical mesoporous structures.” Nanostructured HPTPs are
difficult to synthesise using the conventional hydrothermal
method. Instead, a stirring hydrothermal technique is
employed, in which mechanical force plays a crucial role in
structural orientation along the axial direction, facilitating
mass transfer and leading to the formation of nanowires. Tita-
nium phosphonate adsorbent materials are synthesized from
tetrabutyl titanate and various organophosphonic acids
including (1-hydroxy ethylidene-1,1-phosphonic acid (HEDP),
bis(hexamethylene triamine penta(methylene phosphonic
acid)) (BHMTPMPA), 2-hydroxyphosphonocarboxylic acid
(HPAA), 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTCA),
polyamino polyether methylene phosphonate (PAPEMP), and
diethylenetriamine  penta(methylene  phosphonic  acid)
(DTPMPA) via a hydrothermal route. After the complete hydro-
lysis of titanium alkoxide, the homogeneous mixture is trans-
ferred to an autoclave and heated at 80 °C for 24 h, yielding
HPTPs.*

Hybrid porous titania phosphonate sorption materials are
also synthesized following the above method with post
synthetic treatment using bridged diphosphonic acids (DPAs)
and Ti(OBu), in a water-ethanol mixture at 30 °C. The
successful incorporation of DPAs into the titania matrix is
observed with quantitative yield of the hybrid materials based
on the Ti/2P ratio using different types of filtration tools to
separate them.® A surfactant-assisted hydrothermal method is
used, where Brij 56 acts as a structure-directing agent along
with Alendronate Sodium Trihydrate (AST) and TiCl, to prepare
mesoporous Ti-AST. Controlled hydrolysis and condensation
conditions are maintained at a P/Ti molar ratio of 5:3 and pH
~4.0, adjusted using ammonia and hydrochloric acid, followed
by stirring for 2 h. Thereafter, the solution mixture is sealed in
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a Teflon-lined autoclave and aged at 120 °C for 48 hours under
autogenous pressure.®

In situ synthesis of titanium phosphonate/polymer compos-
ites via a nonhydrolytic solgel route is another remarkable
process that highlights the importance of solvent in the growth
and morphology of nanocomposites. Unlike the traditional
water-based hydrolytic sol-gel processes, this method employs
organic solvents to control polycondensation reactions, leading
to materials with higher hydrothermal stability and controlled
porosity. A viscous polymer medium, polypropylene (PP) or
polystyrene (PS), was used to incorporate layered metal phos-
phonate fillers, which were synthesized in a Haake® internal
mixer, achieving 10 wt% titanium phosphonate in the final
composite with titanium oxide precursor Ti(OAc),. The molten
polymer, fabricated by modulation of the aspect ratio confirms
the presence of P-O-Ti bonds.** Similarly by maintaining
a constant molar ratio of Ti and BTPA (benzene-1,3,5-
triphosphonic acid) without altering the reaction time (24 h),
several HPTP complexes (HTiP-7A, HTiP-7B, HTiP-7C and HTiP-
7D) were developed by varying the pH of the synthetic gel and
hydrothermal temperature. The synthetic gel was prepared by
the slow addition of phosphonic acid solution to the alcoholic
titanium-isopropoxide solution, followed by overnight stirring
before transferring it into an autoclave for thermal agitation at
453 K. The mixture was then centrifuged at 5000 rpm and sus-
pended in dry ethanol to obtain the desired nanoparticles. This
self-assembly process yields the product without the use of any
surfactant or templating agent.*

View Article Online
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Macroporous titanium phosphonate materials were also
synthesised via the hydrothermal method, using the inverse
opal method with a microwave-treated PS sphere as a hard
template. This technique uses colloidal crystals (often silica
spheres or polystyrene spheres) as a sacrificial template for the
production of extremely ordered macroporous structures upon
removal of the template. HEDP (1-hydroxyethylidene-1,1-
diphosphonic acid) and tetrabutyl titanate were used as
precursors to form a homogenous solution, which was statically
agitated at 60 °C, followed by extraction of spheres with a THF/
acetone(1: 1 of v/v) mixture solution for 48 h.>®

The  dendritic tetrakis-1,3,5,7-(4-phosphonatophenyl)
adamantane precursor, along with titanium(v) isopropoxide,
is used to overcome the challenges of close pillar disposition
and limited control over pore size in the organic-inorganic
hybrid HPTPs. Instead of ditopic building blocks, tetratopic
ligands with extended tetrahedral symmetry, are used via a non-
hydrolytic condensation pathway producing insoluble materials
with a Ti/P ratio of ~1. HPTPs exhibited different morphologies
depending on the solvent used in the condensation reactions,
for example, from layered compounds to hollow nanospheres.*”

Evaporation-Induced Self-Assembly (EISA) utilizes a soft
template approach, where surfactants spontaneously diffuse
towards the vapor phase and utilize solvent evaporation to
create mesoporous structures. This differs from the mild
solvent evaporation technique, in which the evaporation of
solvent is slow and controlled in order to deposit precursors,
which is known to yield denser, less porous materials compared
to EISA. In the synthesis of HPTPs, self-assembly strategies such

Ti(OiPr);X, + ArPO3H,
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Scheme 3 Synthesis of clusters (1-8), illustrating the stepwise formation and structural variations in polyhedral metal clusters Ti4P3, Ti;Pg-type
and cluster 8. Adapted with permission from ref. 51. Copyright of The Elsevier, 2018.5*
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as autoclaving followed by a slow evaporation process are often
employed. Additionally, EISA can be functionalised by CISO;H
treatment due to its strong catalytic behaviour and ion exchange
capability. In this process, HEDP and TiCl, are used in combi-
nation with the non-ionic surfactant Brij 56. After autoclaving,
white gel blocks are produced, and upon surfactant removal
during extraction, a yellowish hue with hard texture is devel-
oped. However, the shape of the monoliths remains well
preserved, retaining periodic mesoporosity.”® In some
instances, an unprecedented polydentate claw molecule,
sodium salt of ethylenediamine tetra(methylene phosphonic
acid) (EDTMPS), is also used as a coupling agent. These
organic-inorganic hybrids proved to be more tunable compared
to purely inorganic porous materials.** In a similar process
EDTMPS and TiCl, (P/Ti molar ratio: 4/3) are placed in a reactor
kept in a cryosel bath to slow down the hydrolysis process. The
pH value is maintained at 4.0 throughout the reaction using
ammonia and HCI solution, ultimately yielding HPTPs with
well-defined structures.®

A mild solvent evaporation strategy was employed using
tetrabutyl titanate and HEDP as an organophosphorus coupling
molecule to yield HPTPs. In this process, triblock copolymers
F127 and P123 acted as structure-directing agents. The reaction
mixture was stirred for 24 h and then transferred into Petri
dishes to allow ethanol evaporation under controlled relative
humidity at 40 °C in the air for 2 days. The surfactant was
subsequently removed by ethanol extraction over 96 h.** Beyond
MOFs, hybrid networks, for example, clusters (1-7) were devel-
oped by using titanium tetraisopropoxide (Ti(OiPr),) and
various aryl phosphonic acids, both in the presence and
absence of solvent. Additionally, titanium bis(acetylacetonate)
diisipropoxide [Ti(acac),(OiPr),] was used to develop cluster 8
under solvent free conditions, as depicted in Scheme 3.°" Aryl-
phosphonic acids (ArPOzH,) were prepared via the alcoholysis
of phosphonate esters, which were synthesized via the Arbuzov
reaction.®®®”

High porosity depends on both the denticity of the ligand
and its geometric pattern, which determine how it coordinates
with the metal ion in a MOF structure. For example, tri and
tetratopic ligands with rigid structures yield porous frame-
works. Similarly, a nanoporous Ti-phosphonate MOF was re-
ported using a novel tetradentate phosphonate ligand and TiCl,
as precursors, synthesized via a hydrothermal method at 180 °C
for 48 h.°

3. Structure and morphology

Owing to variable oxidation states, the unpredictable reactivity
of the Ti(iv) metal centre is often associated with the intriguing
coordination modes. However, the challenging synthesis
process results in poor control over the structure and properties
of hybrid materials, such as Ti-based oxo-clusters, coordination
polymers, and MOFs. Despite these challenges, titanium
complexes continue to fascinate the research community due to
their promising photocatalysis and optoelectronic properties.
While divalent and trivalent transition metal ions have been
studied, yielding of framework

extensively thousands
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structures, their stability, remains a significant limitation.
These frameworks are often susceptible to hydrolysis or exhibit
unprecedented porosity, with less ordered structures, limiting
their practical applications. To address these challenges, tetra-
valent frameworks have been explored. However, their high
reactivity often leads to precipitation or poorly crystallised
materials. In this context, Zr(1v) is an exception, as UiO-66 has
proven to be one of the most robust materials. It is not only
tunable but also facilitates the successful synthesis of hybrid
materials and MOFs through an isoreticular approach. Simi-
larly, titanium as a tetravalent cation, has been utilised to
produce MOFs, oxo clusters, and organic-inorganic hybrid
matrices, although with lower crystallinity.

Titanium phosphonates (TPs) exhibit diverse morphologies
such as platelets, nanowires, nanospheres, channels, layers,
monoliths, etc. (Fig. 6) each contributing uniquely to hierar-
chical porosity, which is crucial for applications in catalysis,
adsorption, energy storage, and separation. Platelet-like TPs
feature layered plate-like structures with tunable interlayer
spacing, where microporosity arises from interlayer gaps, which
contribute to a high surface area and are also responsible for
the interaction of small molecules. Other types of porosity like
mesoporosity from platelet aggregation, and macroporosity
from stacking voids are observed, largely depending on the
synthetic process followed. These properties make them well-
suited for catalysis, adsorption, and composite materials.
Nanowire TPs, characterized by their one-dimensional, high-
aspect-ratio structures, exhibit microporosity due to surface
defects, mesoporosity from interwire gaps, and macroporosity
resulting from assembly of subunits. These materials excel in
energy storage, catalysis, and adsorption applications. Nano-
sphere TPs, on the other hand, form spherical architectures that
can be solid or hollow, with their size and porosity tunable
through synthetic techniques. Their hierarchical porosity
includes microporosity resulting from ligand selection, meso-
porosity introduced by templating or etching, and macro-
porosity resulting from interparticle voids, making them
effective in drug delivery, catalysis, and energy storage. The
hierarchical porous network is built by the arrangement of
nanospheres on the bulk scale and can be tailored under
controlled conditions for various potential applications.

Channel-based TPs form interconnected porous networks in
1D, 2D, or 3D frameworks, where microporosity originates from
the intrinsic framework, mesoporosity from templating
methods, and macroporosity from hard templating techniques.
Their highly organized channels make them especially suitable
for ion exchange, catalysis, adsorption and separation
processes. Similarly, layered TPs consist of alternate inorganic
Ti-O and organic-P layers forming lamellar structures. These
TP layers are staked through non-covalent interactions like van
der Waals forces or hydrogen bonding. Interlayer distances can
be tailored using various phosphonic acid linkers and inter-
calating guest molecules. Furthermore, functionalisation in the
organic linkers affects the layer structure, porosity and func-
tionality. A self-supporting, robust, interconnected, continuous
architecture forms TP monoliths which on integration with
a well tuned pore hierarchy makes them highly effective for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Transformation of an (oxo) alkoxide crystal (a) to a crystalline anatase core (b) results in the disordering of the amorphous phase (c) upon
hydrolysis. Adapted with permission from ref. 52. Copyright of Royal Society of Chemistry, 2020.

applications in separation and ion exchange processes. Unlike
other forms of TPs, they produce a single framework which
enhances structural integrity and prevents self-aggregation, an
issue observed in other morphologies. The various morpho-
logical forms discussed in this review are elaborated categori-
cally as follows.

Cluster titanium phosphonates (TPs) form a unique subclass
of these materials, characterized by discrete Ti-O-P clusters
that function as well-defined nanoscale building blocks. These
clusters can be integrated into larger frameworks, contributing
to hierarchical porosity by creating micropores within the
clusters and meso to macropores through their arrangement
pattern in the bulk material. However, the full extent of cluster-
based porosity remains relatively unexplored, especially con-
cerning the impact of aggregation and surface modifications
influencing pore connectivity and accessibility. Gunji and co-
workers reported eight single crystal clusters featuring three
distinct core structures: TisP;, Ti;Ps and a distorted cubic
framework, all exclusively composed of Ti-O-P bonds as shown
in Scheme 3. Clusters 1 and 3 are crystallised in the triclinic P1
space group, cluster 7 adopted the trigonal P3 space group,
while the remaining clusters crystallised in a monoclinic
system.”* In Ti,P; four titanium metal centres exhibit octahe-
dral geometry, each coordinated by five terminal and three
bridging isopropoxy groups. Moreover, the presence of solvent
adducts contributes to the stability of the coordination envi-
ronment. The Ti,Ps-type cluster consists of two [Tis(ps-
0)(OiPr);(u-OiPr);](Ti;O) units, six aryl groups (4-bromobenzyl
for cluster 6 and 4-bromophenyl for cluster 7b) and a central
titanium atom aligned along the C,-symmetry axis. Notably,
cluster 7 is a cocrystal comprising two Ti,P; clusters and one
Ti;Pe type cluster. In contrast, cage-type cluster 8 is a distorted-
cubic framework formed by four titanium atoms, four phenyl
phosphonate groups and four isopropoxy groups, all chelated
by acetylacetonato groups. Each metal centre is coordinated by
one chelating acac group, one isopropoxy group and three
bridging phenyl phosphonato groups connecting to other metal
centres. This coordination environment highlights the influ-
ence of chelating groups and the steric hindrance introduced by
para-substituents, which significantly affect the core structure

© 2025 The Author(s). Published by the Royal Society of Chemistry

of the clusters, as observed in both Ti,P; and Ti,Ps type clusters.
Similarly, Kessler and co-workers reported seven oxo alkoxide
multinuclear clusters synthesized using solvothermal or reflux
condensation methods, labelled 1 to 7, showing phosphonate
ligand's bidentate and tridentate nature in coordinating metal
ions. These clusters exhibit varying nuclearities, such as tetra-
nuclear (2, 3, 4 and 6), pentanuclear (1 and 7), and hexanuclear
(5) structures. The clusters are stabilized by various oxocores
with suitable p2, u3 and p4 bridges contributed by phosphonate
and alkoxide (ethoxide/isopropoxide) groups.*> Bridging the
titanium atom with p,, 3, and p, oxo groups plays a crucial role
by terminating the coordination sites, making the core more
compact and condensed, thus enhancing the stability of the
complexes. Clusters 1, 3, 4 and 6 are crystallised in the mono-
clinic system while clusters 2, 5 and 7 adopt the triclinic crystal
system. The pentanuclear oxo core cluster 1 consists of TizO
units connected by p;-O bridges, with phosphonate ligands
coordinating to the metal centre in both tridentate and biden-
tate fashions. These examples demonstrate that incorporating
multiple oxo bridges significantly influences the structural
features of titanium-oxo complexes as they affect the nuclearity,
geometry and stability of the cluster. Notably, upon hydrolysis,
these clusters undergo a topotactic transformation, contracting
from crystalline materials to densified structures featuring
a crystalline core and an amorphous outer shell, as depicted in
Fig. 2.

The development of platelet like titanium phosphonate-
based nanocomposites via a non-hydrolytic sol-gel process
within a viscous polymer medium is influenced by both the
choice of phosphonate precursors and the polymer matrices
employed. Specifically, diethyl phosphonates serve as the
precursors, while polypropylene (PP) and polystyrene (PS) are
utilised as the polymer matrices.®® The resulting nano-
composites exhibit distinct morphologies: in PP, fillers display
amorphous platelet-like structures (less organised), whereas in
PS, a layered (more organised) configuration is observed. The
variation is attributed to the molecular mobility provided by the
linker in DEBP/DEPP, which is associated with the PS matrix
and facilitates m—-m stacking interactions between aromatic
groups. Such interactions promote better compatibility and
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integration between the filler and polymer matrix, leading to
more organised layered structures. In contrast, the PP matrix
lacks such interactions, resulting in less organised structures.
Layered titanium phosphonates in the PS matrix result in an
interlayer spacing of about 13.2 A, leading to improved filler
dispersion and reduced aggregate formation. The presence of
P-O-Ti bonds within the MOF is effectively confirmed by FTIR
and 31P NMR spectroscopy. When DEBP is used as a phospho-
nate precursor, the resulting PS-Ti-DEBP fillers are smaller
(500 nm in length and 85 nm in width) and exhibit uniform
dispersion. In contrast, when DEPP is employed, larger PS-Ti-
DEPP fillers are formed. The introduction of a flexible methy-
lene (CH,) group in the diethyl benzylphosphonate (DEBP)
linker enhances molecular mobility within the polystyrene (PS)
matrix. This increased flexibility facilitates more effective -
stacking interactions among aromatic groups, leading to the
formation of smaller, well-dispersed fillers. In contrast, the
absence of the CH, group in diethyl phenylphosphonate (DEPP)
results in reduced molecular mobility, contributing to the
formation of larger aggregates within the PS matrix. This
structural design prioritizes thermal stability and solubility over
porosity.

The extensively condensed HM-TiPPh MOF, characterised by
hierarchical porosity, and amorphous nature, demonstrates
high efficiency in photocatalytic hydrogen evolution. Meso-
morphous liquid-crystalline phases, composed of building
units, formed by Ti(iv) metal centres and 1-hydroxyethylidene-
1,1-diphosphonic acid (HEDP), are coassembled through an
ionic self-assembly mechanism. These formations are further
stabilised by interactions with the surfactant cetyl-
trimethylammonium bromide (CTAB) and an oppositely
charged polyelectrolyte, poly(acrylic acid) (PAA).** Fig. 3(a-d)
show nanospheres with interstitial pores (left) alongside
a schematic illustration of the assembly process (right), which
follows the dual template method to achieve hierarchical
porosity. The compositional homogeneity enhances light
absorption, facilitates charge separation, and increases active
site accessibility while also reducing material wastage and
mitigating the recombination of photogenerated electrons and
holes through the strategic distribution of electron traps.

Fig. 3
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HTiP-7, another titanium phosphonate nanosphere, crys-
tallises in the triclinic system, where titanium ions are inter-
connected with phosphonate ligands. The formation of P(O-
Ti); units occurs as each phosphonate group from the BTPA
ligand coordinates with three titanium atoms.>® As a result,
a porous network emerges, integrating both micropores and
mesopores with pore sizes centred around 1.4 nm, 3.0 nm, and
4.8 Self-assembled nanoparticles with spherical
morphology are facilitated by m-m stacking interactions
between the aromatic rings of the BTPA ligands. The presence
of mesopores, ranging from approximately 3.0 to 5.0 nm,
subsequently helps in the adsorption of guest molecules. Mac-
roporous titanium phosphonate materials (TOP), as reported by
Yuan and co-workers, feature a three-dimensional ordered
network synthesized using 1-hydroxyethylidene-1,1-
diphosphonic acid (HEDP) as the phosphonate precursor.*®
After the removal of the PS spheres (template) a void network is
created, which is subsequently filled with titanium phospho-
nate gel, leading to a highly ordered macroporous structure
with pore sizes around 400 nm. The titanium phosphonate
framework adopts a reverse opal pattern, where the voids left by
the original template spheres remain interconnected, forming
large cages with internal spaces that enhance light distribution
and facilitate mass transfer throughout the material (Fig. 4).
Efficient filling of the voids with titanium phosphonate gel was
achieved due to the thin pore walls (~10-20 nm). In TOPS (a B-
cyclodextrin; B-CD derivative), the pore walls considerably
thicken to around 200-400 nm, leading to a less ordered
structure, with an increase in adsorption sites for metal ion
uptake.

HEDP enhances the mechanical strength and ductility
compared to purely inorganic phosphonate precursors, which
are more commonly used and exhibit distinct structures as re-
ported in the literature.®®*”® The well-ordered mesoporous
framework, monolith PMTP-2, is an inorganic-organic hybrid
with hexagonal symmetry, composed of a titanium phospho-
nate framework that incorporates HEDP. It has a pore size of
approximately 2.4 nm, with a pore wall thickness of around
1.8 nm. This mesoporous structure, characterised by its unique
composition,  structural features, and potential for

nm.

AAVO CTAY

O CTA* micelle

(a) SEM image of high yield spheres of HM-TiPPh. (b) Higher resolution of nanospheres showing a rough surface. (c) TEM image showing

contrasting interstitial pores. (d) Secondary mesopores with larger size. The dual template method used in the formation of hierarchically porous
titanium phosphonates (right). Adapted with permission from ref. 53. Copyright of Wiley, 2018.
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Fig. 4

(@ and b) SEM and (c) TEM images of TOP; (d and e) SEM and (f) TEM images of TOP (left). Scheme of formation of TOP (right). Adapted

with permission from ref. 56. Copyright of American Chemical Society, 2008.

functionalization, presents promising applications in ion
exchange, catalysis, and as an electrolyte in fuel cells.”® Yuan
et al. developed another HPTP, a titanium organophosphonate
hybrid framework, utilising structure-directing agents F127 and
P123, along with a titanium precursor and HEDP, which acts as
an organophosphorus coupling agent molecule.®* The triblock
copolymers function as templating agents and aid in the self-
assembly process to form a one dimensional macro channel
structure. The macroporous framework (800-1200 nm in
diameter) integrates a mesophase (2-3 nm in diameter), facili-
tating gas and liquid transport, while enabling metal ion
binding through coordination. This structural hierarchy
enhances adsorption efficiency, contributing to improved
porosity and functionality. A single broad diffraction peak in the
low-angle region confirms the aggregation of titanium

phosphonate nanoparticles, which fill the mesovoids along the
macroporous channel wall. This structural arrangement plays
a crucial role in forming an interconnected network that
improves adsorption by increasing the surface area and acces-
sibility for on-site reactions in HPTPs.

Dendritic tetraphosphonates, such as tetrakis-1,3,5,7-(4-
phosphonate phenyl)adamantane (TPPhA), serve as tetrahe-
dral organic building blocks that significantly impact structural
organisation of the hybrid organic-inorganic framework.”” The
phosphonate groups (P-O) from the TPPhA units coordinate to
titanium atoms in a bidentate manner, as confirmed by FT-IR
and NMR spectroscopy, which indicate bonding between
phosphonate oxygen atoms and titanium, while excluding
interactions between the P=0 group and titanium. This coor-
dination follows a characteristic P(O)O,Ti,O,(O)P pattern,

Fig. 5 pi—pi interaction between the targeted TNP and aromatic moieties of the H8L-Ti MOF as shown by the yellow circle. Adapted with

permission from ref. 9. Copyright of American Chemical Society, 2021.
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preventing close packing and promoting the hierarchical
porous structure with both microporosity (13.5 A) and meso-
porosity (38 A). The material primarily exhibits two primary
morphologies: (i) a plate-like layered structure, where the plate
exhibits a lamellar arrangement, and (ii) folded films, appearing
as thin film-like structures that occasionally curl or roll at the
edges. Additionally, by varying synthetic routes, hollow nano-
spheres (180-300 nm in diameter) composed of a titanium
oxide-phosphonate mixture have been synthesized, high-
lighting the influence of solvent selection on the assembly
process. This porous material possesses both amorphous and
partially ordered (paracrystalline) characteristics, as indicated
by broad peaks in X-ray diffraction patterns, signifying a disor-
dered framework with localised periodicity in certain regions.

A novel nanoporous Ti-phosphonate MOF (H8L-Ti-MOF) has
been synthesized using another tetradentate phosphonate
ligand, 1,1,2,2-tetraphenylethylene (TPE)-phosphonate ester
(HgL). The tetratopic arms coordinate with titanium ions,
leading to a monoclinic crystalline phase with high chemical
and thermal stability and adopting a nanosphere morphology.®
This three-dimensional crystalline structure exhibits hierar-
chical porosity, comprising micropores with a pore size of
approximately 1.2 nm and mesopores with a pore size of about
8.81 nm, facilitating the accommodation of guest molecules,
making the MOF suitable for sensing applications. Further-
more, the extensive m-conjugation in the ligand structure
improves ion transport, thereby enhancing the material's
performance as a supercapacitor by boosting conductivity and
charge storage capabilities, as illustrated in Fig. 5.

The mesoporous titanium phosphonate material (PMTP-1) is
synthesized using ethylenediamine tetra(methylene phos-
phonic acid) (EDTMP) ligands, which coordinate with titanium
(Ti) centers to form a stable 1D channel framework.”® The
phosphonate groups serve as coupling molecules, providing
both structural integrity and substantial functionality to the
framework. EDTMPS can be protonated or alkylated by adding
HCL or NaOH, respectively. Additionally, the organic bridge
containing the ethylene diamine moiety plays a crucial role in
influencing the physicochemical properties of the material. The
presence of a hexagonal (p6mm) mesophase is confirmed by X-
ray diffraction (XRD), which shows a primary peak corre-
sponding to the (100) reflection, indicating well-defined meso-
porosity. The average pore size is approximately 2.8 nm, with
a pore wall thickness of 1.8 nm, enabling effective transport and
interaction of guest molecules.

PMTP-1 exhibits a robust nature, as it is thermally stable up
to 450 °C, and upon calcination above 550 °C, it converts into an
amorphous titanium phosphate network, while partially
preserving its mesoporosity. The material exhibits a one-
dimensional (1-D) channel structure and its morphological
versatility allows for the fabrication of various forms, such as
monoliths, cubes, and powders, making it suitable for diverse
applications. EDTMP also serves as a phosphonate precursor in
mesoporous inorganic-organic hybrids (MTPs), which have
been integrated as a support for CuO nanoparticles.®* In addi-
tion to mesopores, irregular macrovoids (large voids or cavities)
are dispersed throughout the microspheres, which are formed
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by the accumulation of titanium phosphonate nanoparticles.
This structural arrangement forms hexagonal channels which
enhance the surface area and promote diffusion, facilitating
efficient mass transfer of reactants and products in catalytic
reactions. The spherical morphology and uniform pore distri-
bution with an average size of 2.2 nm, provide a large surface
area-to-volume ratio, ensuring effective dispersion in catalytic
systems. The titanium oxide framework, stabilised by P-O
bonds, plays a crucial role in coordinating metal ions such as
copper. Following calcination, the mesophase remains intact,
allowing the incorporation of well-dispersed CuO nanoparticles
(CuO-MTPs), further enhancing catalytic efficiency. Moreover,
the material's excellent thermal stability is essential for high-

Table 2 Listing of Phosphonate precursors
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temperature catalytic applications, as it ensures structural
integrity under extreme conditions. The high surface area and
stability of this HPTP make it an effective support for catalytic
processes, particularly by promoting the dispersion and stabi-
lisation of CuO nanoparticles.

Titanium phosphonate adsorbent materials featuring
a hierarchical porous structure have been reported, exhibiting
macropores ranging from 100 to 2000 nm. These macropores
create a macrochannel framework that facilitates the movement
of gas molecules, enhancing mass transport and improving the
accessibility of adsorption sites.®® Various phophonate linkers
as listed in Table 2 have been utilised to synthesize adsorbent
materials, including Ti-HE, Ti-BH, Ti-HP, Ti-PA, Ti-DT and
Ti-PB. The P-O-Ti bonding enhances the stability of the
adsorbent material and its capacity to interact with ammonia
through acid-base reactions. This hierarchical design, inte-
grating large macropores for effective gas diffusion with meso-
pores for increased surface area, significantly enhances the
material's ammonia adsorption efficiency. Transmission elec-
tron microscopy (TEM) images (A-D) confirm the presence of
microchannels with walls composed of nanoparticles. The
enhanced surface area is attributed to macropores interspersed
with a wormhole-like mesophase (2 to 8 nm in size), which
further optimizes the adsorption process. Notably, in Ti-HP, the
macroporous network walls are composed of mesophase
structures formed by aggregated nanoplates, which are
approximately 25 nm in size.

Alshareef et al. reported the synthesis of one-dimensional
titanium phosphonate nanowires (TiPNWs), where the unique
morphology facilitates charge carrier transport, playing
a pivotal role in photocatalysis.”® These nanowires,
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approximately 80 nm in diameter, exhibit an amorphous nature
with smooth surfaces. The homogeneous incorporation of eti-
dronic acid (EA) into the Ti-O cluster influences the structural
integrity, contributing to the material's robustness and elec-
tronic properties. Phosphonate groups derived from the orga-
nophosphonic acid form strong bonds with the titanium-oxo
clusters, imparting superior stability, compared to MOFs uti-
lising carboxylate linkers. Most intriguing aspect reported in
this study is the bandgap engineering, attributed to electron-
donating hydroxyl groups (-OH), which enable narrowing the
bandgap more effectively than -Br in TiPNW-Br.

Hybrid porous titania phosphonate materials incorporating
various functional groups (octyl, propyl, and phenyl) are
synthesized using titania scaffolds that serve as the inorganic
backbone of the hybrid network.®® The titania framework is
functionalized with diphosphonic acids modified with organic
groups such as octyl (C8), propyl (C3) and phenyl (Ph), which are
bonded strongly to TiO, via Ti-O-P linkages. These organic
linkers are responsible for both the chemical stability and the
surface functionalization of the material. For instance, a long
alkyl chain introduces hydrophobicity and leads to the forma-
tion of layered structures with large pores whereas a shorter
alkyl chain is responsible for flexible structures with controlled
porosity. The layered morphology is further influenced by van
der Waals interactions between extended organic chains, while
the rigidity and potential -7 stacking interactions induced by
aromatic groups impact molecular packing and porosity. The
hybrid materials form nanosized particles with porous archi-
tectures, and it is observed that the porosity depends on both
the type and concentration of the phosphonate precursor. 31P
NMR analysis confirms multiple binding modes (mono-, bi-,
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and tridentate) for the phosphonate groups, significantly
influencing the structural integrity and functional properties of
the framework materials. These materials exhibit mesoporous
architectures, with tunable pore sizes ranging from micropo-
rous to mesoporous depending on the functional groups and
synthesis conditions employed. Furthermore, the study reveals
that the crystallinity of the sample depends on higher ratios of
Ti to phosphonate (Ti/2P). The incorporation of organic
components increases the crystallinity, promoting the forma-
tion of a prominent anatase phase, with rutile and brookite
phases also observed; this affects the porous nature, surface
area, and catalytic efficiency. However, at lower Ti/2P ratios, the
titania phase remains predominantly amorphous due to the
extensive surface coverage by diphosphonic acids, which
impedes crystalline phase formation. This effect is more
pronounced with alkyl-based diphosphonic acid compared to
phenyl phosphonic acid. The structural features underscore
their morphological versatility (Fig. 6) and highlight their
potential applications in separation technologies, catalysis,
adsorption studies, etc.

4. Role of ligand selection in
achieving well-defined structure and
pore chemistry

The rational design of porous framework structures emphasizes
the careful selection of metal nodes and organic precursors, as
these components are fundamentally linked to the structural
features and functionality of hybrid materials. The key chal-
lenge lies in identifying the optimal combination to achieve the
desired intrinsic properties in functionalized target molecules,
with precise control over position and orientation.” Another
critical aspect of ligand selection is its influence on the coor-
dination geometry within the first coordination sphere, which
directly controls activity regulation, while the second coordi-
nation sphere facilitates non covalent bonding and structure
stability. Phosphonate precursors (Table 2) acting as potential
O-donors successfully generate organic/inorganic building
blocks with diverse topologies, including MOFs, clusters, coor-
dination polymers, etc. The nature of the phosphonate func-
tional groups further modulates the material's properties: alkyl
groups/chains increase the flexibility within the hybrid frame-
work, whereas aromatic ring-substituted phosphonic acids
impart rigidity due to their delocalised pi electrons, reinforcing
structural stability.

Organophosphonic linkers (Table 2) play a crucial role in the
band gap, due to the strong donating ability of -OH function-
ality. The incorporation of multifunctional groups within these
linker such as di, tri or tetra phosphonic acids enhances the
material's performance. Additionally, heterofunctional moie-
ties are sometimes introduced to achieve hierarchical structural
advantages. In ligands such as HPAA and PBTCA, the phos-
phonate and carboxylate groups may not coordinate simulta-
neously, leaving unsaturated coordination sites available as
active centers for pollutant or heavy metal ion capture. Simi-
larly, polydentate claw-type molecules, including EDTMPS,
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DTPMPA, BHMTPMPA, and PAPEMP, contain alkyl-bridged
nitrogen donors, which enhance coordination and interaction,
ultimately improving catalytic and adsorption efficiency in cost-
effective multifunctional materials. The strong P-O-Ti bonding
in various PTPs highlights the robust coordination ability of
these linkers, often forming doubly or triply bridged binding
modes observed in cage or cluster-type compounds. In HTiP-7,
the BTPA ligand, featuring three -P(O)(OH), groups, is designed
to form -P(O-Ti); units in the absence of Ti-O-Ti bonds,
demonstrating the ligand's high affinity for titanium coordi-
nation. In polymer/titanium phosphonate (TP) nano-
composites, alkyl phosphonates such as DEOP act as fillers,
while aryl phosphonates combined with a PS matrix generate
layered fillers. In addition to this, in DEBP, the presence of -CH,
enhances molecular mobility, reducing aggregation and leading
to a well-defined structure. TiO,-C8, utilizing alkyl-bridged
diphosphonic acid (DPA), exhibits a flexible framework that
enhances porosity and promotes the formation of layered
structures—an effect not observed in propyl-bridged DPA. The
reason may be the absence of van der Waals interaction in short
propyl moieties associated with PrDPA, whereas PhDPA induces
rigid, low-porosity structures.

Bulky polydentate ligands such as TPE and TPPhA, despite
their inherent rigidity, contribute to intriguing porous archi-
tectures. Their organically pillared layered structures reduce
close packing due to cross-linking effects, leading to the
formation of macro-/mesoporous channel walls interspersed
with micropores. This hierarchical arrangement, developed
with diverse surface functionalities, further enhances the
material's applicability in adsorption and catalysis.

5. Potential applications of PTPs

Due to their hierarchical porosity ranging from microporous to
macroporous phases, porous titanium phosphonates (PTPs)
have demonstrated remarkable potential for a variety of appli-
cations. Although receiving less attention compared to other
hybrid materials, their applicability and performance relative to
traditional hybrids possessing uniform porosity are astounding.
This section reports the novel applications of hierarchical
porous titanium phosphonates (HPTPs) in energy storage,
catalysis, ion exchange, sensing, adsorption, and others relying
on the structural hierarchy.

5.1 PTP/HPTPs as catalysts

Hierarchical titanium phosphonates are of considerable
interest as catalysts due to their unique porosity, which facili-
tates efficient mass transfer and diffusion of reactants and
products. Further optimization of the porous architecture
enhances the functional efficiency by selectively tailoring the
catalytic environment, increasing the number of active sites,
and improving the accessibility of the catalytic centres for
practical applications. Photocatalytic hydrogen evolution using
hybrid porous materials, such as clusters or Metal-Organic
Frameworks (MOFs) as catalysts, is a burgeoning arena in
sustainable energy research, offering viable alternatives to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minimise resource consumption and promote green reac-
tions.””* Photocatalysts absorb light with energy equal to or
greater than their bandgap energy, causing electron excitation
with electron-hole pair formation followed by charge migration
and inhibition of recombination to retain catalytic activity. In
processes, such as the hydrogen evolution reaction (HER) from
water, under light irradiation, the goal is to produce hydrogen,
a clean and renewable energy source, by harnessing solar
energy. The enhanced catalytic efficiency enabled by the hier-
archical porosity of the HPTPs plays a crucial role in this reac-
tion, as their well-defined porosity facilitates optimal light
absorption, charge separation, and mass transport, ultimately
improving hydrogen production efficiency.

Li et al. reported titanium phosphonate-based MOFs for
enhancing the photocatalytic hydrogen evolution reaction
(HER).*® Hierarchically mesoporous titanium phosphonates
(HM-TiPPh) and mesoporous titanium phosphonate materials
(M-TiPPh) were synthesized for comparative studies, high-
lighting the critical role of the anionic polymer poly(acrylic acid)
(PAA) in forming hierarchical porosity. They found that the
materials favoured mass transfer and exhibited strong optical
absorption during the photocatalytic water splitting for
hydrogen production. Under visible light irradiation (A >
400 nm, Fig. 7a), a remarkable H, production rate of 945 pmol
h™"' g™ is achieved on HM-TiPPh, surpassing that of TiO, (249
pumol h™' g™"). In contrast, M-TiPPh exhibits a lower mass-
specific activity (698 umol h™' g~') than HM-TiPPh, under-
scoring the significant role of large secondary nanopores in
enhancing the performance. The HM-TiPPh materials exhibited
remarkable visible-light-driven hydrogen evolution activity and
were even found to be superior to most of the TiO,-based
photocatalysts™ and other catalytic systems.”>”®

On subsequent exposure to full-spectrum simulator illumi-
nation (Fig. 7b), HM-TiPPh exhibits a remarkable hydrogen
production rate of 1873 umol h™' g™', 1.58 and 3.21 times
greater than that of MTiPPh (1185 umol h™' g~ ') and TiO, (584
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umol h™' g™1), respectively, aligning with the pattern observed
under visible light irradiation. HM-TiPPh exhibited excellent
long-term stability, maintaining its activity after four consecu-
tive cycles under prolonged light exposure for 16 h. These
findings highlight material's superior hydrogen evolution
performance under both visible light and simulated full spec-
trum illumination, as shown in Fig. 7.

Macroporous titanium phosphonate (TOP) materials, with
a pore size around 400 nm, exhibiting remarkable photo-
catalytic activity and heavy metal ion adsorption characteristics
are reported.”® Three-dimensionally ordered macroporous tita-
nium phosphonate materials developed by an inverse opal
method using the HEDP precursor, TOP and B-cyclodextrin (B-
CD) added derivative (TOP), containing hydroxyethylidene
groups inside the frameworks are the focus of the comparative
study. The inorganic-organic hybrid materials exhibit signifi-
cant photocatalytic activity, as demonstrated by the photode-
composition of Rhodamine B (RhB).

Fig. 8 illustrates that while TOP exhibits slightly lower effi-
ciency than the commercial P-25, TOP3 demonstrates superior
catalytic activity, despite having a higher band gap of TOPj
(3.19 eV) compared to P-25 (3.10 eV). This discrepancy is likely
attributed to the pore-wall structure of the synthesized photo-
catalysts. The macroporous titanium phosphonate material is
comparable in size to the wavelength of light, facilitating
enhanced photon energy supply to the inner surface. The 3D-
ordered macropores with internal windows serve as light-
transfer pathways, enabling deeper light penetration into the
photocatalyst.” Furthermore, doping phosphorus into the
framework of the synthesized materials enhances photo-
catalytic efficiency.”””” Due to the extended band gap energy of
phosphonate based materials, mesoporous TiO, exhibits higher
photocatalytic activity than P-25.

Similarly, EDTMPS, a polydentate claw molecule, forms
a hexagonal structure PMTP-1 with well-ordered periodic mes-
opores with an average pore size of 2.8 nm, and a surface area of
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(a) Typical time course of hydrogen evolution catalyzed by the synthesized photocatalysts under visible light irradiation and (b) under

simulated sunlight. Adapted with permission from ref. 53. Copyright of Wiley, 2018.
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(a) Photocatalytic activities of the samples for RhB degradation under UV-light irradiation; (b) Plots of In(Co/C) vs. the irradiation time,

showing the fitting results using the pseudo-first-order reaction. Adapted with permission from ref. 56. Copyright of American Chemical Society,

2008.

1066 m> g~ '.* The material exhibits enhanced photocatalytic
activity, particularly in the degradation of organic compounds
such as RhB, outperforming commercial photocatalysts like P-
25. A degradation rate of 68.4% results from high absorption
phenomena and a well-structured mesophase with a high
surface area, providing more active sites for photoabsorption
and mass transfer. CuO nanoparticles, dispersed on hybrid or
inorganic supports, exhibit high oxidation activity, as shown in
Fig. 9. CuO-MTPs demonstrate stability in low-temperature
oxidation reactions compared to other phosphonate hybrids,
whereas CuO-iTP shows a 4% decrease in the conversion rate
during the first 2 h, followed by stability; this may be due to the
reaction between the reactant and the catalyst.

The robust 1D nanowire morphology of titanium phospho-
nate photocatalysts facilitates charge carrier separation and
transport while reducing the band gap. This structural advan-
tage enables the development of advanced, rationally func-
tionalized catalysts with superior structural compatibility and
enhanced catalytic efficiency. As shown in Fig. 10c functional-
isation of the phosphonate precursor by replacing -OH with

a weak electron donor, such as -Br, results in reduced photo-
catalytic hydrogen production in TiPNW-Br compared to
TiPNW, highlighting the crucial role of the -OH functionality.®
Moreover, the Ti-O-P bonding acts as a vital connection
between phosphonic bridging groups and the titanium oxo
core, contributing to the material's stability, outperforming
TiO,. The study demonstrates the possibility of bandgap tuning
in TiPNW materials, where structural modification followed by
ligand functionalisation plays a crucial role in optimizing
electronic properties (Fig. 10b). The presence of an electron-
donating group (-OH) in the linker raises the Valence Band
Maximum (VBM), effectively lowering the band gap relative to
TiO,. In contrast, an electron electron-withdrawing group (-Br)
lowers the VBM with an increase in the bandgap, which is
confirmed by DFT calculations. The optimized VBM-CBM
alignment in TiPNWs facilitates charge separation, reducing
recombination losses. The lower bandgap enhances visible light
absorption, ultimately increasing the photocatalytic conversion
efficiency. TiPNWs exhibit superior photocatalytic activity
compared to TiPNPs as evidenced by their higher hydrogen
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Fig. 9 UV-vis diffuse reflectance spectra of PMTP-1 and commercial P-25 (left), and photocatalytic activities of PMTP-1 and P-25 for RhB
degradation under analogous solar light irradiation (2nd left). Catalytic activity for CO oxidation (right). Adapted with permission from ref. 59.

Copyright of Royal Society of Chemistry, 2010.
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(a) Typical time course of hydrogen evolution catalyzed by the synthesized photocatalysts in comparison with TiO, under visible light

irradiation. (b) Pictorial representation of the electronic band structure of TiO,, TiPNWs and TiPNW-Br. (c) Schematic view of the formation of
TiPNW-Br. (d) Proposed mechanism for H, production. Adapted with permission from ref. 63. Copyright of Wiley, 2020.

production rate of 1260 umol h™" g™, significantly surpassing
TiPNPs' 501 umol h™" g~

Although both possess similar coordination environments
and TiPNPs possess a higher surface area, the 1D nano wire
morphology plays a pivotal role in the enhanced performance. A
full spectrum simulator demonstrates a high hydrogen evolu-
tion rate which is 2346 pmol h™" ¢~ for TiPNWs and 955 pmol
h™" g~ for TiPNPs. Hence this finding confirms that the surface
area alone is not responsible for good catalytic activity as
TiPNPs with a large surface area feature a lower hydrogen
evolution rate in comparison to TiPNWs, underscoring the
critical role of the nanostructure and morphology of the
synthesized catalyst (Fig. 10a). Besides this the cocatalyst plat-
inum (Pt) ensures efficient electron extraction at the conduction
band of the Ti-oxo cluster by capturing and spatially separating
the photoinduced electrons (Fig. 10d). This prevents rapid
recombination with holes at organic ligands, thereby dramati-
cally enhancing charge carrier dynamics and overall photo-
catalytic efficiency.

Furthermore, stability studies reveal that TIPNWs maintain
their photocatalytic activity over five consecutive cycles of 3 h
operation without degradation or deactivation. Additionally, the
catalyst also retains its morphology after two months of storage,
demonstrating robustness and long term stability of the material.

T. Ma and S. Z. Qiao explored the role of periodic meso-
porous metal phosphonates (PMMPs), comprising titanium
phosphonates, as highly effective acid-base bifunctional cata-
lysts.** These materials stand out due to their well-organized

© 2025 The Author(s). Published by the Royal Society of Chemistry

mesoporous structures, high surface areas, enhanced mass
transfer and adjustable acid-base properties, making them
valuable for heterogeneous catalysis. Mesoporous titanium
phosphonates, Ti-AST, act as bifunctional catalysts, possessing
both Lewis acid (P-OH) and Brgnsted base (-NH,) sites within
their framework, which activate aziridine and CO,, respectively,
catalysing the cycloaddition reaction, as shown in Fig. 11. This
dual functionality enables Ti-AST to facilitate acid-base coop-
erative reactions by forming reactive carbamate species. The
cycloaddition process follows a highly regioselective path (98:
2) due to the stability of the intermediate, resulting in selective
oxazolidinone formation. Ti-AST exhibits outstanding catalytic
performance, achieving a high conversion rate (>99%) and an
impressive yield of 98%, surpassing most heterogeneous cata-
lysts. Additionally, this reaction is both environment friendly
and sustainable as it does not require halogens, organic
solvents, or cocatalysts. Furthermore, Ti-AST is easily separable
and reusable without any loss of activity, making it an efficient
and practical catalyst for repeated use.

Overall, hierarchical porous titanium phosphonates (HPTPs)
are very promising as highly effective catalysts, mainly due to their
well-defined hierarchical porosity, high surface area, and struc-
tural tunability. These features synergistically enhance reactant
diffusion, light harvesting, and catalytic site accessibility, leading
to excellent catalytic efficiency and long-term stability. These
advantages make HPTPs highly promising for practical applica-
tions in photocatalysis and other sustainable catalytic processes,
surpassingthe limitations of conventional photocatalysts.
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Fig. 11 Proposed reaction mechanism initiated on the bifunctional Ti-AST catalyst for the cycloaddition reaction between CO, and aziridine.
Adapted with permission from ref. 64. Copyright of American Chemical Society, 2021.

5.2. Environmental remediation; pollutant adsorption/
separation

Adsorption phenomena in porous solids play a crucial role in
environmental remediation, particularly in applications such as
CO, capture from industrial emissions, organic pollutant
removal, heavy metal ion adsorption, etc. Phosphonate hybrid
materials (PTPs) have emerged as effective adsorbents due to
their unique structural attributes, combining organic and
inorganic moieties to achieve high adsorption capacities,
chemical stability, and selectivity for various pollutants,
including heavy metal ions, etc. With increasing industrializa-
tion and urbanization, the release of heavy metal ions into the
environment has become a major concern. When their
concentrations exceed permissible limits set by the World
Health Organization (WHO), they pose significant risks to
ecological systems.**® To address this, functional groups such
as thiols, thiourea, and amines have been employed as metal
ion binding motifs for the efficient removal of toxic heavy

2490 | RSC Sustainability, 2025, 3, 2472-2500

metals like Hg(u), Cu(u), and Cd(u). However, the potential of
porous metal-organophosphate materials for heavy metal
adsorption remains underexplored.®* Porous structures are
often considered as excellent adsorbents due to the availability
of internal adsorption sites. In this process, the synthesis of
crystalline nanoporous structures remains challenging as rapid
aggregation often limits the development of permanent
porosity, making it difficult to achieve stable and reusable
materials.

PMTP-1, a periodic mesoporous titanium phosphonate,
proved to be an efficient adsorbent exhibiting Langmuir-type
behaviour, with selective affinity towards Cu®" ions over Pb**
and Cd*".** Previously, mesoporous hydroxyethylidene-bridged
metal phosphonate materials were investigated for their
adsorption properties, but they exhibited relatively low surface
areas (<511 m* g~ ").°* In contrast, PMTP-1 offers significantly
improved performance featuring a high surface area of 1066 m>
g . A key factor contributing to this enhanced adsorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 UV-vis diffuse-reflectance spectra of the PMTP-1 adsorbent before and after Cu®* ion loading (Cu-PMTP-1) (left). Effect of ion strength
on metal ion adsorption behaviour (middle). Reusability of the PMTP-1 adsorbent for Cu®* ions (0.2 x 10~* mol L™) (right). Adapted with

permission from ref. 59. Copyright of Royal Society of Chemistry, 2010.

capability is the presence of ethylene diamine bridging groups
from EDTMPS, which exhibit a strong affinity for Cu®" ions.
Additionally, the high distribution coefficient parameter (Kd)
for Cu®" further supports the preferential adsorption of Cu(u),
making PMTP-1 a highly effective and selective material for
heavy metal ion removal.®**

The material remains reusable upto four cycles (96.4%
uptake efficiency) even under strong acidic conditions (1 M HCI)
sustaining multiple sorption cycles as depicted in Fig. 12 (right).
The presence of external electrolytes, such as NaCl for Cu** and
KNO; for Pb>" increases ionic strength, but results in only
a minimal decrease in adsorption efficiency up to 1 mM
strength;thereafter the adsorption efficiency shows static
behaviour even at high electrolyte concentrations (Fig. 12,
middle). Another mesoporous titanium phosphonate (MTP)
integrated with the EDTMPS ligand possessing a surface area of
606 m*> ¢! and containing macrovoids within microspheres,
has been reported to exhibit monolayer adsorption of Cu®>* due
to the strong ligand coordination.®” The adsorption capacity was
found to be 38.41 pumol g™, comparable to those of previously
reported periodic mesoporous organosilicas.®**® Similarly,

titanium organophosphonate materials (TOP and TOPf adsor-
bents) in mixed solutions containing Cu(u), Cd(u), and Pb(u)
ions at the same concentration (10 mg L), demonstrated
a distinct preference for the uptake of Cu®**.>* The adsorption
capacity for Cu®>*(0.157 mmol g~ for TOP and 0.166 mmol g~ *
for TOPB) was significantly higher than that for Cd**
(0.064 mmol g~* for TOP and 0.070 mmol g~ for TOPB) and
Pb*>*(0.045 mmol g~ for TOP and 0.046 mmol g~ for TOPB).
The percentage removal of Cu®" was approximately 20%,
whereas the removal of Cd** and Pb*" was around 10%. Porous
MOF materials have been widely studied for absorption and
separation techniques, as organic/inorganic functional groups
facilitate strong interaction with contaminants or pollutants.
Yaghi et al. conducted extensive research on the porosity of
various MOF materials.?®*° Later on, composite adsorbents with
a combination of organic and inorganic phases demonstrated
excellent adsorbent behaviour, particularly for ammonia gas
adsorption (5.2 mol kg™ '), as reported by Levan et al.”*

The hierarchical porosity of these materials enhances their
adsorption efficiency, making them promising candidates for
pollutant decontamination. Ammonia adsorbents based on

heavy metal ion adsorption by amorphous macroporous phosphonate precursors (organophosphonic acids) and
i 800 :
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Fig. 13 NH3z adsorption efficiency of PTPs (left) and three cycles of NH3z adsorption measurements for Ti-HE. Adapted with permission from ref.
60. Copyright of Wuhan University of Technology and Springer Verlag Berlin Heidelberg, 2017.
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hydrolysed metal alkoxides have led to the development of
hierarchical PTPs, which have been subjected to adsorption
studies.®

Among the six HPTPs, Ti-PA and Ti-PB have monolith
structures with relatively small surface areas, whereas Ti-HP
possesses the highest surface area (401 m* g~ ') among all the
Ti-X hybrids. Ti-HE, on the other hand, features the highest
saturation adsorption capacity (75.2 mg g ' (Fig. 13). The
presence of hierarchical pores, surface adsorbed water, and
hydroxyl groups enhances the saturation adsorption time and
improves NH; adsorption performance. Although both phys-
isorption (via van der Waals forces) and chemisorption (via
acid-base reactions between ammonia and acidic sites)
contribute to the adsorption process, the overall efficiency
primarily depends on chemisorption. This mechanism restricts
desorption, preventing secondary pollution and making these
materials highly effective for environmental remediation.
Consequently, these innovative materials are categorised as
adsorption-reaction-type materials.

Another example of hierarchical macroporous morphology
within a mesoporous framework is observed in TPPH-P123 and
TPPH-F127, which exhibit high surface areas and exceptional
sorption capacities for Cu®" in the liquid phase and CO, in the
gas phase, highlighting their potential for environmental
remediation.®* The hierarchical structure of these hybrid
frameworks helps maintain the specific surface areas at the
pore system level, ultimately enhancing sorption capacity. The
high distribution coefficient (K,) values (92405 ml g ' for
TPPH-P123 and 232273 ml g ' for TPPH-F127) indicate
a favorable environment for Cu>" adsorption (Fig. 14a). Bridging
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phosphonates play a pivotal role with methylene ~-OH and P-O
groups from HEDP providing coordination sites that enhance
sorption ability. Additionally, macro channels combined with
mesophases facilitate diffusion and mass transfer, further
improving adsorption efficiency. Between the two hybrids,
TPPH-P123 with its high surface area, proves to be a superior
adsorbent. It also demonstrates excellent reusability, main-
taining a 96.45% uptake efficiency even after four cycles
(Fig. 14c). Interestingly pH studies reveal that the optimal
absorption conditions occur in a neutral environment (pH = 7),
with a sharp decrese in uptake capacity observed as the pH
increases further (Fig. 14b).

Similarly, various adsorbents like activated carbon, meso-
porous silica and zeolite-type materials have been widely
studied for gas phase adsorption and separation techniques in
the environment remediation processes. However, PTPs are also
gaining significant attention for greenhouse gas adsorption,
particularly CO,, due to their advanced structure, functional
properties, and superior adsorption performance. As depicted
in Fig. 14d, thermogravimetric analysis (TGA) results for
adsorption studies show that the initial adsorption rate is slow
and thereafter it reaches equilibrium, likely due to the phys-
isorption process. At 35 °C, TPPH-P123 exhibits a CO, uptake of
0.75 mmol g~ ' whereas TPPH-F127 shows 0.63 mmol g~ *. Both
values surpass the adsorption capacities of silica based adsor-
bents with high specific surface areas, highlighting the advan-
tage of these hybrid materials. The presence of van der Waals
forces between CO, molecules and the hybrid framework
further enhances the adsorption process. Additionally, the
incorporation of the organic functional groups and the
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Fig. 14 (a) Cu®* adsorption isotherm for TPPH hybrid materials. (b) Effect of pH on Cu?* removal by the TPPH material. (c) Reusability of the
adsorbent TPPH-P123 for Cu?* ions (10 mg L™). (d) TGA records for CO, adsorption. (e) Multiple cycles of CO, adsorption measurements.
Adapted with permission from ref. 61 Copyright of Royal Society of Chemistry, 2010.
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morphological properties of the materials, play a major role in
enhancing adsorption efficiency. The micro-morphology of
macrochannels reduces resistance and facilitates mass transfer,
making these porous materials more effective for achieving
adsorption/desorption equilibrium. Furthermore, hierarchical
TPPH hybrids demonstrate excellent reusability, as their
adsorption/desorption capacity remains undisturbed up to 33
consecutive cycles, proving their robustness and long-term
efficiency as practical adsorbents.

The sorption behavior of alkyl-functionalized hybrid titania
phosphonates, incorporating octyl (C8), propyl (C3), and phenyl
groups, has also been investigated based on three different
diphosphonic acids.®® Solid-phase extraction experiments were
carried out using methanol/heptane for C3- and C8-
functionalised systems, while a methyl/pyridine mixture was
used for the phenyl functionalised system. Among these mate-
rials, TiO,-C8 demonstrated excellent separation performance
due to its layered structure, which prevents strong interaction
with heptane molecules, thereby facilitating separation. In
contrast, TiO,-Ph-5 exhibited poor separation efficiency,
retaining 100% of pyridine, which may be ascribed to the strong
interaction between methanol and pyridine. Compared to
commercially available silica C8-columns, alkyl functionalised
titania hybrids show superior efficiency in purifying waste
streams and contaminated water sources, making them prom-
ising materials for environmental remediation.

5.3. Miscellaneous applications

5.3.1 Sensing. Porous materials with multifaceted appli-
cations address critical challenges in the energy and environ-
ment sectors. Their tunable frameworks exhibit nonlinear
optical properties, such as enhanced conductivity and pollutant
sensing, while ensuring improved water stability. In this
context, the combination of high-oxidation state metals and
aromatic linkers plays a crucial role in sensing mechanisms.
Detecting explosives like 2,4,6-trinitrophenol (TNP) is particu-
larly challenging, especially at trace levels, due to its strong
binding interactions and low fluorescence response. Being
highly soluble in water, TNP poses a significant environmental
and health risk, as it can easily penetrate living systems. Fluo-
rescent sensors are among the most widely used detection
methods, offering an eco-friendly, cost-effective, and highly
sensitive approach for identifying TNP even at trace levels.
Porous MOF materials, with their high specific area, exceptional
selectivity, chemical versatility, and luminescent properties,
effectively enhance sensing capabilities. In addition, porous
nanomaterials such as MOFs, COFs, COPs, and POPs have
garnered significant attention due to their potential applica-
tions in sensing organic pollutants and metal ions. Apart from
this, these targeted materials are primarily designed for recy-
clability and high specific capacitance, making them highly
efficient for sustainable applications. Although organic and
inorganic phosphates have been widely reported as sensors,
phosphonate MOFs remain relatively unexplored in this field.”

Chakraborty et al. reported a novel tetradentate phosphonate
ligand-based porous metal—organic framework, HgL-Ti-MOF,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which was for the selective sensing of 2,4,6-trinitrophenol
(TNP) in the aqueous phase.’ The fluorescence intensity of the
MOF was completely quenched upon coming in contact with
TNP, while other nitroaromatic and nitroaliphatic compounds
had only a minimal impact on its fluorescence profile. Although
the quenching mechanism is attributed to one of the three
possible pathways - Photoinduced Electron Transfer (PET),
Resonance Energy Transfer (RET) and Intermolecular Charge
Transfer (ICT) - the electron-rich polyaromatic system interacts
with TNP via -C-H---7 and 7---7 interactions (Fig. 5). The
observed bathochromic shift in fluorescence titration spectra
supports the ICT mechanism, indicating charge transfer upon
interaction. Due to the close proximity of the analyte, RET can't
be ruled out as a possible mechanism to describe the host-guest
interaction. Moreover, a dynamic quenching mechanism is
suggested for the interaction, as confirmed by fluorescence
lifetime experiments. Reusability studies indicate that the
material remains effective for up to four cycles, with a detection
limit of 3.6 uM (0.82 ppm).

5.3.2 Photoconductivity. PTPs, owing to their optoelec-
tronic properties, respond to light and generate current, making
them ideal for photoconductive applications. The micro/meso-
phase structure enhances electron and hole conductivity as
they interact with the light source, undergoing excitation and
subsequent recombination during the relaxation phase. In this
photon-to-electron energy transfer process, the embedded
porosity allows organic moieties (photosensitizers) to be trap-
ped within the framework, further improving conductivity,
which is not observed in TiO,. Thus, the significant role of
photosensitisers in PTPs and their intriguing structures was
studied for the 1st time by Bhaumik and co-workers with the
help of Rose Bengal (RB) dye encapsulated in tiny nanocrystals
of self-aggregated HTiP-7 PTP.* The presence of mesovoids and
microspheres contributes to exceptional carrier mobility and
a high surface area of 255 m> g~'. As depicted in Fig. 15 (left),
the RB-embedded PTP (HTiP-7RB) exhibits superior conduc-
tivity compared to HTiP-7 and benzene-1,3,5-triphosphonic acid
(BTP). Light-driven photoconductivity studies, conducted by
analysing the growth and decay of current at 10 V bias, reveal
a current of 3.48 x 10~* A for HTiP-7RB, significantly higher
than 5.09 x 10" A for hybrid titanium phosphonate and 1.39 x
10~° A for bulk titanium phosphate, highlighting the enhanced
performance of the RB-embedded material. Thus, the incorpo-
ration of sensitizer molecules into porous semiconductor
materials significantly enhances visible light-driven photocon-
ductivity. Upon irradiation of HTiP-7RB with light, the optical
excitation of RB facilitates electron injection from its excited
state into the conduction band of the porous hybrid titanium
phosphonate,” leading to improved charge carrier dynamics
and overall performance.

This interfacial electron transfer takes place when optically
excited RB injects electrons into the conduction band at a rate
significantly faster than the decay of its excited (Fig. 15 right). In
contrast, this phenomenon is absent in the hybrid titanium
phosphonate and bulk titanium phosphate due to their large
band gaps, where charge transfer occurs via the valence band.
Thus, the incorporation of a photosensitizer molecule enhances
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Fig. 15 Growth and decay current of BTP, HTiP-7, and HTiP-7RB (left). Schematic representation of electron flow in the dye-loaded HTiP-7 in
the presence of light (right). Adapted with permission from ref. 55. Copyright of Royal Society of Chemistry, 2013.

electron excitation and transfer within the micro/meso pores of
PTPs, thereby significantly boosting visible light-driven photo-
current generation.

5.3.3 Ion exchange. Ion exchange is another fascinating
application of PTPs, playing a crucial role in environmental
remediation, chemical separations, catalysis and energy
storage. Their tunable porosity, high surface area, and diverse
chemical functionalities make them highly efficient for selective
ion exchange processes, enhancing performance in various
applications. Organic-inorganic hybrids, composed of metal
nodes bridged by organic linkers, offer a distinct advantage in
ion exchange processes. Their well-defined pore and channel
structures facilitate the selective trapping and exchange of
cations or anions, making them highly effective for applications
in separation, catalysis, and environmental remediation.***

Hybrid networks can be precisely tailored by functionalizing
organic moieties to achieve the desired shape and size. This
customization enhances the stability of functional materials,
enabling their effective use even under extreme environmental
conditions. In addition, the hierarchical porosity enhances the
material's suitability by increasing its surface area. A prime
example is the mesoporous titanium phosphonate monolith,
PMTP-2, synthesized using 1-hydroxy ethylidene-1,1-
diphosphonic acid (HEDP) as an anchoring molecule through

an autoclaving process. This self-assembled structure exhibits
a remarkably high surface area of 1034 m* g~ ',*® making it
highly effective for various applications. Furthermore, the
synthesized PMTP-2 was functionalized by sulfation with
CISO;H, resulting in a significantly enhanced ion exchange
capacity. This modification enables PMTP-2 to function not
only as an efficient ion exchanger but also as a strong acid
catalyst for certain low-temperature reactions. The facile sulfa-
tion process with CISO;H leads to the formation of stable
hydrosulfated esters, which is likely attributed to the specific
alkyl hydroxyl structure of the coupling molecule HEDP. During
the subsequent synthesis of the ordered mesophase, carbon-
hydroxyl groups were uniformly distributed across the pore
walls. These hydroxyl groups were then functionalized with
SO;H groups through treatment with CISO;H, enhancing the
material's ion exchange and catalytic properties (Fig. 16).

This functionalization significantly enhances the ion
exchange capacity compared to the unfunctionalized PMTP-2
and previously reported titanium phosphate materials,
making it more effective for catalytic and separation applica-
tions.***® For instance, sulfated PMTP-2s was employed for the
esterification of oleic acid with methanol at ambient tempera-
ture and pressure, where PMTP-2s demonstrated superior
activity compared to PMTP-2, achieving a conversion rate of
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Fig. 16 Synthesis, sulfation and ion exchange processes of the monolithic PMTP-2 material. Adapted with permission from ref. 58. Copyright of

Royal Society of Chemistry, 2010.
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87.3%, significantly higher than that of unfunctionalized
PMTP-2, which was only 4.9%. Furthermore, the conversion
surpassed that of conventional sulfonic acid-functionalized
mesoporous titania materials (81.7%).

5.3.4 Energy storage devices. Due to their tunable struc-
ture, high surface area, porosity, low charge transfer resistance,
and shortened diffusion path for electrons or ions, PTPs are
highly suitable for energy storage devices. Their structural
integrity and stability enhance the device's charge/discharge
cycles, improving electrolytic performance and enabling their
use as supercapacitors.””*® Porous MOF materials with a high
specific surface area coated on conductors enhance electro-
chemical performance. They can also serve as cathodes or
anodes, where the redox-active metal centers contribute to
lithium-ion storage.'*®'** Hydrogen storage is another crucial
application, which is facilitated by various phosphonate-
incorporated porous materials.*® However, a major limitation
of titanium(iv) phosphonates is their intrinsically low electrical
conductivity, which considerably influences their efficiency in
energy storage devices. Unlike conductive MOFs or MOF-
derived carbon materials, titanium(iv) phosphonates necessi-
tate composite formation with conductive additives (e.g.,
carbon black and graphene) for the improvement of electron
transport. Additionally, metal doping can also be introduced
within the framework to enhance conductivity. These structural
modifications not only enhance porosity but also promote
better ion diffusion and charge storage.

Furthermore, the hydrosulfated groups in PMTP-2s act as
proton carriers, enabling their potential use as an electrolyte for
fuel cells.’® Similarly, HgL-Ti-MOF, used as an electrode in an
asymmetric supercapacitor, delivers 20.03 F cm™> @0.1 mA
em™? current density with excellent recyclability.” This energy
storage capacity of the Ti-MOF was studied using an active
material slurry coated on the cathode and a carbon black anode.
While initial capacitance fading occurred up to 1000 cycles, only
a 10% loss was observed over the next 900 cycles. The super-
capacitive behaviour and 82.68% capacitance retention after
1000 cycles confirm the material's suitability for energy storage
devices. As current density increases, galvanostatic charge/
discharge (GCD) exhibits a slight deviation from ideal behav-
iour, indicating pseudocapacitance. The effect enhances the
areal capacitance by enabling rapid, reversible redox processes
combined with the usual electrostatic charge accumulation,
increasing the energy storage ability.

5.3.5 Comparative stability analysis of titanium phospho-
nates and alternative materials. A comparative analysis of the
stability characteristics of porous titanium phosphonates
(PTPs) is presented, highlighting their performance in
comparison with widely used porous materials, including acti-
vated carbons, zeolites, metal-organic frameworks (MOFs), and
silica-based materials (e.g., MCM-41 and SBA-15). These
competing materials demonstrate thermal, chemical, mechan-
ical, and hydrothermal stability, making them suitable for
various applications as listed in Table 3. PTPs exhibit excep-
tional thermal stability (>500 °C) and outstanding chemical
resistance under both acidic and alkaline conditions, making
them highly suitable for use in catalysis, ion exchange, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 3 Comparative analysis on the stability of PTPs and Other porous materials

Ref.

Key applications

Hydrothermal stability

Chemical stability Mechanical stability

Thermal stability

Materials

51 and 65

Catalysis, ion exchange,

High (stable in hot water/steam)

High (rigid framework)

Excellent (Resistant to

Highly stable (>500 °C)

PTPs
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Gas adsorption, water
Catalysis, ion exchange and

purification, and catalysis
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Gas storage, separation,
catalysis and drug delivery

Poor (degrades in humid environments)
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Poor (degrades in water/humid

Moderate (some structural
environments)

—_ [}
g £ )
= = B
2 2 o &
3] el o =
= o 2 v
= SE
el = i
e -~ 2 gg
bol)"c‘ 8;—1 =]
-2 -2 ¢
hd whp &
= = = B o Q
T & I & s IR
£ )
5
—_ a
& 89 0B —
g2 2= 1353
Q ] [=ie] = %
B w8 = @ 5 g
s O F s a % 3
RS m.—w"Uo,Q
STE 2o %2E.T
T .= O QO = @ 9]
£k = msao,gg
"U’So O”UOE'C'U
ESIR<IE=] 'S B S YT
< A @ Ol
P
O
o
=
S
¥
(=}
(=]
@ — ga
320 T 2
= Qe ° T
SE£8 =
T3S
gpEy  ER
BOUA’ g g
SRR S
S X g o 2 8
5 R 2
S LE T Al
2
5.2
o0 o
Tao o 5 S~
S g Q T 2%
g 9 5 = 2=
2.8 = 8 EO
5% 9 S s8S
< © N S&&

RSC Sustainability, 2025, 3,

109
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adsorption.”* In contrast, while activated carbons are
remarkably mechanically robust, they can undergo oxidation
under strongly acidic or basic conditions and tend to degrade in
humid environments.'® Zeolites offer excellent thermal and
mechanical stability; however, their susceptibility to strong
bases limits their applicability under highly alkaline condi-
tions.* Although MOFs and COFs possess tunable porosity and
structural versatility, they generally display poor hydrothermal
stability and are prone to decomposition and structural collapse
under aqueous or humid conditions. Similarly, silica-based
materials such as MCM-41 and SBA-15 provide high porosity
and moderate stability but are prone to dissolution in strongly
alkaline solutions.**

Overall, PTPs emerge as a superior alternative due to their
exceptional stability under diverse environmental conditions,
making them particularly advantageous for applications that
require highly durable and chemically resilient materials. This
comparative study highlights TPs as a highly preferred, well-
suited option for demanding environments where chemical
and hydrothermal stability are essential.

6. Summary, conclusion, and future
perspectives

Hierarchical porous titanium phosphonates (HPTPs) are
regarded as a promising class of hybrid materials due to their
unique combination of hierarchical porosity and tunable
chemical properties, making them ideal for a wide range of
applications in photocatalysis, environmental remediation and
energy storage. This review particularly emphasizes the advan-
tages of phosphorus-based linkers in addressing the hydrolytic
stability issues often faced by traditional carboxylate-based
materials. This review discusses various synthesis strategies—
such as sol-gel, hydrothermal, and template-assisted
methods—used to produce crystalline, amorphous, and para-
crystalline HPTPs. It also outlines their structural characteris-
tics, such as pore size distribution, crystallinity and surface
area, and how these factors influence their performance in
specific applications.

Furthermore, the review highlights recent advancements in
the functionalization and modification of HPTPs to enhance
their utility in industrial applications and environmental
remediation processes such as pollutant adsorption and sepa-
ration. Their high surface area, ordered mesostructures, and
secondary pores enhance electrolyte and product transport,
ensuring efficient light harvesting and exceptional photo-
catalytic performances. The pore architecture and the textural
features can be finely tuned through various synthetic
processes, ligand functionalisation and the incorporation of
mixed ligands, such as N-donors and O-donors. Structure-
directing agents significantly influence material porosity,
enhancing pore size or inducing hierarchical structures for
advanced photocatalytic systems. Multifunctional linkers with
multiple binding modes further improve catalytic properties by
directly affecting the coordination environment of the Ti(v)
centre.
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High adsorption capacity and excellent reusability of HPTPs
distinguish them as exceptional adsorbents for the environ-
mental remediation process. Additionally, multiphase adsorp-
tion is observed, particularly in the liquid phase, where heavy
metal ions and organic pollutants bind to functional groups
within these hybrid materials. However, in gas phase adsorp-
tion, such as CO, or other gaseous pollutants, pore size and
physisorption play a crucial role, relying primarily on non-
covalent interactions like van der Waal's forces between the
adsorbate and hybrid adsorbent molecules. In some instances,
a combined effect of physisorption and chemisorption is
observed. Additionally, metal ion adsorption studies under-
score the significant influence of pH on the adsorption effi-
ciency of PTPs and HPTPs.

Future research should aim to develop novel and sustainable
synthesis strategies to improve control over hierarchical struc-
tures, understanding the interaction mechanisms between
HPTPs and different reactants. Sensing, ion-exchange, photo-
conductivity, and electrochemical potential in energy storage
devices are among the highlighted applications, although they
remain relatively unexplored for PTPs/HPTPs. The primary
challenge lies in addressing issues while achieving permanent
porosity in hybrid materials. However, several key challenges
remain, such as precise structural control, scalable production,
and ensuring long-term stability under extreme conditions.
PTPs also face limitations, including lower surface areas
compared to zeolites and MOFs, which may limit their
adsorption capacity, and the need for further assessment of
mechanical strength under high pressure. Despite these chal-
lenges, PTPs excel in applications that require stability, partic-
ularly in acid-catalyzed reactions, pollutant adsorption and
sensing.

Subsequent efforts should focus on integrating computa-
tional modelling and machine learning to design materials that
predict and enhance porosity and stability in functional hybrid
materials. The formulation of green synthesis approaches
utilizing bio-derived precursors and solventless strategies
would further promote sustainability. Also, incorporating other
nanomaterials into HPTPs heterostructures could increase the
usefulness of these materials in energy storage, photocatalysis,
and environmental remediation. By addressing these chal-
lenges, HPTPs can evolve into materials of choice for next-
generation functional devices with large-scale industrial
implementation. Their robustness and tunability make them
highly remarkable for industrial, environmental, and biomed-
ical applications. Finally, emerging trends, key applications,
and future directions in HPTP research are outlined, addressing
current challenges and expanding their potentialin advanced
materials science.
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