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When MOFs met SALI: solvent-assisted ligand
incorporation in metal—organic frameworks
for catalysis and beyond

b

Marzena Pander, (2 *® Emilian Stachura, {2° Magdalena Koziet-Szymanska and

Wojciech Bury 2 *®

Solvent-assisted ligand incorporation (SALI) has emerged as a versatile and convenient post-synthetic
modification (PSM) strategy for metal—organic frameworks (MOFs). By coordinating new ligands to un-
saturated secondary building units (SBUs), SALI enables straightforward incorporation of a diverse range
of organic ligands under mild conditions, avoiding the laborious synthesis often required in de novo
approaches. Unlike many PSM methods relying on non-covalent or covalent modifications, SALI
introduces functional ligands through direct dative bonds, making it broadly applicable in catalysis, gas
separation, drug delivery, and beyond. This review provides a comprehensive overview of SALI advancements,
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1. Introduction

The principles of reticular chemistry provide effective design
strategies for the synthesis of materials tailored to specific appli-
cations.”> Among these, metal-organic frameworks (MOFs),
formed by connecting metal nodes with organic linkers, represent
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highlighting its role in modifying MOFs and expanding their potential across various fields.

the largest subgroup, with over 100000 reported structures.’
MOFs have been widely explored for applications in sorption
and separation processes,”” heterogenous catalysis,”” as drug
delivery systems,® and sensors,”'® among others. Alongside the
design of new MOFs, post-synthetic modification (PSM) strategies
offer an unprecedented level of versatility for further functionaliza-
tion and increase in structural complexity.'"”'> Importantly, PSM
reactions can often be carried out under mild conditions, such as
room temperature, enabling the incorporation of sensitive build-
ing units that would be challenging to introduce via conventional
solvothermal synthesis. Another key advantage of PSM is its
applicability to reported MOFs with well-established synthetic
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Fig. 1 Schematic overview and classification of post-synthetic modifica-
tion (PSM) strategies in MOFs, categorized by the modified framework
components and the type of interaction involved (covalent, dative, or non-
covalent).

protocols, allowing for targeted functionalization without the need
to develop new, time-consuming synthetic routes."

Depending on structural features of the parent material and
the desired properties of the daughter material, the introduc-
tion of new building blocks can be accomplished based on the
dominant interactions between the MOF structure and the
introduced molecules (Fig. 1). Accordingly, PSM strategies
involve the formation of covalent or dative bonds, or the
incorporation of guest molecules through weak interactions
with the framework.'® The strength of these interactions
further determines the reversibility of the PSM step.
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The potential lability of metal-ligand or metal-linker coor-
dination bonds in MOF structures is well-recognized, particu-
larly in their ability to undergo post-synthetic exchange of
building blocks, where either metal centers within inorganic
nodes or organic linkers can be replaced (Fig. 1)."* Notably, in
contrast to other PSM methods, the post-synthetic exchange
(PSE) interferes with the structural integrity of the whole frame-
work and can lead to either complete reconstruction of the
material™® or, when the exchange is incomplete, to a hetero-
geneous distribution of introduced moieties within the
structure.’®'” The selection of exchangeable subunits for PSE
is dictated by the connectivity of the parent MOF. While other
PSM methods offer broader versatility in this regard, the
incorporation of new functional building blocks can reduce
the porosity of the starting material.'®

In general, PSM methods relying on dative bonds (Fig. 1)
require the presence of either unsaturated metal centers cap-
able of coordinating new ligands (or exchange them with labile
ligands occupying these coordination sites) or organic linkers
that can bind new metal cations.'® The second strategy utilizes
multiple coordination sites within selected organic linkers,
which not only bind to the metal nodes of MOF but also
can incorporate additional metal cations through donor atoms,
as seen in linkers bearing porphyrin rings, bipyridyl moieties,
catechols, and related chelators.”® Alternatively, free metal
coordination sites arise either from defects present in the
synthesized material or as an inherited feature of the designed
MOF structure.”" The unoccupied coordination sites may remain
vacant or be occupied by other labile ligands (e.g., solvent
or modulator molecules), which can be post-synthetically
exchanged for new organic ligands or additional metal
centers.”” The coordination of new metal cations or organo-
metallic complexes to the inorganic nodes of parent MOF
introduces a secondary layer of metal centers, which often
do not participate in linker coordination and hence serve a
nonstructural role. This approach, leading to multimetallic
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MOFs, is particularly important in the design and immobili-
zation of efficient catalysts.*®

In this highlight, we place a special focus on the PSM
method involving the introduction of new nonstructural
organic ligands through post-synthetic coordination to metal
nodes, commonly referred to as the solvent-assisted ligand
incorporation (SALI) technique. In the following chapters, we
will explore reported SALI protocols that provide an unprece-
dented level of versatility for MOF functionalization, enabling a
wide range of applications, including heterogeneous catalysis,
sorption and separation, drug delivery, sensing, among others.

2. Solvent-assisted ligand
incorporation (SALI) in MOFs

The term solvent-assisted ligand incorporation (SALI) was
coined by Deria et al. in 2013 to describe an acid-base reaction
between hydroxyl groups coordinated to the Zrg-nodes of MOF
and the carboxylate group of the external ligand (Fig. 2(b)).>*
As a result, the carboxylate ligand is coordinated to the metal
centers. More broadly, SALI can be referred to the post-
synthetic coordination of soluble organic ligands to the metal
nodes of parent MOF through ligand exchange with more labile
species (e.g:, solvent or modulator molecules, Fig. 2(a)). In early
reports, post-synthetic coordination of nonstructural ligands to
Zr-nodes was often described in terms of ligand installation,>®
ligand exchange,”® defect engineering,”” or post-synthetic modu-
lator exchange,?®° particularly in connection with the removal of
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Fig.2 (a) Scheme of SALI modification of metal nodes in MOFs.
(b) Exemplified SALI reaction on Zr-node showcasing the hemilabile
behavior of carboxylate nonstructural ligands. (c) Three types of ligands
that were coordinated to Zr-nodes.
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formates (originating from DMF decomposition) or other modu-
lators coordinated to the metal nodes. Importantly, the incorpo-
rated ligands typically do not participate in the structural
connectivity of the MOF and, for this reason, are commonly
referred to as nonstructural ligands.

The development of the SALI approach and its rapid expan-
sion toward other MOFs was prompted by the synthesis of
Zr-based MOFs featuring Zrg-nodes with lower connectivity.*'
The prototypical cuboctahedral Zrs-nodes in these MOFs can
coordinate up to 12 carboxylates, as exemplified by UiO-66,
which features 12-connected Zrg-nodes linked by terephthalate
dianions.?* In cases where the nodes are less than 12-connected,
the unoccupied coordination sites can host reactive and exchange-
able OH/H,O pairs or small molecules such as solvents or
modulators. Reduced node connectivity of Zr-MOFs™® is often
a consequence of linker geometry and synthetic conditions,
which can yield Zre-nodes as low as 3- or 4-connected, as
observed in Zr-MCMOF** and NU-1400,%° respectively. Zr-
based MOFs that have already become established platforms
for SALI include NU-1000,%%*” PCN-222,*®* MOF-808,* as well as
defective 12-connected UiO-66,>> NU-901,*° and Zr-fum.**

The SALI protocol offers wide scope of the introduced
molecules, with the only essential requirement being the
presence of a structural motif capable of coordinating to the
metal nodes.”> As a result, a broad range of nonstructural
ligands has already been implemented using SALI, including
for example several chromophores for sensing and light-
harvesting applications (Fig. 5(b) and 8(b)), biologically active
molecules for drug delivery systems (Fig. 9(b)), and various
chelating or hydrophobic ligands to modulate sorption and
separation properties (Fig. 4(b) and 7(b)), among others. Nota-
bly, SALI can be performed under mild reaction conditions,
enabling the successful coordination of temperature-sensitive
molecules, such as the radical polymerization initiators
(Fig. 10(b)),**> molecular switches** or drug molecules in bio-
compatible solvents like water.*> Moreover, a variety of organic
molecules has been successfully introduced into MOFs for
applications in heterogeneous catalysis. In these cases, the
new ligands can enable or enhance the catalytic activity of
SALI-modified MOF by supporting additional metal centers,
introducing chirality, providing co-catalytic functionality, or
tuning the node environment to improve substrate affinity.
A more detailed discussion of SALI-modified MOFs, with emphasis
on specific applications, will be provided in the following chapter.

Although the majority of ligands introduced via SALI are
carboxylate-based, notable examples featuring other coordinat-
ing groups have been reported. These include, for example,
phosphonates*®*” and sulfonates,*® which binding modes to
Zrg-nodes are presented in Fig. 2(c). It is worth noting that the
compatibility between the pore dimensions of the functiona-
lized MOF and the size of the introduced ligand also plays an
important role in the SALI process. When a ligand is too large
to access the internal pores, functionalization may be limited
to the external surface of the crystallites.”® In contrast, appro-
priate molecular sizing can enable modification of both the
surface and interior of the framework. SALI-based surface

Chem. Commun., 2025, 61,17715-17734 | 17717
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grafting thus offers a strategy for targeted functionalization
while preserving internal porosity and maintaining pore acces-
sibility for guest molecules.”® Moreover, due to its thermo-
dynamically controlled acid-base mechanism, SALI can enable
a homogeneous distribution of functional groups throughout
the crystal, even at low loading conditions,”" provided the
interior is accessible through diffusion.

The pK, of modulators plays a crucial role in the crystalline
phase formation during MOF synthesis.”> Notably, this prop-
erty is also relevant to the SALI protocol, where it has been
observed that the exchange of nonstructural ligands occurs
more readily when the pK, of the introduced ligand is lower
than that of the modulator already coordinated to the metal
nodes.**”* Indeed, the post-synthetic exchange of modulators
(monocarboxylates) coordinated to inorganic nodes can be
readily utilized to functionalize selected materials.>®*

Additionally, as mentioned earlier, monodentate nonstruc-
tural ligands exhibit different lability compared to multidentate
linkers that construct the MOF framework.>>>® For example, in
the case of monocarboxylic acids, coordination modes may
involve one or both oxygen atoms interacting with the inorganic
nodes (Fig. 2(b)). This feature plays a particularly important
role in heterogenous catalysis, where the lability of nonstruc-
tural ligands can modulate access to active metal centers.””>®
This is well illustrated by the SALI-based introduction of labile
benzoates, which have been used as catalyst supports for Ni(u)
cations in ethylene hydrogenation reaction.”® The carboxylate
shift of monocarboxylates coordinated to Zrs-nodes depends
also on the nature of the ligand. Rayder et al. demonstrated this
by comparing acetic acid and trifluoroacetic acid (TFA) coordi-
nated to the Zrg-nodes of MOF-808, where the difference in
ligand behavior significantly influenced the affinity of the
modified material for CO, adsorption.*

Finally, to extend the complexity and usability of SALI-modi-
fied MOFs, it is worth noting that the introduced nonstructural
ligands can undergo further transformations (secondary func-
tionalization). These ligands may be further modified similarly
to other PSM strategies (Fig. 1). Such tandem PSM approaches
have been demonstrated in SALI-modified MOFs, including
reactions such as alkylation of pyridine-based carboxylates,®*
click reactions with azide derivatives,>® or further metalation of
chelating ligands,** among others. This approach significantly
expands the functionality of SALI-derived materials, enabling
their tailoring for specific properties and target applications.

3. SALI-modified MOFs in
heterogeneous catalysis

Post-synthetic modification of MOFs via SALI has enabled the
development of advanced heterogeneous catalysts through the
precise incorporation of nonstructural ligands at the metal
nodes.®* We identify four distinctive functions that these
ligands can introduce within SALI-functionalized MOFs, which
will be discussed in the following subchapters. These include
the introduction of Bregnsted or Lewis acid/base sites,

17718 | Chem. Commun., 2025, 61, 17715-17734
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immobilization of catalytically active metal centers, facilitation
of light-induced charge or energy transfer for photocatalysis,
and incorporation of chiral motifs to promote enantioselective
transformations. These strategies exemplify the versatility of
the SALI platform in designing multifunctional materials tai-
lored to specific catalytic applications.

Pioneering studies on PSM of metal nodes date back to the
early 2000s, coinciding with the emergence of MOF chemistry.
It has been demonstrated that coordinatively unsaturated Cr(m)
sites in MIL-101 could accommodate N-donor ligands, such as
amines,®*"®” pyridines,®® imidazoles,*® and ionic liquids,”®">
leading to improved catalytic performance. Similarly, the open
metal sites of CuBTC (HKUST-1) were functionalized with
N-donor ligands to create multifunctional catalysts, including
pyridine derivatives,”>”* Schiff bases,” and ionic liquids.”®

3.1. Heterogenous acid-base catalysts

Acid-base catalysis represents a broad class of chemical trans-
formations in which the reaction is accelerated by the presence
of an acid or a base. The catalytic steps can occur via Brgnsted- or
Lewis-based pathway, where the donor-acceptor affinity towards
protons or lone electron pairs, respectively, is the driving force of
the catalytic cycle (Fig. 3(a)). Both Brensted and Lewis acid/base
sites can be incorporated in MOFs through the precise design of
the framework or via post-synthetic strategies.® In this regard, the
SALI method offers a versatile platform for introducing acidic or
basic functionalities directly at the metal nodes, enabling their
use in heterogeneous acid-base catalysis.

One of the pioneering studies on the synthesis of super-
acidic MOFs in SALI-like fashion was carried out by Jiang et al.,
who prepared MOF-808-2.5SO, by treating parent MOF-808
with aqueous sulfuric acid (L1).”” The measured Hammett
acidity function (H,) for the obtained material was <-—14.5,
surpassing a conventional superacid threshold. The strong
acidity was attributed to the presence of Zr-bound sulfate
groups, and the resulting MOF was found to be catalytically
active in several reactions including Friedel-Crafts acylation,
esterification and isomerization.”” Building on this approach, a
Hf-based analogue of MOF-808 was functionalized in a similar
manner with sulfuric acid (L1), exhibiting enhanced catalyti-
cactivity in the solvent-free synthesis of benzoxazoles”® and in
the acetalization of benzaldehyde with methanol.*°

Later, Trickett et al. investigated the origin of strong Brensted
acidity in sulfated MOF-808, identifying that a hydrated structure,
consisting of adsorbed water and sulfate groups on Zr-nodes,
generated the strongest acid sites.”® A significant loss of acidity
upon dehydration emphasized the critical role of coordinated
water molecules in stabilizing the active acid sites. The hydrated
and sulfonated MOF-808 showed excellent catalytic performance
in the dimerization of isobutene, achieving 100% selectivity
toward Cg products (Fig. 3(c)). In contrast, the work by Yang
et al. indicated a strong correlation between the stability of the
conjugate base and proton affinity, suggesting that the local
coordination environment is a key factor in determining the
strength of the acid sites.®" A similar approach was employed to
functionalize NU-1000 with phosphoric acid (L2), enhancing its

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Scheme of possible SALI modifications of MOF with Brensted acid, Lewis acid or base. (b) Examples of acidic and basic ligands introduced into
MOF via SALI. (c) The selectivity for isooctane over other higher oligomers for Amberlyst, Z-ZSM-5, sulfated zirconia, sulfated MOF-808 (S-MOF-808)
and dehydrated S-MOF-808.”8 Figure adapted form ref. 78 with permission. Copyright 2019 Springer Nature. (d) Influence of the amount of pyridinium
moieties introduced into NU-1000 on the catalytic activity in the formation of styrene carbonate; catl = Mel-L7@NU-1000.5! Figure adapted form ref. 61

with permission. Copyright 2021 American Chemical Society.

catalytic activity and promoting selective dehydration of
glucose to afford a high yield of 5-hydroxymethylfurfural.®*

Besides Brgnsted acidity, SALI can also be used to tune the
Lewis acid properties of MOFs (Fig. 3(a)). For example, Wang
et al. functionalized MOF-545 with trifluoroacetic acid (TFA, L3)
or benzoic acid (BA, L5), demonstrating that coordination of
TFA to Zrg-nodes enhanced the catalytic activity of the material
in the ring-opening reaction of epoxides with methanol.*®
Moreover, the simultaneous presence of both, Lewis acid and
base sites, can be beneficial in tandem, one-pot reactions. For
instance, MOF-808, with Zrs-nodes acting as Lewis acid sites,
was functionalized with lysine (Lys, L6) as Lewis base, and
tested in a cascade of Henry/Friedel-Crafts reactions between
benzaldehyde, nitromethane, and indole, affording 3-(1-phenyl-
2-nitroethyl)indole in high yield.**

Hydrolysis of organophosphorus compounds (OPCs),
major class of chemical warfare agents, is another example
that benefits from the cooperative presence of Lewis acid and
base functionalities. Typically, detoxification of OPCs using
Zr-based MOFs requires alkaline conditions to regenerate the
catalytically active Zr-sites and avoid catalyst poisoning.®®
To overcome this limitation, Garibay et al. modified NU-901
and MOF-808 with various amine-containing benzoic acids

This journal is © The Royal Society of Chemistry 2025

(L7, L10-L12) featuring different pKa values. The resulting
SALI-modified MOFs enabled efficient hydrolysis of dimethyl
4-nitrophenyl phosphate (DMNP) and ethyl N-2-diisopropyl-
aminoethyl methylphosphonothiolate (VX) under bufferless
aqueous conditions within minutes.*® In a follow-up study,
the same group compared the catalytic performance of Hf-
and Zr-based MOF-808 derivatives modified via SALI with
4-(morpholinomethyl)benzoic acid (L10), 4-(aminomethyl)ben-
zoic acid (L11) and 4-(N'-hydroxycarbamimidoyl)benzoic acid.®”
While all of the modified MOFs showed improved catalytic
activity, Hf-based analogues showed higher efficiency in DMNP
hydrolysis.

A similar cooperative effect is observed in the cycloaddition
of CO, to epoxides, a catalytic reaction that typically requires
the presence of both Lewis acid and base sites, and thus often
relies on the addition of external cocatalysts. The SALI techni-
que enables direct incorporation of Lewis base sites (cocatalyst)
into MOF structure, as demonstrated by a two-step post-
synthetic modification of NU-1000. In this approach, pyridine-
carboxylic acids (L7-L9) were first coordinated to the Zr-nodes,
followed by N-alkylation with various alkyl halides.®" The result-
ing series of bifunctional catalysts were tested in solvent-free
cycloaddition of CO, to a range of epoxides under mild

Chem. Commun., 2025, 61,17715-17734 | 17719
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conditions, achieving up to 99% yield of styrene carbonate at
room temperature (Fig. 3(d)). In a related example, defective
UiO-66 was functionalized with p-gluconic acid (L4), which
improved both CO, uptake and catalytic activity in CO, conver-
sion with epichlorohydrin.®®

3.2. Mono- and multimetallic catalysts

MOFs can serve as effective supports for metal cations (M™") or
metal nanoparticles (NPs) (Fig. 4(a)). Metal cations can be
precisely anchored to the binding groups of linkers or nonstruc-
tural ligands introduced within the framework."® Similarly, MOFs
can stabilize metal NPs by improving their uniform dispersion
and preventing aggregation.** The introduction of additional
metal centers can enable or enhance catalytic activity and facil-
itate tandem transformations within a single catalyst.

View Article Online
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The SALI technique provides a convenient strategy to intro-
duce metalated ligands (Fig. 4(b)) directly into the MOF struc-
ture, allowing the immobilization of new catalytic sites. For
example, Li et al. deposited NU-1000 thin film on glassy carbon
electrode and subsequently functionalized it with a rhodium
complex (L22), enabling its application in electrochemical
NADH regeneration.”’ Optimization of the Rh-catalyst loading
in this material led to high electrocatalytic activity, achieving
high faradaic efficiency of 97% and turnover frequency (TOF) of
approximately 1400 h™' for NADH regeneration. A related
system, in which surface deposited NU-1000 modified with an
analogous Rh complex was combined with a gas diffusion
electrode that provided a clean proton source for NADH
regeneration.”” Both of these setups enabled efficient electro-
chemical regeneration of NADH and supported enzymatic
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t-lactate production using 1-lactate dehydrogenase as a model
reaction. In another example, an iridium pincer complex (L23)
was incorporated into NU-1000 via SALI, where spectroscopic
studies confirmed the formation of active iridium dihydride
species.”® The resulting material catalyzed the hydrogenation of
liquid alkenes (1-decene and styrene) with higher activity than
its homogeneous analogue and operated as a heterogeneous
catalyst under flow conditions. In another study, isonicotinic
acid (L7) was incorporated at the Zr-nodes of NU-1000, providing
binding sites for an iridium complex. The resulting material was
used as heterogeneous catalyst for p-H, to 0-H, isomerization. and
produced anomalously large antiphase NMR signals for hyper-
polarized o-H,.”*

Metal cations can be introduced after SALI by interacting
with pre-installed chelating ligands (Fig. 4(b)). For instance,
Madrahimov et al. modified NU-1000 in a two-step process by
first incorporating 5-methylphosphonate-2,2/-bipyridine (L27)
via SALI, followed by metalation with NiCl, (Fig. 4(c)).>® Sub-
sequent activation with Et,AlCl] afforded a single-site catalyst
for ethylene dimerization, exhibiting an order of magnitude
higher activity than its homogeneous analogue, along with
good recyclability under both batch and flow conditions.

Similarly, ethylenediaminetetraacetic acid (EDTA, L24) was
introduced into MOF-808 via SALI to enable post-synthetic
metal cations incorporation. The resulting material exhibited
high catalytic efficiency in Suzuki coupling reactions, with
conversion and selectivity reaching 99%.°> MOF-808 was also
functionalized with catechol-benzoate ligands (2,3- and 3,4-
dihydroxybenzoic acid, DHBA, L25, L26) and subsequently
metalated with Cu(1) precursors.”® The resulting materials
catalyzed 1,3-dipolar cycloadditions between azides and alkynes
with good yields and 1,4-regioselectivity, where Cu-2,3-DHBA-
MOF-808 showed superior performance across a broad range of
substrates.

Alternatively, Zr-nodes of NU-1000 were post-synthetically
modified with a series of para-substituted benzoates (L13-L17),
followed by the introduction of Ni(n) centers.’>® These materials
were tested as catalysts for ethylene hydrogenation, and the
catalytic activity could be tuned by altering the electronic and
steric environment of the Ni sites by the nonstructural ligands.
Importantly, observed variations in ligand binding modes
(Fig. 2(b)) enabled tuning of the hydrogenation activity.

The SALI strategy has also enabled the construction of
single-site heterogeneous catalysts by stabilizing introduced
metal centers. One representative example was demonstrated
by Rosado et al., where the NU-1000 derivative bearing amino
groups was functionalized with 3-mercaptopropionic acid (L19)
and subsequently impregnated with Cu®" ions. The obtained
material was then thermally reduced under H, to obtain dis-
persed Cu*/Cu® single-atom sites stabilized by the interaction
with thiolate groups. The resulting catalyst was tested in CO,RR
processes where formic acid was identified as the main
product.”” Similarly, Otake et al incorporated Pd(u) into
phosphated or sulfated Hf-MOF-808.°% Spectroscopic analyses
and density functional theory (DFT) calculations confirmed
that the acidic functionalities not only stabilize the active
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Pd(u) species but also suppress Pd(0) aggregation by stabilizing
reaction intermediates. As a result, the modified MOFs exhib-
ited improved catalytic activity in the oxidative Heck reaction
of 2-phenylphenol with ethyl acrylate, compared to non-
functionalized Hf-MOF-808.

Finally, SALI also provides an effective strategy to modify
MOFs with stabilizing ligands that allow uniform dispersion of
metal NPs. For example, Au NPs were prepared in the pore
system of NU-1000 by a three-step process, where 4-carboxy-
phenylacetylene (L18) was used as a stabilizing ligand. The
obtained NU-1000-Au-nano was tested as a catalyst for hydro-
genation of 4-nitrophenol to 4-aminophenol.”® Later, Muhamed
et al. functionalized NU-1000 with 2-mercaptobenzoic acid (L21)
to support the growth of gold'® and silver'® NPs. The resulting
hybrid materials showed high efficiency in the hydrogen evolution
reaction (HER) and strong cycling stability over 36 hours.'® In the
case of silver, the NPs formed through coordination of Ag(i) with
thiol group of 121 in NU-1000. The resulting composite contained
~95% Ag(0) and exhibited good activity in HER.'®' Similarly,
NU-902 was first modified with 4-sulfobenzoic acid potassium salt
(L20), followed by deposition of Ag NPs, to construct a highly
efficient electrochemical nitrite sensor.' In the resulting mate-
rial, both the porphyrin-based linkers and Ag NPs contributed to
enhanced electrocatalytic nitrite oxidation. The thin film sensor,
based on this composite, exhibited high selectivity against com-
mon ionic interferents, making it a promising sensor for nitrite
detection.

3.3. Photocatalysts

MOF materials emerged as promising photocatalysts due to
their ability to incorporate active sites for efficient light absorption
and charge separation (Fig. 5(a)). Among various light-driven
transformations, photocatalytic reduction of CO, is an important
process for converting greenhouse gas into valuable products.
Karmakar et al. investigated the photocatalytic reduction of CO,
to CH, in water using functionalized MOF-808.* To enhance the
photoactivity of this material, 1-pyrenebutyric acid (L28) was
grafted to the Zrnodes, followed by incorporation of methyl
viologen to form donor-acceptor charge transfer (CT) supramole-
cular complex within the MOF pores. The resulting hybrid material
exhibited red-shifted CT absorption at 540 nm and showed high
selectivity towards CH, formation under the sunlight (Fig. 5(d)).
The good efficiency and durability of the photocatalyst were
attributed to the synergistic MOF-CT interaction and the protective
effect of the MOF structure.

In a more recent example, Haimerl et al reported the
incorporation of spiropyran (SP) derivative (L29) into NU-1000
via SALL'® Upon UV irradiation, closed-ring SP undergoes a
reversible ring-opening to form its isomer, merocyanine (MC,
Fig. 5(c)). To investigate the switch between energy transfer
(EnT) and CT pathways, the resulting NU-1000-SP was probed
in phosphinylation reaction between diphenylphosphine oxide
and 1,1’-diphenyletylene. The study demonstrated that NU-
1000-SP allowed modulation of products distribution by tuning
the ET/CT pathways ratio, which is dependent on the used
wavelength.
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metal-based chromophores

Fig. 5 (a) Scheme of excitation of introduced ligands via SALI for photocatalysis. (b) Representative examples of organic, metal-based and BODIPY-
based chromophores used in SALI. (c) Scheme of reversible ring opening reaction of L29 grafted into NU-1000 under UV irradiation.*°* Figure adapted
form ref. 104 with permission. Copyright 2025 American Chemical Society. (d) Graphs displaying CH4 over H, formation using MOF-808 modified with
L28 and methyl viologen.'®* Figure adapted form ref. 103 with permission. Copyright 2023 Springer Nature.

SALI modification has been also employed to develop photo-
catalysts capable of singlet oxygen generation for detoxification
of chemical warfare agents. Howarth et al. reported the func-
tionalization of NU-1000 and NU-1200 with phenyl-C¢;-butyric
acid (L30), a Cg, derivative that efficiently generates singlet
oxygen.'” The resulting materials were tested as photosensiti-
zers for the oxidation of sulfur mustard (HD) and its simulant,
2-chloroethyl ethyl sulfide (CEES). The oxidation of CEES was
highly efficient, achieving over 90% conversion within minutes,
while oxidation of HD was slower, reaching similar conversion
in over 40 minutes. The same ligand (L30) was later incorpo-
rated into mixed-ligand MOFs containing chromophore linkers
based on porphyrin and pyrene.'°® These systems exhibited
sequential energy and charge transfer which was exploited in
the photooxidation of sulfides to sulfoxides. In the presence of
the prepared catalyst, thioanisole was converted to the corres-
ponding sulfoxide within 6 h with 94% yield. Very recently, Jin
et al. integrated porphyrin (L31) in a Zr-MOF based on naphtha-
lene diimide (NDI), resulting in a donor-acceptor CT system,
Zr-NDI-L31, which was highly efficient in photocatalytic oxida-
tive hydroxylation of arylboronic acids and oxidative homocou-
pling of amines."®”

Boron-dipyrromethene (BODIPY) dyes and especially their
halogenated derivatives are well-known photosensitizers for
singlet oxygen generation.'®® Incorporating the bromo-BODIPY
ligand (L34) into NU-1000 significantly improved its singlet oxygen

17722 | Chem. Commun., 2025, 61, 17715-17734

production, enabling oxidation of CEES to its less toxic sulfoxide
derivative within nine minutes under green LED (450 nm)
irradiation."® In a related study, the iodo-BODIPY derivative
(L33) was introduced into NU-1000 using SALL''® The comple-
mentary spectral properties of the pyrene-based linker and
BODIPY ligand enabled efficient EnT and facilitated photo-
catalytic generation of singlet oxygen, as demonstrated by the
oxidation of 1,5-dihydroxynaphthalene to 5-hydroxy-1,4-naphth-
alenedione (Juglone) under visible light irradiation. In a distinct
photocatalytic system, the organic dye eosin Y (L32) was incorpo-
rated into MOF-808 via SALI to improve its performance in
oxidation of alcohols under visible light."™" The resulting material
enabled efficient activation of C(sp®)-H bonds and molecular
oxygen, promoting oxidation of alcohols with up to 99% selectivity
for aldehydes over carboxylic acids.

The Ru(u) centers, known for their redox activity and effi-
cient excited-state electron transfer properties, can serve as
catalytic sites under visible light irradiation. Nagatomi et al.
investigated the integration of Ru(u) with NU-1000 to enhance
its photocatalytic activity in oxidative amine coupling.'** The
Zr-nodes of this material were functionalized with the photo-
active tris(2,2'-bipyridine)ruthenium(n) complex, [Ru(bpy)s]**
(L36). The resulting material enabled almost quantitative con-
version of (4-methylphenyl)methylamine within 1 hour under
blue LED irradiation, compared to 24 hours required by the
homogeneous Ru(u) complex. Moreover, the redox-active ligand
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L36 was also incorporated into the redox-inert NU-1008 to
investigate its role in the CT process.'™?

Better understating of the CT mechanisms is of paramount
importance for developing MOFs for electrocatalytic or energy
storage applications.""* In this context, ferrocene carboxylic acid
(L35) is often selected as redox-active probe that has been intro-
duced via SALI into various Zr-MOFs, including NU-1000,"">"¢
PCN-222 and SIU-100,"* or at defective Zr-nodes of UiO-66."""
It was recently demonstrated that functionalization of defective
UiO-66-NH,-with L35 enhances photocatalytic CO, reduction
under visible light."*® While the presence of ferrocene improves
light absorption and facilitates ligand-to-metal CT, it also partially
inhibits the Lewis acidity of Zrs-nodes. By balancing these effects,
the optimized MOF achieved efficient CO, to CO conversion.

3.4. Chiral catalysts

Chiral MOFs (CMOFs) have emerged as valuable asymmetric
catalysts for the synthesis of enantiomerically pure compounds
(Fig. 6(a)). Besides the often challenging de novo synthesis of
CMOFs, PSM strategies offer a convenient tool for introducing
chirality into achiral MOFs. A pioneering example of post-
synthetic incorporation of chiral ligands into MOF was reported
by Banerjee et al. in 2009, who modified MIL-101(Cr) with
L-proline derivatives for use in asymmetric catalysis."*® The
resulting CMOFs showed good activity in asymmetric aldol
condensation, reaching up to 90% conversion with ~70%
enantiomeric excess (ee), surpassing the activity of the free
chiral ligand. In a related study, N-functionalized r-proline
derivatives were introduced into MIL-101(Cr) to catalyze the
asymmetric reduction of ketimine with moderate conversion of
81% and 37% ee after 24 h at room temperature."*°
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Chiral nonstructural ligands can be incorporated through
SALI>*'*1122 or ysed as modulators during MOF synthe-
sis,'>*™12> and typically include o-hydroxy acids and s-amino
acids (Fig. 6(b)). For example, NU-1000 was modified with
-tartaric acid (L37) via SALI, followed by incorporation of a
Mo(vr) complex.'*® The resulting material demonstrated excel-
lent catalytic activity in asymmetric olefin epoxidation perfor-
mance, reaching up to 100% selectivity and 85% ee.

Similarly, a series of CMOFs were obtained by grafting
(R)-2-hydroxy-2-phenylacetic acid (L38), (R)-2-hydroxy-3-phenyl-
propionic acid (L39) and (R)-2-hydroxy-4-phenylbutanoic acid
(L40) to Zr-nodes of PCN-222(Cu)."”” These catalysts afforded
nearly quantitative yields in the asymmetric ring-opening reac-
tion of cyclohexene oxide with aniline, with the best-performing
derivative L40 reaching 83% ee.

Sha et al. used SALI to introduce 1- and p-histidine (L43, L44)
into MOF-808, followed by Cu(u) coordination to mimic cate-
chol oxidase active sites (Fig. 6(c))."*® The modified material
catalyzed the oxidation of various catechols to quinones under
mild conditions, including biologically relevant substrates such
as 3,4-dihydroxyphenylalanine (Dopa) and r-adrenaline, with
catalytic activity surpassing that of natural enzymes. Nguyen
et al. functionalized DUT-67 with r-proline (L41), preserving
MOF crystallinity and enabling precise chiral ligand loading."*°
The resulting DUT-67-pro served as an efficient heterogeneous
catalyst for asymmetric Michael additions between cyclohexa-
none and trans-p-nitrostyrene, achieving up to 96% yield with
remarkable enantioselectivity. In a follow-up study, the influence
of Zrge-nodes environment on stereoselectivity in aldol reaction of
cyclohexanone and 4-nitrobenzaldehyde was explored.”*® Unlike
homogeneous L-proline, which typically promotes anti-selectivity,
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Fig. 6 (a) Scheme of chiral product formation form achiral substrates using CMOF obtained from achiral MOF via SALI method. (b) Examples of
a-hydroxy and a-amino acid ligands used for SALI. (c) Scheme of two-step functionalization of MOF-808 with L-/p-histidine and Cu(i) ions (left),
selective catalytic transformation of L-/p-Dopa to L-/p-dopachrome using L-/p-His-MOF-808 (right).128 Figure adapted form ref. 128 with permission.

Copyright 2023 American Chemical Society.
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DUT-67-pro exhibited syn-(S,S) diastereoselectivity. This behavior
was attributed to the ability of the Zrgs-nodes to stabilize different
transition state geometry at the catalytic site.

4. Other applications of SALI-modified
MOFs

In addition to catalytic transformations discussed in the pre-
vious chapter, the versatility of the SALI method has enabled its
broader applications. This chapter highlights representative
examples of SALI-modified MOFs applied to enhance gas
adsorption and separation, enable selective sensing platforms,
develop drug delivery systems, facilitate energy transfer pro-
cesses, and construct MOF-polymer hybrids. These examples
reflect not only the chemical versatility of SALI method, but also
its compatibility with a wide range of structural motifs and
application domains. While this chapter focuses on selected
studies, the continued evolution of SALI suggests its growing
role in multifunctional MOF design across research areas.

4.1. Sorption and separation

The post-synthetic introduction of nonstructural ligands via
SALI offers a powerful strategy to tune pore environment in
MOFs, enhancing their interactions with guest molecules and
improving sorption capacities (Fig. 7(a)). Depending on the
chemical nature of the introduced ligand, this functionalization
can improve affinity towards targeted adsorbates, modulate hydro-
philicity/hydrophobicity, or increase overall (hydrolytic) stability.
A variety of nonstructural ligands have been installed for these
purposes, as summarized in Fig. 7(b).

A well-studied class of ligands used in this context are
perfluoroalkane carboxylates, which were introduced into NU-
1000 to create SALI-n materials, where n denotes perfluoroalkyl
chain length.>* These modification enhanced affinity toward
CO,, with SALI-9 showing a notable increase of the heat of
adsorption (Qg = 34 kJ] mol™").>* In a follow-up study, SALI-5
and SALI-9 functionalized with perfluorohexanoic acid and
perfluorodecanoic acids (L45), respectively, demonstrated
improved stability during water adsorption-desorption cycles."**
The same series of ligands were later applied to NU-1008, where
diffusion of BODIPY through the modified pore environments
was investigated using combined computational and experi-
mental methods.'** More recently, Son et al. prepared MOF-808
functionalized with a range of phosphonic acid derivatives
(L48-L51, L60) and conducted more comprehensive sorption
and permeability studies against series of adsorbates, such as
n-hexane, propane, benzene and water.'*?

Amino-functionalized compounds (Fig. 7(b)) also represent
a major class of ligands for SALI-modified MOFs aimed at
selective CO, capture, mirroring established industrial amine-
based gas treatment systems."** For example, incorporation of
N-o-fluorenylmethyloxycarbonyl (Fmoc)-protected triglycine
(L58) and 2,6-diacetylaminopyridine-4-carboxylic acid (L57)
into NU-1000 resulted in enhanced of CO, adsorption capa-
city and selectivity."*® Similarly, NU-901 functionalized with
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3,5-diaminobenzoic acid (L56) exhibited over a 130% increase
in CO, uptake.’*® Post-synthetic grafting of NU-1000 with
thiazolium-based ligands (L59) created a charged framework
with improved CO, affinity,"*” while multistep functionaliza-
tion of MOF-808 with EDTA and -ethylenediamine-based
linkers introduced multiple amine sites, further enhancing CO,
adsorption.'?®

Moreover, amino acids due to their zwitterionic nature and
diverse functional groups are an intriguing subgroup of ligands
that can be used as modulators"*® during MOF synthesis or
can be introduced post-synthetically in SALI-like fashion.
For example, Lyu et al. installed 11 different amino acids into
MOF-808 (L6, L41, 142, L61-L67), with MOF-808-Lys showing
the highest CO, uptake improvement as compared to the
unmodified MOF-808 (Fig. 7(c)). The investigation of the CO,
adsorption mechanism in MOF-808-Gly revealed that the
uptake of CO, under humid conditions leads to the formation
of bicarbonates and thus not requiring heat to regenerate
the material.’*® In the follow-up study, MOF-808 derivatives
functionalized with amino acids were compared to a related
system modified with polyamine moieties. In this two-step
modification, 3-chloropropionic acid (L53) was first installed
via SALI into MOF-808, followed by nucleophilic substi-
tution with polyamines to generate polyamine-functionalized
materials."*!

Although Zr-MOFs are generally hydrolytically stable across
a wide range of pH, the strong capillary forces created during
water desorption process can lead to the collapse of porous
frameworks. The introduction of nonstructural ligands can
reinforce structural integrity and improve water sorption stabi-
lity in multiple adsorption-desorption cycles. For example,
MOF-808 functionalized with EDTA exhibited enhanced resis-
tance to degradation during water sorption (Fig. 7(d))."*?
larly, post-synthetic exchange of modulators with other
nonstructural ligands in MOF-808>* and DUT-67°° can strongly
influence sorption properties and stability of the materials. In
another example, UiO-67 modified with perfluorooctanoic acid
(L45) showed improved removal of polycyclic aromatic hydro-
carbons (PAHs) from water.™** Similar approach was employed
by Bonnett et al. where PCN-222 was modified with myristic
acid (L49) that improved almost twice water flux in the con-
structed reverse osmosis membrane while maintaining good
salt rejection of >95%."**

Beyond carboxylates and phosphonates, other organic mole-
cules have also been explored for enhancing water stability. Liu
et al. introduced chelating nonstructural ligands based on
acetylacetonate and its fluorinated derivatives (L46) into NU-
1000, observing that the MOF modified with highly hydropho-
bic fluorinated variant retained structural integrity across 20
water sorption cycles.'*® In contrast, post-synthetic installation
of disulfonates such as 1,3-propanedisulfonic acid (L54) and
1,5-naphthalenedisulfonic acid (L55) in MOF-808 improved
hydrophilicity of tested materials and retained their stable
water cycling performance.*® Finally, UiO-66 functionalized
with oxalic acid demonstrated improved sorption of several toxic
chemicals, including ammonia, cyanogen chloride, SO,, NO,, and

Simi-
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Fig. 7 (a) Schematic representation of SALI-modified MOFs for improved affinity towards targeted adsorbates and enhanced hydrolytic stabilities for
water sorption studies. (b) Representative examples of nonstructural ligands incorporated via SALI protocol in MOFs for sorption studies. (c) Structure of
functionalized MOF-808-AA, where AA = amino acid (left). Comparison of CO, sorption isotherms measured at 25 °C for MOF-808 before and after
functionalization with series of amino acids (center). Comparison of CO, uptakes for MOF-808-Lys by dynamic breakthrough measurements
highlighting the water-enhanced uptakes (right).*** Figure adapted form ref. 140 and 141 with permissions. Copyrights (2022, 2024) American Chemical
Society. (d) Schematic representation of 6-connected Zr-nodes of MOF-808 functionalized with EDTA; water sorption isotherms of MOF-808 and
functionalized E-MOF-808 measured in three cycles showcasing retained stability of the E-MOF-808 material.X*? Figure adapted form ref. 142 with
permission. Copyright 2024 John Wiley and Sons.

octane, highlighting the broader applicability of SALI-based also play a significant role in the design of sensors. This

surface modifications for environmental decontamination.'*® approach was recently demonstrated for MOF-808 which was
. . functionalized with EDTA (L24) and subsequently metalated
4.2. Chemical sensing with Cu®" (Fig. 8(c)). The resulting material, MOF-808-EDTA-Cu,

Nonstructural ligands introduced via SALI can serve as second- acted as an efficient acid vapor sensor capable of visual detec-
ary metal-coordination sites for catalysis (see Section 3.2) but tion of colorless acid vapors (HCl, HBr, HI). Exposure to
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Fig. 8 (a) Scheme of colorimetric detection using SALI-modified MOFs. (b) Representative examples of chromophore molecules introduced via SALI for
sensing and metal detection studies. (c) Schematic representation of the preparation of MOF-808-EDTA-Cu as an acid vapor decoder (top) and principal
component analysis (PCA) results for discrimination of hydrohalic acids showcasing distinctive acid-selective colorimetric behavior with related
photographs of MOF-808-EDTA-Cu after exposure to HCL, HBr, and HI vapors (bottom).®? Figure adapted form ref. 62 with permission. Copyright
2025 Springer Nature. (d) Illustration of hard, borderline, and soft metal-chelator-like traps within the MOF-808 scaffold with possible coordination to
Hg(i) in the pore space of functionalized MOF-808. Comparison of adsorption capacity (mmol mol™) of MOF-808 (top) and MOF-808 functionalized
with histidine (bottom) tasted against Hg(i), Pb(i), Cd (i), Cu(n), Ni(r), Eu(n), Cr(n), and Cr(vi).?> Figure adapted form ref. 25 with permission. Copyright 2022

American Chemical Society.

120 ppm of HCl vapor induced a noticeable color change from
cyan to yellow, which was reversible upon immersion in water
(~80% regeneration efficiency), thereby ensuring reusability.
Furthermore, this sensing platform displayed distinct color
changes upon exposure to HF, HBr, and HI, while remaining
unaffected by interfering gases, humidity, or temperature
(Fig. 8(c)).** A similar approach was demonstrated by Pei et al,
who prepared a fluorescent sensor based on UiO-67 analogue
modified with tartaric acid (L37). Subsequent coordination of
Tb(m) cations enabled this material to function as a luminescent
probe for detection of pesticide nitenpyram."*” Interestingly, SALI
was also utilized to incorporate a Gd(m) complex (L69) into NU-
1000 and NU-901, which were tested as model magnetic resonance
imaging (MRI) contrast agents.'*®

An alternative strategy in sensor design involves introduc-
tion of chromophore-based nonstructural ligands to create
selective luminescent sensors. For example, NU-1000 functio-
nalized with benzothiazolium bromide (L70) was developed as
a luminescent sensor for detecting anions (CN, SCN~, OCN ",
SeCN"). This material exhibited a reversible shift in emission
from 490 to 450 nm upon anion exposure, accompanied with a
color change under UV light.'*® Importantly, the modified
material achieved a limit of detection of 1.08 x 107® M for

17726 | Chem. Commun., 2025, 61,17715-17734

cyanide, even in tap water. The post-synthetic installation of
pH-sensitive ligand, 5(6)-carboxynaphthofluorescein (L71), into
NU-1000 led to the construction of a robust colorimetric
pH sensor. This material was further tested in detection of
byproducts generated during the detoxification of nerve agent
simulants.'*® Similarly, pH-dependent fluorescence change was
observed in NU-1000 functionalized with 4-aminobenzoic acid
(L16).">" Additionally, in biomedical context, coordination of a
fluorescent derivative of calcein (L72) into selected Zr-MOFs enabled
tracking of cellular uptake to study endocytosis pathways.*>*>>

4.3. Heavy metal capture and detection

As demonstrated in Sections 3.2 and 4.2, SALI is a convenient
tool for the introduction of ligands bearing functional groups
capable of coordinating additional metal centers. This method
can be effectively utilized to design functionalized materials
tailored for selective heavy metal detection and removal. For
example, thiol-bearing carboxylates introduced via SALI have
been successfully employed for the efficient extraction of heavy
metal ions, such as Hg>",'*>*** As®*'° and Au®"."*° Addition-
ally, modification of MOF-808 with series of phosphonic acids>?
or amino acids"®” significantly enhanced U(vi) adsorption from
aqueous solutions.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5cc04299b

Published on 29 September 2025. Downloaded on 3/14/2026 3:17:09 AM.

ChemComm

Valverde et al. carried out a comprehensive study on the
post-synthetic modification of Zr-nodes in MOF-808 using a
series of eight amino acids, aimed at creating a pore environ-
ment rich in diverse functional groups, similar to those found
in commercial metal chelators (Fig. 8(d)). The modified MOF
materials were screened for adsorption toward different metal
cations, followed by multi-component competitive adsorption
experiments, where high affinity towards Hg(u), Cd(u) and Pb(u)
was observed.”® In a related approach, MOF- 808 was modified
with EDTA (L24) to create a multi-ion adsorbent for heavy
metals. This material exhibited excellent removal efficiencies
(>99%) against 22 heavy metal cations tested in a single-
component adsorption, multi-component adsorption, and
breakthrough processes.’®

4.4. Light-harvesting and energy transfer

The introduction of additional chromophores as nonstructural
ligands has been explored in the design of artificial light-
harvesting systems, enabling MOFs to efficiently absorb light
and facilitate energy transfer (EnT) across multiple linkers or
molecular units."*®'*® Combining donor and acceptor moieties
within MOFs can be achieved through synthesis of multivariate
(MTV)-MOFs,'*%'®! host-guest integration,"®> and various post-
synthetic functionalization strategies, including SALI. Impor-
tantly, SALI offers greater precision in ligand positioning
compared to mixed-linker approaches, making it more advan-
tageous for ligand-to-ligand EnT mechanistic studies. While a
handful of chromophores installed via SALI have been dis-
cussed for their role in photocatalytic applications (see Section
3.3), the discussion in this section focuses specifically on the
fundamental EnT processes.

Due to the ability to precisely control the arrangement of
donor and acceptor chromophores, MOFs represent attractive
platforms for investigating rapid and long-range energy trans-
fer. One commonly studied pair for EnT includes pyrene
(donor) and porphyrin (acceptor), where the emission spectrum
of pyrene-based linker overlaps well with the excitation wave-
length (420 nm) for porphyrin.'®® The influence of spatial
arrangement of these chromophores was explored in 2D
Zr-based MOFs composed either of pyrene or porphyrin linkers,
where complementary linkers were post-synthetically installed
via SALL'®* Two distinct systems were investigated: “acceptor-
on-donor” (porphyrin linkers immobilized onto pyrene-based
MOF) and “donor-on-acceptor’” (pyrene linkers immobilized
onto porphyrin-based MOF). It was found that the ‘“acceptor-
on-donor” configuration exhibited more efficient energy trans-
fer. Similarly, the SALI functionalization of mesoporous pyrene-
based NU-1000 was explored as a model for light-harvesting.
Selected monocarboxylate electron acceptors, including por-
phyrin derivatives'®'®® (L73), 3,5-dinitrobenzoate and ferro-
cene carboxylates,*®”'®® were successfully installed via SALI,
giving a more detailed picture of the influence of spatial
arrangement of the chromophores on the EnT processes.
It was observed that the two types of accessible pores in the
csq topology of NU-1000 enable size-dependent placement of
nonstructural ligands, with larger porphyrins preferentially

This journal is © The Royal Society of Chemistry 2025
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occupying the hexagonal mesopores, while smaller ones (e.g
benzoate derivatives) fitting into the triangular micropores.®®

4.5. Drug delivery

The lability of nonstructural ligands can also be a beneficial
property for the controlled release of coordinated guest mole-
cules. This feature can be exploited in drug delivery systems
(DDS), where slow or delayed release of bioactive compounds
enables targeted therapies with improved efficiency. Typically,
MOF-based DDS rely either on weak host-guest interactions,
which may result in rapid and uncontrolled cargo release, or on
drug molecules covalently attached to organic linkers, where
their release requires complete degradation of the MOF. The
SALI protocol offers an intermediate solution between these
two approaches, enabling greater control over the rate of drug
release (Fig. 9(a)).

A wide variety of bioactive molecules have been successfully
coordinated to the inorganic nodes of MOFs via the SALI
approach (Fig. 9(b)). These include nonsteroidal anti-inflam-
matory drugs such as ibuprofen (L79),"> ketoprofen (L80),"¢°
and diclofenac (L81);'”° antibacterial agents including nalidixic
acid (L76),'*® norfloxacin (L78),"”" and levofloxacin (L77);'®°
and anticancer drugs such as o-cyano-4-hydroxycinnamic acid
(a-CHC, L74),"** alendronate (L75),*” and prednisolone,'”* the
latter two being phosphate-based drugs. Other biologically
relevant ligands, such as folic acid®® (L82, vitamin Bs), biotin®®
(L83, vitamin B,), have also been used for post-synthetic surface
functionalization of defective Zr-MOFs.

The direct coordination of the hemilabile drug molecules via
SALI typically results in moderate release rates, which are
strongly influenced by the size of the drug, the available
porosity, and the number of free coordination sites in the
MOF. As a result, the distribution of the bioactive molecules
can vary, ranging from attachment at the external surface of
MOF crystallites®® to more uniform incorporation through the
framework, enabling increased overall drug loading.'***%°

MOFs studied as SALI-based DDS include MIL-100(Fe)”"'”>
and several Zr-based materials, such as Zr-fum,*® Ui0-66,>¢*
NU-901,"*""% and NU-1000."*"'% Interestingly, the stability of
Zr-MOFs is strongly influenced by the composition of the buffer
solution used in release studies, particularly due to compe-
titive coordination between phosphate ions and carboxylate
ligands."’* For example, Pander et al. reported that the degra-
dation rate of NU-1000 varied significantly depending on the
concentration of phosphate-buffered saline (PBS) solution
(Fig. 9(c)),"* and similar trends were also observed for Zr-fum®*’
and Ui0O-66."7° Consequently, the stability of Zr-MOFs is influ-
enced by both the pK, of the coordinated linkers and the overall
connectivity of the Zr-nodes and linkers.

Abanades Lazaro et al. investigated two strategies for intro-
ducing drug molecules into microporous Ui0-66>%* and Zr-
fum,*® where selected bioactive molecules were incorporated
either as modulators during synthesis (the coordination mod-
ulation approach®®) or post-synthetically through a SALI-like
coordination route. Both drug-loading methods were applied to
defective DCA@Zr-MOF materials, in which dichloroacetate
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against HEK293 and MCF-7 cell lines.*® Figure adapted form ref. 45 with permission. Copyright 2020 John Wiley and Sons.

(DCA) serves as a defect-compensating ligand. The combination
of these strategies enabled the preparation of biocompatible
UiO-66 material incorporating multiple drug molecules at
varying loading levels. One of the key observation was that
the inclusion of bisphosphonate-based alendronate (L75)
enhanced anticancer selectivity, attributed to its strong coor-
dination to Zr-nodes (Fig. 9(d)).*> These findings were consis-
tent with the work by Christodoulou et al., who compared
encapsulation of three prednisolone derivatives in MIL-100(Fe)
and reported the highest loading for the phosphate-based analo-
gue, due to its stronger binding affinity to the metal nodes."”

4.6. MOF-polymer hybrids

The SALI strategy has also been successfully applied in the
preparation of MOF-polymer hybrids. In these systems, poly-
mer chains are directly coordinated to metal nodes of the MOF
structure, although this attachment is typically limited to the
external surface of MOF crystallites due to the large size and
diffusion limitation of polymers. Polymer chains employed in
these hybrids possess functional groups capable of binding them
directly with the metal nodes."”® For example, the phospholipid

17728 | Chem. Commun., 2025, 61,17715-17734

asolectin was post-synthetically coordinated to NU-901, and in
combination with the co-polymer F127 formed a unique, func-
tional bilayer with both hydrophobic and hydrophilic regions.
This structure significantly improved the protection of the drug-
loaded MOF, facilitated its dispersion in aqueous media, and
enabled prolonged release of the anticancer drug pemetrexed
against two types of cancer cells."”? Similarly, a series of drug-
loaded Zr-MOFs (including PCN-222, UiO-66, MOF-808, NU-901,
and PCN-128) were functionalized using methoxy poly(ethylene
glycol) phosphate(mPEG-PO;), where phosphate groups directly
coordinated to the Zr-nodes.’”” Such PEGylation strategy notably
improved colloidal stability and delayed the release of loaded
model drug molecules.

Another intriguing approach for preparation of MOF-polymer
hybrids is the reported “click-modulation” method,*® in which
benzoic acid derivatives (L84, L85) were first introduced as non-
structural ligands into UiO-66 (Fig. 10(a)), followed by covalent
modification of these functional groups through click reactions
with selected polymer chains such as PEG, poly-i-lactide, and
poly-N-isopropylacrylamide (PNIPAM).>® The resulting surface-
modified UiO-66 crystals exhibited improved stability against

This journal is © The Royal Society of Chemistry 2025
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phosphate-induced degradation and demonstrated pH-
dependent drug release behavior.>®

Nonstructural ligands have also been employed as anchor-
ing sites for covalent polymer attachment, as demonstrated by
the functionalization of UiO-66 with acrylic acid, followed by
crosslinking with Arabic gum to form a hybrid hydrogel.’”® The
resulting MOF-polymer hybrid showed improved mechanical
properties and was evaluated for adsorption of the methylene
blue dye.

Recently, a novel strategy for preparation of MOF-polymer
hybrids was demonstrated, where Zr-MOFs (NU-1000 and
MOF-808) were functionalized with the radical polymerization
initiator, 4,4’-azobis(cyanovaleric acid) (ACPA, L86)."* This
modification enabled the in situ generation of free radicals
and polymerization of selected methacrylate monomers with
direct attachment of growing polymer chains to the Zr-nodes
(Fig. 10(b)). The resulting MOF-polymer hybrids exhibited
enhanced mechanical stability and improved catalytic activity
toward the hydrolysis of a model nerve-agent simulant.

4.7. Proton and ionic conduction

The SALI strategy can be utilized to tailor proton conduction
by introducing nonstructural ligand possessing either proton-
donating (-SO3H, —-PO3H,, -COOH) and proton-accepting (-OH,
-NH,) groups.'”®"®® Several functional nonstructural ligands
were successfully coordinated to 6-connected Zr-nodes of MOF-
808 which included oxalic acid,'®' EDTA,'®! sulfoacetic acid,"®?
2-sulfoterephthalate,'®® complementary pair of H,SO, and his-
tidine,"® imidazolium hydrosulfate,®® imidazolecarboxy-
85 For example, best performing materials
after functionalization of MOF-808 with acidic sulfiliminium
moiety achieved proton conduction of 8 x 107> S cm™ " at 60 °C

lates,'® sulfamates.

This journal is © The Royal Society of Chemistry 2025

and 95% relative humidity (RH)."®® Gu et al. used 4-sulfo-
benzoic acid potassium salt (L20, Fig. 4) to modify MOF-808
by SALI. The resulting MOF-808-SO;K-based solid-state electro-
lyte achieved ionic conductivity of 3.1 x 107> S cm ™" at 303 K,
a low activation energy of 0.32 eV, and a high transference
number of 0.76 for potassium ions.'®”

4.8. Beyond SALI: sequential linker installation

The connectivity of the metal nodes can strongly influence the
overall stability of a MOF,'®® and introduction of novel non-
structural ligands can, in some cases, contribute to stabilizing
of the parent framework.'®® Sequential linker installation
(SLI)*°>*** or post-synthetic ligand insertion'®> can be regarded
as an extension of SALI method where instead of nonstructural
ligands, specially selected linkers can be coordinated to adja-
cent inorganic nodes (Fig. 11(a)). This approach enables the
synthesis of MTV-MOFs with a precise spatial arrangement of
linkers'®* and can unlock new topologies that are inaccessible
through conventional de novo synthetic protocols.'*>'** It has
been used to improve the mechanical'®'*® and hydrolytic'®"**®
stability, as well as to rigidify otherwise flexible frameworks."*® For
example, the flexible Zr-MOF SIFE-5 was stabilized through post-
synthetic coordination of selected linear dicarboxylates between
interpenetrated subnetworks, resulting in a rigid analog of the
parent structures — SIFE-6 and SIFE-7 (Fig. 11(b)).>*

Beyond structural stabilization, SLI also provides a versatile
tool for introducing new functionalities. In PCN-808, the incor-
poration of Ru-based dicarboxylates imparted photocatalytic
activity,?®* while in PCN-700, the tandem introduction of two
additional linkers bearing -COOH and -NH, groups enabled
bifunctional Brgnsted acid-base catalysis.”** In the NU-606-611
series, careful linker selection allowed tuning hydrophobic
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properties, which modulated water sorption behavior.>** Simi-
larly, in the LIFM-28 system, the choice of secondary linker
enabled precise adjustment of catalytic,”** sorption,>*® and
fluorescence®*® properties. A particularly notable case is NPF-
320, where a combination of sequential linker installation
and exchange led to the incorporation of four different linkers
into a single framework, which was used for systematic energy
transfer studies.>”’”

5. Conclusions and outlook

In this review, we highlighted the role of SALI-modified MOFs
in heterogeneous catalysis, with particular attention to their
application in acid-base catalysis, photocatalysis, metal immo-
bilization, and asymmetric transformations. Moreover, repre-
sentative examples of functionalized materials via SALI were
discussed in sorption and separation processes, sensing, light-
harvesting, water treatment, and drug delivery, among others.
These cross-disciplinary applications underscore not only the
chemical versatility of the SALI approach, but also its compat-
ibility with tandem PSM strategies for increasing complexity of
multifunctional systems.

The development of SALI over the last decade has signifi-
cantly broadened the chemical toolbox for PSM strategies in
MOFs by expanding the usefulness of direct coordination of
organic ligands to metal nodes. The SALI approach allows

17730 | Chem. Commun., 2025, 61,17715-17734
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precise control over incorporation of functional groups with a
minimal disturbance of the integrity of the parent material.
As such, a single MOF platform can be tailored for diverse
applications by employing carefully designed SALI protocols, as
demonstrated throughout this review with numerous examples.
Importantly, the SALI protocol can be readily transferable to
other MOF systems featuring unsaturated metal nodes and
sufficient space to accommodate new ligand coordination
types, however, some limitations remain. To date, SALI has
been mostly applied to Zr-based MOFs and relies predomi-
nantly on carboxylate-based ligands, although other binding
motifs, such as phosphonates and sulfonates, have begun to
emerge.

Future progress is expected to involve extending SALI to
other MOF families featuring accessible coordination sites,
expanding the range of usable ligand types, and integrating
this method with additional modification strategies. We believe
that SALI will remain a compelling and adaptable tool for the
rational design of the next-generation MOF-based materials,
thanks to its operational simplicity, broad ligand scope and
platform compatibility.
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