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Synthesis, characterization & catalysis of ITQ 2D
metal—-organic frameworks and spectroscopic &
photodynamic properties of their composites with
organic dyes

Mario Gutiérrez, (22 Urbano Diaz, (2 *° Boiko Cohen (2 *? and

Abderrazzak Douhal (2 *@

Metal-organic frameworks (MOFs) have gained significant attention for their broad range of applications
in a variety of scientific and technological fields. These materials are crystalline in nature and are formed
through the self-assembly of metal ions or clusters with organic linkers via coordination bonds.
Typically, MOFs adopt three-dimensional (3D) structures by assembling the subunits in all three spatial
directions forming a relatively rigid network. However, in recent years, low-dimensional 2D-MOFs have
garnered considerable interest due to their distinctive properties, particularly in gas adsorption/
separation, sensing, catalysis, and chemical release applications. 2D-MOFs are created through the
assembly of a single layer, resulting in sheet-like structures that provide larger active surface areas,
thereby enhancing the diffusion of guest molecules. A notable example of this is the ITQ family of 2D-
MOFs, which are formed through the assembly of 1D organic—inorganic structural subunits. The result-
ing mesoscopic lamellar structure of these MOFs favors interactions with organic molecules and hence
improves the catalytic performance. Here, we provide a comprehensive overview of the available synth-
esis, structural characterization, physico-chemical properties, and specific catalytic performance of ITQ
2D MOF hybrid materials. We examine available strategies to obtain tuneable Lewis and Brensted acid
active sites from the 1D sub-domains as well as provide examples for the application of these MOFs in
specific reactions. We also review studies on the effect of the nature of organic spacers as well as that
of the metal clusters on the spectroscopic and photodynamical properties of composites formed by
these MOFs as hosts with well-known organic fluorescent dyes (guests).

more nanotechnological ones, such as those related to photo-
responsive applications.*™ In this review, we focus on the

Nowadays, nanoscience has become one of the most important
branches of science and technology, providing high impact
solutions to fulfil the demands of modern society, with
organic-inorganic hybrid materials being at the forefront of
these advances. The high chemical versatility that these mate-
rials offer has woken the interest of multidisciplinary research-
ers, since it is possible to rationally design and synthesize novel
structures with controlled physico-chemical properties."”” In
fact, these hybrid materials are being successfully implemented
in a wide range of applications, from the most conventional to
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development of novel 2D metal-organic frameworks (MOFs),
structured from 1D builder sub-units, showing their more relevant
properties and characteristics and evidencing their suitable prop-
erties to be used as catalysts and photoactive materials depending
on their structure, morphology and composition.®

Traditionally, it is possible to use different organic and
inorganic structural units for the synthesis of 3D ordered porous
frameworks, which through a self-assembly process generate
specific metal-organic structures, MOF-type, with different prop-
erties and levels of structuration.” Following this approach, a
large number of this class of hybrid materials were described in
the literature due to the possibility of using a great variety of
inorganic units and organic ligands in the synthesis process.®™°
Furthermore, taking advantage of the versatility and reactivity of
certain organic units, it is possible to modify and introduce new
functionalities in the metal-organic structures through different
post-synthesis treatments.''* At the borderline of the classical
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MOFs, in the last few years, new families of hybrid materials
based on in situ generated 1D builder sub-units were prepared
through solvothermal synthesis processes, using different types
of metallic inorganic precursors and monotopic organic spacers
usually not used up to that point for the preparation of conven-
tional MOFs." Furthermore, post-synthesis modification was
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considered in some of these obtained materials for providing
further functionalities to the hybrid network.'* In this way,
MOFs with specific catalytic and photoactive properties were
successfully generated.

This review is organized into several sections, with a sum-
mary of the main topics depicted in Scheme 1. After the
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Scheme 1 Schematic representation of the topics and most important
concepts covered in this review.

Introduction section, we briefly comment on the novelty, advan-
tages, and use of monotopic organic linkers for the synthesis of
new 2D MOFs (Section 2). Section 3 focuses on the synthesis,
structural characterization, physico-chemical properties and spe-
cific catalytic performance of MOF hybrid materials based on Al
nodes and monotopic organic spacers. Section 4 examines the
preparation procedures and characterization of 2- and 3D MOFs
with tuneable Lewis acidity from 1D sub-domains. Section 5 is
dedicated to MOFs based on 1D structural sub-domains with
Bronsted acid and redox active sites as effective bifunctional
catalysts. Section 6 examines the spectroscopic and photodyna-
mical properties of composites formed by these 2D MOFs as
hosts and two well-known organic fluorescent dyes (guests). The
review ends with the Challenges and perspectives and Conclu-
sions sections.

2. Monotopic organic linkers for the
synthesis of new metal—organic
structures

Here we will describe the characteristics of the monomeric
organic ligands that act as builder units of MOFs, as well as their
ability to connect different oxy-metallic inorganic nodes with each
other and their spatial arrangement, determine the order, reg-
ularity and structuring achieved by the resulting hybrid
materials.”> The use of specific organic ligands with different
coordination properties together with the employed solvothermal
synthesis conditions is decisive to establish the organization and
morphology of the obtained metal-organic hybrid materials,"®™
particularly when monotopic organic spacers are used.
Traditionally, the formation of MOFs is based on the use of
at least two types of structural building units with different

This journal is © The Royal Society of Chemistry 2023
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characteristics and properties: one with inorganic nature, pro-
viding high thermal and mechanical stability, and the other
with organic nature, providing associated flexibility and extra-
functionalities. Normally, for the formation of these MOF-type
materials, the organic building unit contains at least two reactive
points capable of coordinatively interacting with the metal ions
or clusters, although sometimes they may contain three or four
connection points, which facilitate the formation of a crystalline,
highly stable and, in some cases, rigid metal-organic structures
after suitable solvothermal assembly processes.®

As a recent novelty, in the present review, a series of MOFs
are described where monotopic organic spacers with only one
point of interaction (in general carboxylic groups) combined
with alkyl chains located in para positions of aryl groups are
employed. This type of builder unit exerts a double function: as a
structural agent and as a growth modulating assistant. There-
fore, with the use of these monotopic ligands, the inhibition of
the growth of the structure in the three directions of space is
favoured, preventing the expansion during the synthesis process
of the MOFs and favouring the generation of hybrid structures
based on the in situ formation of 1D organic-inorganic sub-
domains. The sub-domains are then organized and assembled
along different dimensionalities and morphologies.'*>°

These metal-organic structures are formed by inorganic
chains composed of the association of metal octahedra, being
the most frequent AlO,(OH),. These are coordinated with
monotopic organic spacers, generating 1D organic-inorganic
structural units whose long-range associations form further
families of MOF-type materials, depending on the nature of
the metallic nodes used and the characteristics of the organic
spacers involved in the solvothermal synthesis process. Specifi-
cally, aluminium octahedra are linked together through hydroxyl
groups located in trans positions, typically present in inorganic
materials based on trivalent nodes,*'** such as those described in
conventional aluminium MOFs similar to MIL-53 (Al).>*"* Fig. 1
represents 1D sub-domains that are expected to form with greater

Fig. 1 Schematic presentation of 1D subdomains of metalorganic struc-
tures with an organic spacer number/Al ratio of 1. In blue, a chain based on
associated aluminium octahedra following a Kagomé conformation; in
grey, hepthylbenzoate monodentate spacers; in red, oxygen atoms from
carboxylate groups.
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probability during the synthesis process in the presence of
monotopic organic ligands, being the fundamental builder units
for the preparation of these new families of MOFs.

The influence of different synthesis conditions on the
properties and morphological characteristics finally achieved
in these families of metalorganic structures should be considered,
such as pressure, temperature, time and, especially, the nature of
solvents.?® These experimental conditions can direct towards the
formation of one or another type of hybrid structure depending
on the associations that are favoured between the organic and
inorganic low-dimensional building units formed in the sol-
vothermal synthesis medium.””

3. Metal-Organic hybrid materials
based on aluminium metal nodes and
monotopic organic spacers

3.1 Structuration level and physico-chemical properties

The obtained results showed the importance of the solvothermal
synthesis medium to reach different structuration levels in the
metal-organic networks formed by 1D building units favoured

View Article Online
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by the use of monotopic organic linkers. In particular, it was
confirmed that when only water was used as the synthesis
medium, more compacted metal-organic structures were pro-
moted, while if DMF was used as a solvent, the reagents achieved
a higher degree of dispersion, generating less crystalline meso-
scopic networks.?® Interestingly, when a mixture of both solvents
(DMF and water) was employed, each builder unit was comple-
tely dissolved in one of the solvents separately, generating an
interface in which associated 1D sub-domains in the form of
organic-inorganic sheets were formed (Fig. 1).

Specifically, the first family of MOFs obtained was based on the
use of water as the only solvent. In this case, X-ray diffraction
patterns of the obtained materials resembled those of the con-
ventional 3D MIL-53 (Al)-type materials,” regardless of the length
of the aliphatic chain present in the monotopic organic ligand
(ethylbenzoic acid, EB, or heptylbenzoic acid, HB) (Fig. 2a). These
results support the hypothesis that structurally more compact 3D
materials were formed, similar to the standard MOFs. This
confirmed that the hybrid materials are isoreticular structures
similar to MIL-53 (Al)-type materials (MIL-53(Al)-EB/HB).>°

A second family of hybrid materials was obtained in the
presence of monotopic ligands with alkyl groups in the para
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PXRD patterns of lamellar MOFs: (a) L-MOF-EB, (b) L-MOF-HB and (c) L-

MOF-DB. (b) Synthesis routes for obtaining aluminium-MOF-type materials with different morphologies based on the specific structural assembly of 1D

nanoribbons as a function of solvothermal conditions. (c) 2D NMR spectra: (1)
material. (d) TEM images of the exfoliated MOFs with dichloromethane: ()
permission from the Royal Society of Chemistry.

14046 | J Mater. Chem. C, 2023, 11, 14043-14069

'H and Al and (II) *H and *C (HETCOR) CP-MAS NMR for the Al-ITQ-HB
Al-ITQ-EB and (I) Al-ITQ-HB materials. Reproduced from ref. 28 with
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position and using only DMF as a solvent in the synthesis
process.”® In this case, the X-ray diffraction patterns showed a
single band (100) at low 20 angles positions when specific
organic spacers such as EB, HB and DB, respectively, were used
(AI-ITQ-EB/HB/DB). The obtained results evidenced that the
existence of a mesoscopic type of organization is possible. As it
was also observed in the standard M41S materials,®! the meso-
porous channels formed exhibited larger internal diameters
when the length of the hydrocarbon chain of the incorporated
organic unit was longer. This fact was corroborated by the
position of the diffraction bands (100), which moved to lower
diffraction angles 20 as the length of the alkyl chain was greater.
These results indicate that the use of DMF as the only solvent
resulted in the complete dissolution of both organic and inor-
ganic building units in the same medium. Due to the high
affinity between the organic molecules and the DMF used as a
solvent, a high dispersion of the solved structural sub-domains
occurs, favouring the micellar-type self-assembly.

The last family of materials was obtained using a mixture of
solvents, like DMF/MiliQ water, giving rise to a lamellar-type
structure based on the association of 1D organic-inorganic units
assembled along the ab plane and separated by the monotopic
organic spacers (EB, HB or DB), which were perpendicularly
positioned with respect to the aluminium nodes (L-MOF-EB/HB/
DB).”® The obtained basal space was different for each sample
(Fig. 2b), indicating that the variation in the separation between
the individual sheets depended on the length of the organic spacer
used during the synthesis process, which acted as a modulator of
the growth of the materials, inhibiting 3D structuring and favour-
ing the formation of lamellar metal-organic structures. In addi-
tion, the presence of the diffraction band (100) together with the
bands assigned to the diffraction orders (200) and (300), confirmed
the high regularity obtained in the distance between the successive
individual layers. This mixture of solvents allowed the complete
dissolution of both structural units separately, the organic spacer
preferably being dissolved in DMF and the inorganic unit in the
aqueous solvent. In this way, an interface was generated where the
two types of construction units came into close contact, allowing a
lamellar-type ordering.

Fig. 2b shows the different families of MOFs obtained using
various solvents by the solvothermal process, roughly illustrating
the most probable morphology obtained. It is remarkable that in
all cases the same 1D organic-inorganic sub-domains, shown in
Fig. 1, were forming the hybrid material network.

From IR and NMR spectroscopies, it was corroborated that
the groups coming from the different organic units were coordi-
natively anchored to the aluminium octahedra, remaining intact
as well as retaining their initial chemical configuration and
preserving their composition. Additionally, >’AI-NMR spectra of
the solids evidence that practically all aluminium atoms were
incorporated into the structural network in octahedral positions.
These formed aluminium octahedra were connected to form
inorganic chains present in the 1D sub-domains. Furthermore,
NMR measurements in two dimensions of the spectra of "H with
*’Al and "H with ">C were carried out, confirming the proximity
between the aluminium nodes and the carbon atoms of the

This journal is © The Royal Society of Chemistry 2023
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aromatic rings and of the aliphatic chains of the used organic
spacers (Fig. 2c). Specifically, this experiment was carried out
for the AI-ITQ-HB material, showing a correlation between the
protons of the aromatic ring and the alkyl chain of the
4-heptylbenzoate ligand at ~7 ppm and ~ 1.5 ppm, respectively,
with the ~6.5 ppm signal of the octahedral aluminium nodes.
This result implies the effective formation of the 1D organic-
inorganic units as structural sub-units, which are associated
with each other to form the different MOF-type materials
obtained depending on the synthesis conditions used.

On the other hand, the presence of low-dimensional structural
sub-domains in the different networks that formed the hybrid
materials was confirmed through post-synthesis treatments with
solvents of different polarity (methanol, dichloromethane (DCM),
diethyl ether (DEE) or toluene). For this, the obtained solutions
were analyzed by TEM (Fig. 2d), confirming the presence of small
isolated 1D nanostructures, generated after the expansion and
exfoliation of the initial metal-organic structures. The possibility
of isolating these 1D sub-domains through an exfoliation process
allows their use to form further types of nanomaterials when they
are combined with other sub-structures.

3.2 Al-MOFs like active and stable catalysts for the synthesis
of fine chemicals. Synthesis of benzodiazepines and
asymmetric transformations

The use of MOFs that present defects (CUSs, coordinatively
unsaturated sites) in their structural network has been of great
relevance in recent years to carry out different catalytic processes
of interest.>? This phenomenon is based on the existence of free
or vacant coordination positions in the inorganic building units.
In the case of MOFs, the inorganic nodes may be weakly
coordinated with their ligands, with some of them being easily
removed without collapsing the crystal structure of which they
are a part.*® In the materials reviewed here and formed by low-
dimensional structural units, the use of specific monocarboxylic
organic spacers favours the formation of free specific positions
in the inorganic structure unit. For all these reasons, it was
possible to observe the presence of sites with Lewis acidity in
these hybrid materials thanks to the presence of CUS in their
structure.*® Therefore, taking into account the textural and
structural characteristics of the hybrid materials discussed here,
their capacity as catalysts for the production of benzodiazepines
was studied. This class of products is widely used in the
pharmaceutical industry having therapeutic applications, being
used as anticonvulsants, analgesics, sedatives, antidepressants
and hypnotic agents. Furthermore, derivatives of these com-
pounds are useful as dyes in acrylic fibres and are a valuable
intermediate in the synthesis of triazolo-, oxadiazole-, oxazino-
and furanobenzo-diazepines.*”

Generally, benzodiazepines are synthesized through con-
densation between 1,2-phenylenediamine and carbonyl com-
pounds in the presence of catalysts that exhibit Lewis acidity.*®
For this, the catalytic capacity of the hybrid materials, MIL-53(Al)-
HB, AI-ITQ-HB and L-MOF-HB, was studied (Fig. 3a) to verify the
effect of the different structuration and morphology of each of
them in the cyclic condensation of 1,2-phenylenediamine with

J. Mater. Chem. C, 2023, 11,14043-14069 | 14047
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(d) Al-ITQ-HB catalyzed multicomponent reaction for the synthesis of spirooxindole product.

(e) Enantioselective organocatalytic Michael reactions promoted by Al-ITQ-HB. Organocatalyst 4 was used in the amount of 10 mol% in all cases, except

noted. Additives used were Al-ITQ-HB (results highlighted in blue) or MIL-53
ref. 39 with permission from Springer Nature.

acetone to obtain 2,3-dihydro-2,2,4-trimethyl-1H-1,5-benzodiaze-
pine, also known as 1,5-benzodiazepine. The reaction kinetics
showed a similar catalytic behaviour for MIL-53(Al)-HB and Al-
ITQ-HB materials. The reduced reaction rate obtained for the L-
MOF-HB catalyst was attributed to the high organic content
included in its structure, which is positioned in the interlayer
space, causing diffusional problems, and preventing the arrival of
the reactants to the active sites of the hybrid catalysts. Further-
more, the leaching phenomenon was not observed during the
process and the high catalytic activity presented by the hybrid
material MIL-53(Al)-HB to produce 1,5-benzodiazepine was exclu-
sively assigned to the presence of unsaturated aluminium coordi-
nation sites (Fig. 3b and c). Finally, the stability and recyclability

14048 | J Mater. Chem. C, 2023, 11,14043-14069

(Al) (results highlighted in red) in the amount of 30 mol%. Reproduced from

of the MIL-53(Al)-HB material were studied during several con-
secutive reaction cycles, evidencing how this hybrid material
maintained its high catalytic activity during all uses. This fact
would open the door to employ this type of material as an efficient
solid acid catalyst in other fine chemical processes and, in parti-
cular, in those in which intramolecular cyclizations take place.*”**

The reactivity exhibited by this type of MOFs based on low-
dimensional building units was extended to another relevant
reaction processes, such as condensation reactions in water in
the absence of acidic or basic catalysts, as well as organocata-
Iytic Michael-type reactions that also showed superior enantios-
electivity when comparing with the host-free transformation.*®
Specifically, the mesoscopic AI-ITQ-HB catalyst was effective for

This journal is © The Royal Society of Chemistry 2023
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the Knoevenagel reaction under mild conditions, being effi-
cient for the condensation of a variety of aromatic aldehydes.
Comparative experiments employing conventional MOFs, such
as 3D MIL-53 (Al), showed no relevant conversion, remarking
the important role of the hydrophobic sub-domains present in
AI-ITQ-HB materials and confirming that substrate activation
was not a simple consequence of Lewis acid activation by the
network or the influence of n-stacking interaction of the aro-
matic aldehydes with the organic-inorganic network of the
catalyst. The reaction process proceeded better with aromatic
aldehydes containing electron donating groups, although rate
acceleration was detected in all cases.

The reactivity of the mesoscopic hybrid material AI-ITQ-HB
was also evaluated in the multicomponent reaction between
isatin, dimedone and malononitrile for the synthesis of the
spirooxindole product (Fig. 3d), through micellar catalysis in
water by means of sodium stearate.’® One more time, in the
presence of water in the reaction medium, an improved rate was
observed for the AI-ITQ-HB catalyst compared to the MOF-free
reaction under similar conditions. These excellent catalytic
results were extended to asymmetric organocatalytic Michael-
type reactions of isobutyraldehyde to nitrostyrene*' and even for
Michael’s addition of nitromethane to 4-phenyl-3-buten-2-
one.*>* This fact allowed establishing as general that our host
system boosted the organic reactions in aqueous media (Fig. 3e).

4. 2D and 3D MOFs with tuneable
Lewis acidity from preformed 1D
hybrid sub-domains

4.1 Preparation and characterization

Considering the previous results, the interest in using specific
monotopic organic spacers with different functional groups in
their initial composition has elevated, being possible to influence
the type of structuration achieved and the final reactivity of the
hybrid materials obtained. In all cases, monotopic organic ligands
were used, being of special relevance the introduction of functions
in their composition located in the para position with respect to
the benzylic ring. Likewise, the presence of electron-donor or
electron-withdrawing substituent groups determines both the
textural and catalytic properties of the synthesized MOFs.***®
Specifically, four new hybrid solids were prepared through
the presence of different functional groups (nitro, bromine,
ethyl and amino), which were found in the used monotopic
organic spacers.’”” In the selection of the aforementioned
groups, two of them were chosen that exhibited the particular-
ity of electron-attracting character (EWG, electron-withdrawing
groups), nitro and bromine, which removed electron density
from the conjugated system, making it more electrophilic.
Thanks to the incorporation of these two types of substituents,
a lower negative charge density in the carboxylic groups of the
organic ligands was favoured. Therefore, the non-coordinated
metallic centres (CUS, Coordinative Unsaturated Sites)
included in the metallic nodes of the MOFs exhibited higher
Lewis acidity.*®"® Furthermore, due to their ability to attract

This journal is © The Royal Society of Chemistry 2023
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electrons, these EWG groups showed a high charge density.
Therefore, electronic fields and dispersion forces were gener-
ated between the organic spacers themselves, inducing a cer-
tain disorder in the formation of the structural sub-domains,
which facilitated the generation of 3D MOFs with a more
compact structure. This was also favoured by the ease of self-
assembly of the organic ligands and the aluminium octahedral
units due to the highly polar nature of the organic units, which
were easily stabilized in the synthesis medium (DMF/water).
In consonance, the diffractograms obtained for these hybrid
materials (A-ITQ-Br and Al-ITQ-NO,) were more similar to
those of the conventional 3D material MIL-53(Al) (Fig. 4).
Similar to these materials and taking into account the possible
use in different catalytic applications, the preparation of MOFs
that contain more than one type of metallic nodes in their
structure is of great interest, due to the possibility of carrying
out different catalytic processes, in which each metal centre
exhibits a singular role or can be favoured a cooperative effect,
increasing the initial reactivity. For these reasons, bimetallic
MOFs with a 3D structure were prepared, called Al/Fe-ITQ-NO,,
in which the organic spacer with nitro groups in the para
position of the aromatic rings and two different inorganic
sources were used, one of aluminium and other of iron.*”
Additionally, an EDS-STEM analysis confirmed a homogeneous
distribution, along the metal-organic structure, of the two
types of metallic nodes, iron and aluminium, present in the
hybrid material Al/Fe-ITQ-NO, (Fig. 5).

In contrast, the other two selected substituent groups, amino
and ethyl, showed the ability to donate electrons (EDG, Electron-
Donating Groups), providing electron density to the conjugated
system and making the aromatic ligands more nucleophilic.*”
Due to the incorporation of these two groups, an increase in the
negative charge density of the carboxylic groups would be
expected. Therefore, the uncoordinated metal centers present
in the inorganic building units of MOFs exhibit lower Lewis
acidity. From a structural point of view, it should be noted that
although these two functional groups exhibit different chemical
properties, a similar lamellar morphology was achieved. This
morphology was favoured by the presence of amino groups,
which could establish hydrogen bonds between them, facilitat-
ing a regular lamellar organization between these organic
spacers during the solvothermal synthesis process. In the case
of ethyl groups, they showed the tendency to remain ordered
among themselves, because of the van der Waals forces that were
established. Thus, in both cases, 2D materials with a lamellar
morphology were obtained (L-MOF-AB and L-MOF-EB) (Fig. 4).
Specifically, these individual sheets are formed by the associa-
tion between the 1D organic-inorganic units, which favour a 2D
order, with separated layers by the organic ligands that are
located in the interlayer space. In this case, the aluminium
octahedral is organized in the bc plane, following a Kagomé-
type structural system, characteristic of lamellar materials
formed by trivalent metal octahedra, forming sheets composed
of hexagonal rings delimited by six triangular rings.”® TEM
images of the samples obtained when electron donor groups
(-NH, and -C,Hs) were incorporated into the final metalorganic
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Fig. 4 (a) Synthesis routes used to obtain MOFs with different morphologies using monotopic ligands with different substituent groups in the para

position of the aromatic ring. (b) X-Ray diffractograms of the synthesized hybrid materials: (a) MIL-53(Al), (b) Al-ITQ-Br, (c) Al-ITQ-NO,, (d) Al/Fe-ITQ-
NO,, (e) L-MOF-EB and (f) L-MOF-AB. (c) Representation of the layers present in the solids L-MOF-AB and L-MOF-EB, based on the association of
aluminium octahedral in a Kagomé system. Spacers were omitted for clarity. Reproduced from ref. 47 with permission from the Royal Society

of Chemistry.

network confirmed the lamellar morphology of the L-MOF-EB
and L-MOF-AB hybrid materials (Fig. 5).

4.2 Synthesis of cyanohydrins and aerobic oxidation of thiols
to disulfides

These hybrid materials were successfully used as hetero-
geneous catalysts due to the presence of uncoordinated metal
centers (CUS), which can act as Lewis-type acids.” The different

A
I

1um
Fig. 5

1

hybrid materials exhibited variable Lewis acid strength in the
function of substituent groups present in the organic building
units. Electron donor groups (-NH, or -C,H;) generated Lewis
sites with a lower acid strength, while the incorporation in
the metalorganic networks of electron-attracting groups (-NO,
and -Br) produced Lewis sites with higher acidity. In addition,
it was important to consider the difference in the morphology
of the synthesized hybrid materials, since it modified their

o)}

(a) EDS-STEM analysis for the two metallic elements, Al and Fe, incorporated in the 3D material Al/Fe-ITQ-NO,. (b) and (c) TEM images of the 2D

material L-MOF-AB. Reproduced from ref. 47 with permission from the Royal Society of Chemistry.

14050 | J Mater. Chem. C, 2023, 11,1404 3-14069

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc02276e

Open Access Article. Published on 25 September 2023. Downloaded on 7/17/2025 11:27:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

textural properties, hydrophobic/hydrophilic character, porosity
and accessibility to the active sites. Considering these reasons,
the importance of the functionalized monotopic organic spacers
was analyzed by comparing the catalytic behaviour of the different
obtained hybrid materials in the production of cyanohydrins
through the cyanosilylation of carbonyl compounds, which consti-
tutes an important route to produce products containing the CN
group in its composition through C-C bond formation reactions.
The generated compounds are of great interest as intermediates in
the synthesis of a-hydroxy acids and o-amino acids.>*>*

In the case of benzaldehyde cyanosilylation with cyanotri-
methylsilane (TMSCN), without using solvents in the reaction
medium, the catalytic results were better when the reaction was
carried out in the presence of more compact 3D materials (Al-
ITQ-NO, and AI-ITQ-Br), which contained electron-withdrawing
groups (Fig. 6a and b). The results showed that the organic
ligand with the greatest capacity to attract electrons contribu-
ted to the formation of more active Lewis sites, and the catalyst
AI-ITQ-NO, presented higher activity (~99%). An illustrative
way of seeing the influence of the different substituents on the

View Article Online

Review

obtained kinetic results was achieved by plotting the relative
initial velocities against Hammet’s constant (c,,,) in each case
(Fig. 6c).

In addition, catalytic results showed that the incorporation
of iron provided additional advantages (Al/Fe-ITQ-NO,), being
capable of carrying out different catalytic applications, and
even positively modifying the catalytic properties of the alumi-
nium sites.>*** Specifically, the aerobic oxidation of thiols to
disulfides is an important process to obtain interesting chemical
compounds in different biological applications, in which the use
of molecular oxygen as an oxidizing agent presents a sustainable
and environmentally favourable way of carrying out this type of
processes.”®*’ For all these reasons, the activity of the synthe-
sized bimetallic hybrid material (Al/Fe-ITQ-NO,) was explored by
using it as a catalyst in the aerobic oxidation of thiophenol to
diphenyl disulfide, using acetonitrile as a reaction solvent
(Fig. 6d and e). The results showed high yields (100%) to the
desired product in the presence of the Al/Fe-ITQ-NO, material,
while much more reduced were reached when solid AI-ITQ-NO,
or conventional MIL-53(Al) MOFs were used in the same reaction

a) B " | b)
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(a) Benzaldehyde cyanosilylation reaction. (b) Kinetics data obtained for the production of cyanohydrins with the different metalorganic materials.

The reaction blank reached a 24% yield after 5 hours of reaction. (c) Plot of Hammet's constant against relative initial rates obtained for benzaldehyde
cyanosilation with the different Al-ITQ-X catalysts (=X: =NO,, —Br, —=NH, and —C,Hs). (d) Oxidation of thiophenol to diphenyl disulfide. (e) Kinetic curves
for the production of diphenyl disulfide using Al/Fe-ITQ-NO,, Al-ITQ-NO,, MIL-53(Al) and MIL-53(Al)-NO, as heterogeneous catalysts under O,
atmosphere. The reaction blank reached 3% conversion after 10 h of reaction. (f) Yields for four consecutive uses in the thiophenol oxidation reaction
using Al/Fe-ITQ-NO, material as a catalyst under an O, atmosphere. Reproduced from ref. 47 with permission from the Royal Society of Chemistry.
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time. Heterogenization of active functions through lixiviated
tests and recyclability was clearly confirmed for the used hybrid
catalysts. Furthermore, when iron was successfully incorporated
into the metal-organic structure, exhibited higher catalytic
activity in the benzaldehyde cyanosilylation, presenting a posi-
tive effect combined with the structural aluminium, modifying
and increasing the final activity of the Lewis acid sites (Fig. 6f).

5. MOFs based on 1D structural
sub-domains with Brgnsted acid
and redox active sites as effective
bi-functional catalysts

5.1 Preparation and characterization

With the objective to increase the reactivity of the metal-organic
solids based on low-dimensional building units, a monotopic
organic spacer with thiol groups was used in the para position
with respect to the aromatic ring, whose subsequent oxidation
generated sulfonic groups are active in acid-demanding reactions.

a)
Al(NO);.9H,0
+
Organic Spacer Solvothermal
° Process
T N
| | g 90° C
g N 5 days
+
H,0 /DMF
b)

View Article Online
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In addition, thiol groups were employed as stabilizers of palla-
dium nanoparticles, with the aim of generating bi-functional
materials capable of carrying out catalytic processes based on
several consecutive steps (tandem reactions) that were catalyzed
by a single solid and recoverable metalorganic catalyst,”®*° with
the consequent energy savings and the possibility of eliminating
stages of separation and/or purification (Fig. 7).** In general, these
materials exhibited a lamellar morphology, as evidenced from
X-ray diffractograms obtained for the metalorganic solids prepared
when the organic spacers containing -SH groups (A-ITQ-SH) and
after oxidation (Al-ITQ-SO;H) or incorporation of Pd nanoparticles
(AIITQ-SH/Pd and AI-ITQ-SO3;H/Pd) during the synthesis process.
Fig. 8 shows TEM images of the AI-ITQ-SH/Pd hybrid materials,
in which it was observed that the lamellar morphology persisted
even with the inclusion of palladium nanoparticles with diameters
ranging between 5 and 13 nm, approximately. The images obtai-
ned for the oxidized sample AI-ITQ-SO;H/Pd evidenced that the
lamellar morphology was maintained, observing a decrease in the
size of incorporated palladium nanoparticles, this fact being
favoured by the oxidation process (2-4 nm). Fig. 8 shows the
analysis performed by EDS-STEM, identifying the different metallic
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Fig. 7 Representation of metalorganic materials synthesis: (a) Al-ITQ-SH and Al-ITQ-SOsH and (b) Al-ITQ-SH/Pd and Al-ITQ-SOsH/Pd. The dark
spheres represent the palladium nanoparticles. Reproduced from ref. 61 with permission from the Royal Society of Chemistry.
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(a) TEM images of the Al-ITQ-SH/Pd laminar hybrid materials. (b) HRTEM images of the Al-ITQSOsH/Pd lamellar hybrid materials. The red circles

highlight an area where the lamellar morphology is better appreciated. (c) STEM image and EDS-STEM analysis for the two metallic elements
incorporated in the Al-ITQ-SOzH/Pd laminar material. Reproduced from ref. 61 with permission from the Royal Society of Chemistry.

species existing in the solid, and observing a homogeneous
distribution with the incorporation of both aluminium and palla-
dium species.

5.2 Acid reactions: acetalization, esterification and ring
opening of epoxides

Acetalization of carbonyl compounds for the formation of an acetal
is one of the most used methods in organic synthesis for the
protection of compounds, being necessary to react aldehydes or
ketones with an alcohol or diol using acid catalysts.®*®* The
production of acetals has been widely studied due to their great
relevance as reaction intermediates and final products in different

This journal is © The Royal Society of Chemistry 2023

fields of application, such as in the pharmaceutical industry, in the
production of fragrances and perfumes, and in the food industry.
Taking into account the importance of this process, the acid
capacity of the AIITQ-SO;H lamellar hybrid materials was studied
for the acetalization of benzaldehyde with methanol, obtaining
yields higher than 95%. Furthermore, the production of cyclic
acetals was studied through the acetalization reaction between
benzaldehyde or vanillin in the presence of 1,2-propanediol. After
optimization of the reaction conditions, analyzing the influence of
concentration of active sites, alcohol : aldehyde ratios and tempera-
ture reaction, high yields were achieved in short reaction times,
achieving complete conversion at short reaction times (Fig. 9a).
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Fig. 9 (a) Kinetic curves obtained from the acetalization of 1,2-propanediol with: (I) benzaldehyde, (®) ratio 1: 2, 10 mol% SOzH at 90 °C, (M) ratio 1: 2,
20 mol% SOzH at 90 °C, (A) ratio 1: 6, 20 mol% SOzH at 90 °C and (x) ratio 1: 6, 20 mol% SOzH under solvent reflux (toluene), and (I1) vanillin, (M) ratio 1: 6,
20 mol% SOzH at 90 °C and (x) ratio 1:6, 20 mol% SOsH under solvent reflux, using the hybrid material Al-ITQ-SOzH as the catalyst. (b) Kinetic curves
obtained for the esterification of hexanoic acid with methanol at 60 °C, using 10 mol% SOzH of the Al-ITQ-SOsH material as the hybrid catalyst. The
separation of the solid at 3 h and the kinetics obtained by leaching generated under the same reaction conditions are represented. (c) The yield of different
esters was plotted versus time when esterification was performed in the presence of Al-ITQ-SOzH: ethyl hexanoate (x) using 10 mol% SOsH at 90 °C and
ethanol as the solvent; (@) butyl hexanoate using 10 mol% SOzH at 90 °C and butanol as the solvent; (l) hexyl hexanoate using 10 mol% SOzH at 90 °C and
hexanol as the solvent; ( A ) hexyl hexanoate using 10 mol% SOszH at 120 °C and hexanol as the solvent. (d) The yield of different esters was plotted versus
time when esterification was performed in the presence of Al-ITQ-SOzH: (m

) methyl hexanoate, (®) methyl octanate and (A ) methyl laurate. Reaction

conditions: 10 mol% SOsH at 60 °C, using methanol as the solvent. Reproduced from ref. 61 with permission from the Royal Society of Chemistry.

The esterification of an alcohol with a carboxylic acid to
form the corresponding ester is a widely known reaction.®*®
Currently, there is great interest in this catalytic process since it
is of relevance in different application fields, because organic
esters are commonly used as plastic derivatives, solvents, and
fragrances as well as in the food and agrochemical industries.
Following this scope, the lamellar hybrid material Al-ITQ-SO;H
was used as the acid catalyst in the esterification of hexanoic
acid with methanol. Fig. 9b shows the high catalytic activity
(95%) that the hybrid catalyst reached in short reaction times.
In addition, subsequent analysis of leaching showed how the
performance remained practically unchanged, confirming the
stability and heterogeneous nature of the hybrid catalyst under
the reaction conditions, since the release of active species from
it to the reaction medium did not occur.

Considering the excellent results obtained, the acid capacity
of the AI-ITQ-SO;H hybrid catalyst was studied for the produc-
tion of other organic esters of great interest in the food
industry, as described by FEMA. Fig. 9c shows the kinetics

14054 | J Mater. Chem. C, 2023, 11, 14043-14069

obtained for the different esters produced, using hexanoic acid
in all cases and increasing the number of carbon atoms of the
alcohol used at the same time as a reaction reagent and a
solvent. The results confirmed that by increasing the length of
the aliphatic chain of the used alcohol, lower yields were
achieved, even requiring more severe reaction conditions to
overcome this effect. Similarly, by increasing the length of the
alkyl chain of the acid, lower yields were obtained (Fig. 9d). In
both cases, the observed effect could be due to the greater
impediment exhibited by the reagents by increasing the length
of their hydrocarbon chains to react with the active sites of the
catalyst and produce the corresponding ester.

On the other hand, epoxides are highly important inter-
mediates in organic synthesis, being used as starting materials
for products with high added value on an industrial scale. One
of the most relevant processes is the opening of the epoxide
ring with an alcohol. This process is catalyzed by an acid to
produce B-alkoxyalcohols, which are of interest to the pharma-
ceutical industry.®®®” For this, the acid capacity of the metal-

This journal is © The Royal Society of Chemistry 2023
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organic lamellar material AI-ITQ-SO;H was evaluated for the
opening reaction of the styrene oxide ring with methanol, using
mild reaction conditions during the process. The obtained
results showed that the catalytic process was successfully
carried out, obtaining 98% yield, being reused during several
consecutive reaction cycles without losing the reactivity and
maintaining the heterogeneity of the process. This confirmed
the validity of the MOFs based on low-dimensional builder
units as acid active heterogeneous catalysts for fine chemical
processes with industrial interest.

5.3 One-pot two-step processes: oxidation-acetalization
reactions

The direct synthesis of acetals from alcohols has not been
widely studied yet, being a great challenge to be able to carry
out the two catalytic transformations using a single catalyst in a
single reactor, avoiding the subsequent stages of separation
and purification of intermediate products with the consequent
energy savings, and helping to develop a more environmentally
sustainable process.®®® Specifically, different catalysts have
been used to carry out this process: inorganic acids combined
with palladium species, palladium metalloporphyrins, MOFs
(Ui0-66-NH,-Pd), etc.”°”7> Due to the importance of obtaining
new active materials that carry out this catalytic process, the
bi-functional metal-organic material, AI-ITQ-SO;H/Pd, is an
excellent candidate for the aforementioned process. This con-
secutive process (one-pot) consists of two steps: the first is
based on the oxidation of benzyl alcohol (1) under an oxygen
atmosphere catalyzed through the palladium incorporated in
the hybrid material, obtaining benzaldehyde (2), and the sec-
ond step being the acetalization of the benzaldehyde produced
with methanol to obtain the corresponding acetal (3) due to the
presence of acid sites, that is, sulfonic groups, in the catalyst
(Fig. 10). The catalytic study was carried out with three different
percentages of active sites, considering in this case palladium
as the active phase (1, 3 and 5 mol% Pd). The results showed
that the optimal amount required was 3 mol% Pd, since high
conversion was again achieved in the first step of the reaction
(97%) and the final production of acetal was improved by up to
90%. To corroborate the efficacy of the synthesized bi-
functional material, the oxidation reaction was carried out with
previously commented metalorganic materials AI-ITQ-SO;H, Al-
ITQ-SH and MIL-53(Al), all of them showing low activity, which
confirmed the need for the incorporation of palladium in them.
In addition, TON values were calculated for a series of
Pd@MOFs described in the literature, obtaining values com-
parable to those shown by the catalyst discussed in this study.
The recyclability of the bi-functional hybrid material in the
consecutive oxidation-acetalization reaction was studied, keep-
ing the catalyst active in the two reaction steps for several
consecutive uses in the same reaction time (Fig. 10). The
obtained diffractograms of the hybrid catalyst, after each use,
showed practically the same diffraction bands, only a slight
decrease in crystallinity being observed and, therefore, main-
tained the lamellar morphology throughout the reactive pro-
cesses (Table 1 and Fig. 10c).

This journal is © The Royal Society of Chemistry 2023
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6. Photodynamical properties of
guests interacting with ITQ-MOFs

6.1 Fluorescent molecular probes: special case of NR and
DCM dyes

Fluorescent molecules have been used as probes for the local
environment over the past few decades due to the combination
of their outstanding fluorescent properties (e.g:, high photolumi-
nescence quantum yield and large Stokes shift) and the fact that
their luminescence characteristics strongly depend on the sur-
rounding environment, turning these molecules into ideal candi-
dates for developing luminescence-based sensors.”>”® Nile red (NR,
Fig. 11a) and trans-4-(dicyanomethylene)-2-methyl-6-(4-dimethyl-
aminostyryl)-4H-pyran (DCM, Fig. 1la) are among the most
explored molecular probes not only from a spectroscopic and
photophysics point of view, but also for developing novel materials.
Indeed, many researchers have focused their efforts to synthesize
different NR and DCM derivatives anchoring a great variety of
functional groups or spacers, aiming to improve the spectroscopic
properties of these fluorescent molecular probes.”” ™!

The photophysical behavior of NR and DCM dyes has been a
subject of intense debate. For instance, their photophysical
properties have been explored in a multitude of different
media, trying to reach a consensus about their steady-state
and time-resolved photobehavior.®>®® In general, the fluores-
cence properties of both dyes are similar, showing a well-
resolved structured band in non-polar aprotic solvents, which
becomes a broader, unstructured band, shifted towards longer
wavelengths, in polar and protic solvents.®” This spectral beha-
vior is typically associated with an excited state intramolecular
charge transfer (ICT).*” In fact, NR and DCM can be considered
as push-pull fluorescent molecules, with an electron donor
moiety (N,N-dimethylaniline for DCM and N,N-diethylaniline
for NR) connected through a n-conjugated spacer to an electron
acceptor group (dicyanomethylene for DCM, and keto group for
NR). Moreover, both dyes might present a rotation of the electron
donor group, inducing a twist in the conformation known as
twisted intramolecular charge transfer (TICT) state.***°' Hence,
after photoexcitation, the emission of these dyes might originate
from the locally excited (LE), the ICT, or the TICT states depend-
ing on the surrounding environment. Based on this, it has been
proposed that when these fluorescent probes are in non-polar
aprotic dyes, the well-structured fluorescence band is a conse-
quence of the emissive deactivation from their LE state.**%°° On
the other hand, in polar protic media, the emission might originate
from the ICT or the TICT states, being the latter more stabilized
and therefore, shifted towards longer wavelengths.**** These
photoproperties have been also investigated by employing time-
resolved laser-based spectroscopic techniques. For instance, in
solution, NR undergoes an ultrafast (~1 ps) polarity dependent
TICT in its first singlet excited state (S;). Following the TICT, the
photoproduced state relaxes radiatively to the ground state in
~4.4 ns.*®® Similarly, DCM can undergo an ICT to produce an
emissive charge transfer (CT) state that can be followed by a twisting
motion, thus populating an excited TICT state.”>* A summary of
the general photophysics scheme is depicted in Fig. 11b.
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Fig. 10 (a) Kinetic curves obtained for the consecutive reaction of oxidation—acetalization in the presence of different percentages of the Al-ITQ-SOzH/

Pd catalyst: (1) 1 mol% Pd, (1) 3 mol% Pd and (Ill) 5 mol% Pd, where step | was carried out at 100 °C under an oxygen atmosphere and step Il at 45 °C under
nitrogen atmosphere. (b) Yields obtained during four consecutive cycles in the oxidation—acetalization reaction, using 3 mol% Pd of the Al-ITQ-SOzH/Pd
catalyst. (c) Diffractograms for the Al-ITQ-SO3sH/Pd catalyst: (a) as-synthesized, (b) first use, (c) second use, (d) third use and (e) fourth use, from bottom
to top. Reproduced from ref. 61 with permission from the Royal Society of Chemistry.

Even though these fluorescent molecular probes exhibit great
potential to be implemented in the construction of luminescent-

based chemical sensors, they suffer from an intrinsic limitation,
which is the quenching of their fluorescence in the solid state, a

Table 1 Summarizes the catalytic applications for the ITQ 2D MOF family presented in Sections 2-5
Section Example Ref.  Catalyst
Section Synthesis of benzodiazepines and asymmetric transformations such as Michael and Knoevenagel con- 28 and Al-ITQ-HB
2 densations, evidencing the influence of defect structural sites together with Lewis acidity in the reactivity 39
of the 2D metalorganic materials
Section Synthesis of cyanohydrins and aerobic oxidation of thiols to disulfides, showing the capacity of tuning the 47 ALITQ-X (-X: -NO,,
3 Lewis acid character of the solids through the structural incorporation of electron-donor or electron- -Br,-NH, and -C,Hs);
attracting organic functions. Al/Fe-ITQ-NO,
Section Acid reactions such as acetalization, esterification and ring opening of epoxides, showing the reactivity of 61 Al-ITQ-SO;H
4 the solids in different reactions which are habitual for organic synthesis of high added value products and
also an industrial scale.
Section Tandem or consecutive processes such as oxidation-acetalization reactions, confirming the possibilities to 61 Al-ITQ-SO3;H/Pd
5 use these materials like efficient bi-functional catalysts by the incorporation of acid and redox sites, acting
concomitantly, for one-pot two-step processes.
14056 | J Mater. Chem. C, 2023, 11, 14043-14069 This journal is © The Royal Society of Chemistry 2023
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(@) Representation of the chemical structures of trans-4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and Nile

red (NR) dyes. (b) Schematic representation of the photophysical scheme of NR and DCM dyes. Upon photoexcitation, both dyes can be deactivated from
the LE state (in non-polar aprotic solvents) or might undergo ultrafast ICT or TICT processes emitting at longer wavelengths.

phenomenon known as aggregation-caused quenching (AQC).*®
Since many of the sensing detectors require solid-state active
materials, the use of NR and DCM dyes as powders constitutes a
limitation for their exploitation in real sensing devices. A possi-
ble solution to overcome this issue is to encapsulate these dyes
within porous materials, in which the porous structure allows
the isolation of the fluorophores, minimizing or preventing the
aggregation of the dyes, and therefore, enhancing their fluores-
cence intensity in the solid state. A number of materials have
been proposed to encapsulate these fluorescent dyes, including
but not limited, to polymers,”®®” micelles,”*'°° mesoporous
silica based materials,’**™% zeolites,'**** and MOFs.'*711°
When a molecular probe, such as NR and DCM interacts with
the MOF support either within the available pores or on its surface,
several photoinduced processes can occur. Some examples include
electron transfer to the metal cluster part (ligand-to-cluster charge
transfer, LCCT) generating a charge separated state (electrons and
holes), excited state proton transfer (ESPT), CT and Forster reso-
nance energy transfer (FRET) phenomena. The efficiency of these
depends on different intrinsic and external factors, such as the dye
concentration, the polarity of the local environment, the presence
of electron-donating or accepting groups, etc. A variety of spectro-
scopic techniques, such as time-correlated single-photon counting,
femtosecond-ns Raman and IR, transient absorption and fluores-
cence up-conversion, can be employed to obtain a detailed infor-
mation for the related parameters. These photoinduced processes
and the available techniques for their characterization in MOFs
have been reviewed in detail recently.""" Additionally, the

This journal is © The Royal Society of Chemistry 2023

photophysical properties of these dyes upon encapsulation
are significantly altered with the concentration of the encapsu-
lated guests.'0*710%112:113 Thig effect has been well explained
considering the formation of J- and H-aggregates. In an
H-aggregate, the molecules stack predominantly face-to-face,
while J-aggregates form when the molecules primarily stack in a
head-to-tail arrangement. The formation of such aggregates has
important consequences for the energies of the excited states
and the oscillator strengths of the transitions to these states
from the ground state. Consequently, H- and J-aggregation can
strongly modify the optical absorption and photoluminescence
spectra.’** "' Following the classical excitonic theory, S; — S,
is forbidden for the H-aggregates, while for the J-aggregates it
will be less energetic than for the monomers. A recent review
provides a more detailed overview of the most recent theories
for H- and J-aggregates.'"” Several strategies can be explored to
control the formation of these molecular aggregates. These
include, but are not limited to, precise control of the dye
concentration, the introduction of bulkier substituents in the
molecular structure of the probe or by applying alternative
approaches for the inclusion of the dye in the MOF structure
- either by diffusion or in a one-pot synthesis. The sensitivity of
the photophysical properties of NR and DCM to subtle changes
in the local environment was exploited to characterize different
mesoporous materials. For example, when NR is encapsulated
within Zr- and Ti-doped MCM-41 materials, its photoexcitation
leads to an ultrafast ICT phenomenon of <200 fs.'"> The
photodynamics of NR encapsulated within these materials
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shows a multiexponential behavior with time constants of 7; =
0.18-0.34 ns, 7, = 0.7-1.5 ns and 73 =1.2-4.0 ns, attributed to the
emission lifetimes of H-aggregates, J-aggregates and mono-
mers, respectively.’*® This multiexponential behavior was also
observed when these molecules are encapsulated within different
silica-based materials. Moreover, it has also been reported that NR
dye possesses the ability to interact with Lewis and Brensted acid
sites in metal-doped mesoporous materials and zeolites, with key
implications for the improvement of catalytic systems.'**'**'3 [n
another example, NR and DCM dyes have been also encapsulated
within a Zr-MOF to combine the emission of these dyes with that
of the MOF in order to obtain high quality white light emitting
materials."”” These and others are examples of how these dyes can
be implemented for the development of hybrid emissive materials
having great potential for their application in different photonic
devices.

In the following subsections, we will focus on the photo-
physical properties of NR and DCM dyes upon their interaction
with the ITQ 2D-MOF family, since these 2D-MOFs exhibit a
higher surface area than conventional 3D materials as the ones
described above. Hence, these materials are excellent candi-
dates for the development of chemical sensors, but prior to
that, it is primordial to deeply understand their photobehavior.

6.2 NR encapsulated within AI-ITQ-HB 2D-MOF

Encapsulation of NR by Al-ITQ-4-heptylbenzoic acid (HB) 2D-
MOF gives rise to different dye populations and affects its
photobehavior.™'® NR/AI-ITQ-HB composites with three initial
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dye concentrations (1 x 107* M, 1 x 107> M and 1 x 10~> M)
were prepared and studied by steady-state and time-resolved
spectroscopic techniques. To prepare the composites, dichloro-
methane solutions of NR with the selected molar concentra-
tions were prepared. Then, 50 mg of MOF was added to 1 mL of
the dye solution, and the mixture was stirred for 24 h at room
temperature. The material was then washed several times to
remove excess dye adsorbed on the surface of the MOF until no
trace of NR was observed in the UV-visible absorption spectra of
the supernatant. As a result, the estimated loadings were 1.8 x
10'%,2.3 x 10", and 3.2 x 10"® NR molecules per gMOF for 1 x
107%, 1 x 107%, and 1 x 10~* M initial dye concentrations,
respectively. Steady-state UV-visible experiments have shown
that upon interaction with the MOF, several species are formed,
which was evidenced by the broad absorption spectra of the
composites (Fig. 12a). Upon increasing the initial dye concen-
tration, the spectra became broader concomitant with a red
shift (from 595 nm at 1 x 10" * M to 618 nm at 1 x 10> M) of
the absorption maximum. This behavior suggests that since the
host material consists of a layered structure where the dye can
be located and interact with the units that form the framework,
several possible orientations and interaction sites of NR mole-
cules in the MOF, as well as intermolecular interactions might
take place. The significantly narrower emission spectra of these
populations were also affected by the initial dye concentrations
in the composites consistent with formation of different
types of aggregates. This was further confirmed by the excitation
spectra, recorded at the emission maxima, that showed an
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Fig. 12 (a) UV-visible absorption and emission spectra of NR/Al-ITQ-HB at different initial dye concentrations: 1 x 10~* M (green lines), 1 x 107> M
(orange lines), and 1 x 1072 M (blue lines) after thoroughly washing the samples. The emission spectra were recorded upon excitation at 550 nm.
(b) Normalized emission decays of NR/Al-ITQ-HB at different initial dye concentrations: 1 x 1072 M (blue circles), 1 x 10~ M (orange circles), and 1 x
10~* M (green circles) upon excitation at 470 nm and recorded at the indicated wavelengths. (c) Schematic illustration of the distribution of NR molecules
within the Al-ITQ-HB framework in the form of monomers, and J- and H-aggregates. Adapted with permission from ref. 118 (ACS Omega, 2018, 3,

1600-1608). Copyright 2018 American Chemical Society.
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identical shape to the absorption ones but with notably reduced
full width at half maxima, which indicated the presence of weak-
or non-emissive species. Time-resolved emission experiments
(Fig. 12b) have shown the contribution of two monomer popula-
tions, experiencing different local environments along with
J- and H-type aggregates, showing that the photobehavior of
NR is affected by its location and organization within the MOF
(Fig. 12c). The lifetime of the monomer in the LE state was
reported as 0.71 ns, while the one that emits from the photo-
produced CT state was 5.1 ns. Similar values have been reported
for NR encapsulated in different host materials, such as zeolites,
micelles and cyclodextrins,?%19%104113:119:120 The presence of two
monomer species was explained in terms of the different
environment experienced by the encapsulated NR molecules
(Fig. 12¢): (1) linker domain, where the heptyl chains provide a
nonpolar environment giving rise to the monomer emitting from
the LE state (0.71 ns), and (2) domain involving the aromatic and
carboxylic groups and the metal clusters, where hydroxyl or oxy
groups might be present, resulting in a higher polarity of the
region and associated with the CT monomer emission (5.1 ns).
A third component of ~ 2.6 ns, assigned to the emission lifetime
of J-aggregates, was also reported. All lifetimes decreased with
the increase in the concentration of the encapsulated NR
(Fig. 12b). This decrease is associated with formation of weakly-
or non-emissive H-aggregates because of stronger intermolecular
interactions due to the increased NR concentration.

Femtosecond time-resolved emission experiments have
characterized the ultrafast intramolecular charge transfer to
produce the CT state (~1 ps), which is then followed by a
vibrational cooling (VC) in ~8 ps, while the homogeneous
distribution of the dye within the MOF was confirmed by
scanning confocal fluorescence microscopy of single crystals
and agglomerates of the composites. Both time constants are
slower than those reported for the ultrafast dynamics of NR in
silica-based materials.'®**°***3 The slowing down of the ultra-
fast dynamics was explained in terms of the different types of
interactions that occur between the dye and the host materials.
In silica-based materials, the hydroxyl groups of the framework
can interact with NR via H-bonds, favoring vibrational energy
transfer from excited NR molecules to the surrounding environ-
ment, while for the NR/AI-ITQ-HB composites, the coupling
between the dye and the MOF host is weaker, and occurs
through nonspecific interactions thus slowing down the related
energy dissipation processes.

6.3 NR Adsorbed on Al-ITQ-HB 2D-MOF

To understand the behavior of excited NR adsorbed on Al-ITQ-HB
surfaces, three different initial NR concentrations (10>, 10" *, and
1073 M) were used to make NR@AITQ-HB composites.”*" As
opposed to the NR/AITQ-HB composites,"'® where the formed
composites were washed several times to remove the excess NR
resulting in the dye being predominantly encapsulated within the
layered MOF, for NR@AI-ITQ-HB the solvent was eliminated by
evaporation, resulting in NR being mainly deposited on the
surface of the MOF. Fig. 13a shows the difference in colors of
both composites (blue for the encapsulated NR and purple for the

This journal is © The Royal Society of Chemistry 2023
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surface-adsorbed one) made using the different synthesis pro-
cedures. The distinction of the colors suggests different types of
interactions between the adsorbed NR molecules on one hand
and within the MOF framework on the other. The steady state
UV-visible absorption and emission spectral behavior resembles
the one observed for the encapsulated NR. While the absorption
spectra are broad and the fwhm increases with the increase in the
initial concentration, the emission ones are narrower, suggesting
the presence of both emitting (monomer and J-aggregates) and
weakly- or non-emitting species (H-aggregates). Due to the
strong overlap between the absorption and emission spectra,
for the NR@AI-ITQ-HB composites, the possibility of homo-
energy transfer (ET) and its concentration dependence on the
surface-adsorbed NR molecules were explored. In similarity
with the composites where NR is encapsulated within the MOF
structure,’*® the photodynamics of the NR@AI-ITQ-HB ones
(Fig. 13b) has shown emission from NR populations that relax
from the LE state and H-aggregates (~ 0.5 ns) and from the CT
state (2-4 ns). Additionally, a new component of 2.5 ns for the
lowest NR concentration (10> M), which was not observed for
the emission transients of the encapsulated NR, was present as
a decay and a rise at the blue and red sides of the emission
spectra, respectively. This component was assigned to an ET
process between adsorbed NR molecules on the surface of
AI-ITQ-HB. The photoproduced NR species as a result of the
ET process then relax in ~4.8 ns. This component was also
detected upon excitation at 635 nm (lower excess energy at S;)
and was assigned to the emission lifetime of the directly excited
species (Fig. 13c). Upon increasing the concentration of the
adsorbed NR molecules (initial concentrations of 10~* and
10~% M), an additional, faster ET process (~0.2-0.3 ns) was also
observed. The presence of this faster ET process was explained in
terms of the decreased distances between the NR molecules due
to the higher concentration of adsorbed dyes, thus allowing
stronger dipole-dipole interactions.’®*'2* The other lifetimes of
the monomer species also become shorter upon increasing dye
content, which is explained in terms of homo-quenching of the
NR emission due to the adsorbed molecules forming aggregates.
The AI-ITQ-HB surface also affected the ultrafast dynamics of the
adsorbed NR, where a decrease in the value of the ICT process
was observed (Fig. 13c). While this process occurs in 1 ps when
NR is encapsulated within the layered 2D AI-ITQ-HB, it takes only
~ 400 fs when the dye is adsorbed on the MOF surface. This
speeding up of the ICT, along with the occurrence of ET in the
NR@AI-LITQ-HB composites suggests the presence of defects,
typically found on the surface of solid structures, that can
provide specific interactions that condition the dye photody-
namics and facilitate both processes.'** This in turn reflects how
the singular local environment created due to the different probe
locations when interacting with AI-ITQ-HB (either adsorbed on
its surface or entrapped within the interior) might provide
different outcomes for the catalytic reactions using this MOF.
6.3.1 Effect of the organic linker on the spectroscopic and
photodynamical properties of adsorbed NR molecules on 2D-
AI-ITQ MOFs. The effect of the organic linker in these 2D-AI-ITQ
MOFs on the spectroscopic and photodynamic properties of
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(a) The top image is a schematic illustration of the adsorption of NR molecules on the surface of the Al-ITQ-HB MOF. The bottom images are

real photos of NR, thoroughly washed NR@AL-ITQ-HB, and unwashed NR@AI-ITQ-HB powders. (b) Normalized emission decays of unwashed NR@Al-
ITQ-HB powder at different initial NR concentrations: 1 x 107> M (I), 1 x 10~* M (II), and 1 x 10~ M (lll) upon excitation at 470 nm, and observation at
different wavelengths. (c) Schematic representation of the photoprocesses occurring after the photoexcitation of the unwashed NR@AL-ITQ-HB
composites. Adapted with permission from ref. 121 (ACS Appl. Mater. Interfaces, 2018, 10, 20159-20169). Copyright 2018 American Chemical Society.

surface adsorbed NR molecules was also explored.'*” To this
end, the heptylbenzoic acid linker of the AI-ITQ-HB MOF was
substituted with 4-ethylbenzoic acid (EB) and 4-aminobenzoic
acid (AB) yielding the AI-ITQ-EB and Al-ITQ-AB 2D-MOFs,
respectively. The AL-ITQ-EB MOF differs from the AI-ITQ-HB
one in the length of the alkyl chain of the linker, which is
reduced from 7 to 2 carbon atoms. This induces closer dis-
tances between the NR molecules and the polar Al-cluster
regions of the MOF, contrary to the AI-ITQ-HB, where a popula-
tion of NR molecules can be entrapped within the apolar heptyl
chains of the linker. The studies were performed on composites
prepared from an initial NR solution of 1 x 10~ M. The steady
state UV-visible absorption and emission properties of NR@AI-
ITQ-EB are very similar to those observed for NR@AI-ITQ-HB,
showing a broad absorption band with its intensity maximum
located at 552 nm, and a narrow emission one with maximum
intensity at ~660 nm. As previously described, the broad
absorption band reflects the presence of different NR species

14060 | J Mater. Chem. C, 2023, 11, 14043-14069

(e.g- monomers or J- and H-aggregates) adsorbed on the MOF
surface. Moreover, the small Stokes shift along with the large
overlap between the absorption and emission spectra will also
favor homo-ET phenomena between neighboring NR molecule-
sAlthough the steady state behavior of the NR@AI-ITQ-HB and
NR@AI-ITQ-EB composites is comparable, their time-resolved
photophysical behavior shows some notable differences. While
both present multiexponential behavior, indicating a similar
origin of the excited state dynamics, the time constants for
NR@AI-ITQ-EB are faster (t; = 0.09 ns, 7, = 0.93 ns and 13 =
2.59 ns) than those of the NR@AI-ITQ-HB (0.22, 1.33, and
3.61 ns, Fig. 14a). The time components of NR@AI-ITQ-EB were
attributed in a similar way to its counterpart, to a homo-ET (t4),
NR aggregates (7,) and NR species formed as a result of the ET
process (t3). The shortening of the ET time constant was
explained in terms of changes in the composition of the MOFs.
Since the linker of NR@AI-ITQ-EB is shorter than that of
NR@AI-ITQ-HB, the NR molecules are much closer to the polar

This journal is © The Royal Society of Chemistry 2023
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regions (Al clusters) of the MOF, making faster the homo-ET
process.

Significantly different behavior was reported for NR inter-
acting with Al-ITQ-4-aminobenzoic acid (AB) 2D-MOF, in which
the HB acid linker was replaced with 4-aminobenzoic acid."*®
Although the absorption spectrum of the resulting composite is
comparable to those of the other MOF composites from this
family, its emission spectrum is distinct, showing a much
broader band in the 550-650 nm range concomitant with a shift
in the emission intensity maximum towards lower wavelengths
(from 660 nm to 645 nm). This behavior suggests the presence of
additional emissive NR populations and that different photo-
induced processes are acting in this NR@AI-ITQ-AB composite.
This was further supported by the results obtained from the
time-resolved emission experiments, where the decays of
NR@AI-ITQ-AB were well-fitted by a three-exponential function
giving time constants of t; = 0.13 ns, 7, = 0.54 ns and 73 = 2.10 ns,

a)

(1) NR@AI-ITQ-HB
(2) NR@AIITQ-EB
(3) NR@ALITQ-AB
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and an average lifetime value much shorter than those obtained
for its counterparts, as represented in Fig. 14a. The contribution
of the longest 7;-component - attributed to NR molecules
formed as a result of the homo-ET reaction - decreases from
70 to 5%, suggesting that the ET deactivation channel is not as
efficient as in the other MOFs. Moreover, the shortest -
component is decaying in the whole spectral region, and there-
fore, the lack of short rising component indicates that either the
homo-ET is not occurring in this MOF or it is too fast to be
detected by the system. Interestingly, the amino group of the AB
linkers of this MOF can interact with the NR molecules via
H-bonds, favoring alternative and more efficient relaxation path-
ways such as electron transfer from the organic linker to the NR
dye molecules. These new deactivation channels could explain
the inhibition of the ET phenomenon observed for the other NR
composites (Fig. 15a). To further corroborate this mechanism,
time-resolved experiments of NR@AI-ITQ-EB in the presence of
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(a) Comparison of the ps—ns emission decays of 1: NR@AI-ITQ-HB; 2: NR@AL-ITQ-EB; and 3: NR@AL-ITQ-AB upon photoexcitation at 470 nm

and recording the signals at 725 nm. (b)-(d) fs-emission decays of (b) NR@AL-ITQ-HB; (c) NR@AL-ITQ-EB; and (d) NR@AL-ITQ-AB, upon their
photoexcitation with 470 nm light and gating the signal at the indicated wavelengths. Adapted with permission from ref. 125 (ACS Appl. Mater.
Interfaces, 2018, 10, 32885-32894). Copyright 2018 American Chemical Society.
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(ACS Appl. Mater. Interfaces, 2018, 10, 32885-32894). Copyright 2018 American Chemical Society.

vapor of aniline were performed. When this material was exposed
to aniline, the obtained time constants (r; = 0.11 ns, 7, = 0.55 ns
and 73 = 2.31 ns) were very similar to those reported for NR@AL-ITQ-
AB. In contrast to the pristine NR@AI-ITQ-EB, the shortest compo-
nent was observed as decay in the whole spectral range, providing a
clear proof that in the presence of aniline or other electron
donating amine moieties (4-aminobenzoic acid - AB), there exists
a faster and more efficient deactivation pathway involving an
electron transfer from the amine derivative to the adsorbed NR
molecules, which hampers the homo-ET reaction (Fig. 15b).

The ultrafast dynamics of NR@AHTQ-EB and NR@AHTQ-AB
was also characterized and compared with the NR@AITQ-HB
hybrid material (Fig. 14b and c). The emission decays of NR@AI-
ITQ-EB were similar to those described for NR@AI-ITQ-HB, with
three time components of 1.2 ps, 87 ps and 2.59 ns. The two shortest
components appear as decays in the bluest region and as rising
components in the reddest one, reflecting the occurrence of two
photoinduced processes. In agreement with the data described
above, the intermediate (87 ps) component corresponds to the
homo-ET process, while 1.2 ps is the ICT taking place within the
NR after its photoexcitation. However, this ICT reaction is much
slower (1.2 ps) than that observed for the NR@AI-ITQ-HB composite
(0.5 ps) due to the interaction of the adsorbed NR molecules with the
more polar regions (Al clusters) of the 2D-MOF because of the
shorter linker in AI-ITQ-EB. This increased polarity stabilizes the
locally excited state of the NR and increases the energy barrier of the
ICT reaction. On the other hand, the ultrafast behavior of NR@AI-
ITQ-AB is different from the other materials, with 3 time compo-
nents of (1 ps, 17 ps and 115 ps, Fig. 14d). The longest component
corresponds to the lifetime of NR aggregates, while the shortest
reflects the ICT reaction within the NR molecules. However, the
intermediate component, not detected for the other composites,
reveals the presence of a new deactivation pathway, and in agree-
ment with the mechanism described above, is evidence of the
emission quenching of a population of NR species interacting with
the AB linker and undergoing an electron transfer reaction (Fig. 15b).

6.3.2 Effect of the metal cluster on the spectroscopic and
photodynamical properties of adsorbed NR molecules on 2D-
ITQ-MOFs. The effect of the metal cluster on the spectroscopic
and photodynamic properties of the NR adsorbed on the M-

14062 | J Mater. Chem. C, 2023, 11, 14043-14069

ITQ-HB 2D-MOF was also evaluated.'® To this end, the Al
clusters were replaced by Zr ones, yielding the Zr-ITQ-HB 2D
MOF. The absorption spectrum of the NR@Zr-ITQ-HB compo-
site becomes broader than that of the NR@AI-ITQ-HB and
presents a new shoulder at 650 nm, which is not observed for
the Al-based MOF. The emission spectrum of NR@Zr-ITQ-HB is
a narrow band, similar to that observed for the Al-counterpart.
However, the emission spectrum is now red shifted by 20 nm,
with its maximum located at 688 nm. These observations
indicate the presence of additional NR conformers or different
aggregate states adsorbed on the Zr-ITQ-HB MOF.

The photodynamics of this material is rich and complex,
with the emission decays fitted by a sum of 4 exponential
components, giving time constants of 7; = 0.15 ns, 7, = 0.34 ns,
73 = 1.18 ns, and 14 = 3.31 ns."?® The shortest 7,-component is the
emission of NR molecules from their LE state, while the second -
component, which appears as a decay in the shorter wavelengths
and as a rise in the longer ones, is related to the homo-ET process,
similar to what was found for the NR@AI-ITQ-HB composite.
However, this ET reaction is much slower (from 0.22 to 0.34 ns)
because of the change in the polarity of the MOF material due to
the replacement of the Al clusters by the Zr ones. Finally, the 1.18
and 3.31 ns-components are assigned to the emission of NR
aggregates and NR molecules formed through the ET reaction,
respectively. To further understand this mechanism, the photo-
dynamics of NR@Zr-ITQ-HB was investigated by measuring its
time-resolved emission spectra (TRES, Fig. 16a). Clearly, at short
times (<200 ps), it is possible to observe an emission band in the
region ranging between 600 and 650 nm, which promptly
diminishes its intensity until its complete disappearance at
1 ns. Hence, this band corresponds to the emission of NR
molecules from their LE state. In addition, at shorter times there
is a band at 650 nm, whose intensity decreases, with a concomi-
tant increase in the intensity of the band located at 700 nm
(Fig. 16a). This clearly correlates with the ET process where the NR
molecules (emission at 650 nm) suffer from a homo-ET process
generating the population of NR species emitting at the reddest
spectral region (700 nm) and having the longest lifetimes
(3.31 ns), therefore further corroborating the proposed photody-
namical mechanism.

This journal is © The Royal Society of Chemistry 2023
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(a) Normalized time-resolved emission spectra (TRES) of NR@Zr-ITQ-HB upon its photoexcitation at 470 nm. (b) fs-emission transient decays of

NR@Zr-ITQ-HB in powder form upon its photoexcitation at 470 nm and gated at the indicated wavelengths. Adapted from ref. 126; J. Photochem.
Photobiol., A, 2021, 404, 112887, Copyright (2021), with permission from Elsevier.

The ultrafast dynamics of NR@Zr-ITQ-HB is not very different
from that described for NR@AITQ-HB."*® The analysis of the fs-
emission decays gives a sub-picosecond component of 0.6 ps, which
is decaying at shorter wavelengths while rising at longer ones, and a
second one of 10 ps, observed only at shorter wavelengths (Fig. 16b).
The first component is assigned to the ICT reaction happening
within the photoexcited NR, while the 10 ps component is the VC of
the molecule. The only difference between the ultrafast photody-
namics of those 2 materials is the slightly slower ICT reaction of NR
molecules adsorbed on the Zr-based MOF and explained in terms of
the different polarity of the local environment in the two materials
having different metal clusters.

6.4 DCM dye adsorbed on the AI-ITQ-HB MOF

Once the spectroscopic and photodynamical properties of
NR@ITQ-MOF materials were unveiled, the need for novel materi-
als with different properties that could expand the range of
actuation of these luminescent materials led to the fabrication of
DCM@AMTQ-HB composites.””” In these materials, different
amounts of initial DCM dye were deposited on the surface of the
AHTQ-HB MOF. As shown in Fig. 17a, the absorption spectra of
these composites become more intense and much broader with the
increase in the concentration of DCM, while the emission spectra
exhibit a red shift with the increase of DCM molecules deposited
on the MOF. Both facts agree with the formation of DCM aggre-
gates upon increasing the concentration of the dye. Interestingly, a
deconvolution analysis of the broad absorption band of these
samples showed a contribution of 3 different absorbing species:
(i) one with a maximum at 395 nm, assigned to the absorption of
H-aggregates; (ii) a second with a maximum at 470 nm, which
corresponds to the absorption by DCM monomers and (iii) a third
red-shifted one with a maximum at 528-538 nm, which is the
absorption of the J-aggregates. Based on this, it is possible to
envisage that when the concentration of DCM on the MOF surface
increases, the concentration of both H- and J-aggregates should
also increase. Hence, this explains the red shift observed in the
emission spectra with the DCM concentration, since the emission
of the H-aggregates is very weak (or non-existent), while the
J-aggregates emit at lower energies than the monomer.

This journal is © The Royal Society of Chemistry 2023

In similarity with the NR composites, the time-resolved
emission decays of these materials also showed multiexponen-
tial behavior with time constants of t; = 180-420 ps, 7, = 1.4-
1.5 ns, and 13 = 2.5-2.7 ns. The intermediate component (z,) is
attributed to the emission lifetime of DCM monomers, as it
resembles the emission lifetime of DCM in different organic
solvent solutions, whereas the longest component (z3), whose
contribution is higher at longer wavelengths, corresponds to
the emission lifetime of J-aggregates (Fig. 17b). The shortest
component (14), which is decaying at shorter wavelengths but
rising at longer ones is attributed to two deactivation pathways.
On the one side, this component contributes more to the signal
at shorter wavelengths, so it reflects the emission lifetime of
DCM H-aggregates. On the other, as it is rising in the reddest
spectral region, it also evidences the occurrence of a photo-
physical phenomenon at S;. In accordance with the mechanism
described for the NR@AI-ITQ-HB, this is assigned to a homo-ET
reaction happening between neighboring adsorbed DCM mole-
cules (Fig. 17b). Moreover, it was proved that this ET occurs from
the H-aggregates, since the rising component disappeared when
the material was excited with longer wavelengths (510 nm),
where the H-aggregates are not photoexcited.

The luminescent properties of the DCM@AI-ITQ-HB (the
initial concentration of DCM was 1 x 10~ * M) were leveraged
to detect vapors of harmful compounds such as aniline and
some amino derivatives."” When this material was exposed to a
saturated atmosphere of aniline, methylaniline, or benzylamine,
it experienced a quenching of its emission intensity (up to 45%
of the initial emission intensity, Fig. 17c). At first instance, this
quenching could be explained in terms of an electron transfer
from the amine derivatives to the photoexcited DCM dye; how-
ever, the energy levels of benzylamine are not suitable for such
an electron transfer to occur, and the dimethylamine molecule,
with a HOMO level much higher than the aniline itself, did not
produce any quenching in the emission intensity of DCM@AI-
ITQ-HB (Fig. 17c). Hence, the quenching mechanism was
explained by attending to the molecular structure of the analytes.
Aniline, methylaniline and benzylamine have a H-atom in
their structure, which can interact with the DCM dye through
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correspond to the UV-visible absorption (left) and emission (right) spectra of these materials. The different dye concentrations are 1 x 10~° M (blue solid
line), 1 x 10~* M (green dashed line), and 5 x 10~ M (pink dashed-dotted line). (b) lllustration of the photoprocesses and related times taking place upon
photoexcitation of DCM/AI-ITQ-HB materials. (c) Representation of the emission intensity (in %) of the DCM/AL-ITQ-HB material before and after its
exposure to vapors of the indicated aniline or aniline derivatives. (d) Schematic artwork of the emission quenching mechanism of the DCM/Al-ITQ-HB in
the presence of aniline, involving an electron transfer process favored by H-bond interactions. Adapted from ref. 127 with permission from MDPI.

H-bonds, thus favoring the electron transfer reaction and
quenching the emission of the composite (Fig. 17d). Therefore,
despite that the dimethylaniline has a higher energetic HOMO, it
cannot undergo this electron transfer, as it does not contain any
H-atom in its structure to interact with the DCM molecules
adsorbed on the MOF. These results open a novel avenue for the
development of luminescent guest@2D-MOF materials for their

implementation in sensing devices of toxic pollutants in the
vapor phase.

Finally, to summarize Section 6, Table 2 displays the values
of the time constants obtained for the related photoprocesses
and the fluorescence lifetimes recorded for the different com-
posites formed by NR and DCM interacting with the different
MOFs of the ITQ family: AI-ITQ-HB, AI-ITQ-EB, Al-ITQ-AB and

Table 2 Values of the time constants obtained for the related photoprocesses and the fluorescence lifetimes of the generated species

Photoprocesses Fluorescence lifetimes
Composite ICT/ps VC/ps ET/ns eT/ps CSS/ns ETS/ns Aggregates/ns
NR@AI-ITQ-HB'*! 0.42 9.0 0.22 — 0.22 3.61 1.33
NR@AI-ITQ-EB*? 1.2 — 0.09 — 0.09 2.60 0.93
NR@AI-ITQ-AB'? 1.0 — — 17 0.13 — 0.54
NR@Zr-ITQ-HB"** 0.60 10.0 0.34 — 0.34 3.31 1.18
DCM@AILITQ-HB'?’ — — — — — 1.4-1.5 0.18/2.5%
NR/dichloromethane'*? 1.0 1.0 — — 4.4 — —
DCM/dichloromethane™® — — — — 1.1 — —

The terms ICT, VC, ET, eT, CSS and ETS stand for intramolecular charge transfer, vibrational cooling, energy transfer, electron transfer, electron
injection, charge-separated state and energy transfer state, respectively. “ For DCM@AI-ITQ-HB, the 0.18 ns component is for H-aggregates while

the 2.5 ns one is for J-aggregates.
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Zr-ITQ-HB, where HB = heptylbenzoate, EB = ethylbenzoate and
AB = aminobenzoate.

7. Challenges and perspectives

Of particular interest for the future development of the field
will be the use of 2D MOFs or containing 1D or 2D sub-
domains for the generation of organic-inorganic nanofibers or
even nanosheets,"* which could be the starting point for new
hybrid materials with applications in catalysis (photo and
electro),"*® separation-adsorption,"® storage of active principles or
gases,"*’ sensing,""""*! or molecular photodynamic therapies."*> In
addition, modified MOFs based on low-dimensional building units
would be highly effective for combining intimately and coopera-
tively with other components, such as graphene, chalcogenides or
metal oxides. This will enable the preparation of new nanocompo-
sites or multi-component materials through hybridization meth-
odologies with a myriad of uses.’** For instance, 2D MOFs might
present many advantages over their 3D counterparts, such as a
higher surface area, unprecedent electronic properties (with higher
carrier mobility and electrical conductivity), high thermal conduc-
tivity and excellent optical transparency.’**"*> Consequently, 2D
MOFs are expected to surpass the performance of their 3D counter-
parts in a wide variety of technological applications. This is an
incipient field that will provide exciting results in the near future.

For the synthesis of more complex hybrid organic-inorganic
materials by assembling preformed 1D nanofibers, several
methodologies can be explored in the future. The layer-by-
layer assembly could be used to build complex multilayer
structures by alternately depositing oppositely charged materi-
als. Through this method, preformed 1D metalorganic nanofi-
bers would serve as building blocks. The nanofibers could be
surface modified with charged functional groups or even poly-
electrolytes to impart electrostatic interactions and immersed in a
positively charged solution followed by rinsing to remove excess
material and then dipped in a negatively charged solution. This
process could be repeated to create multiple layers, allowing
control over the overall thickness and composition of the hybrid
materials. Another method is the template-assisted assembly
based on using a sacrificial template to guide the assembly of
1D nanofibers. One valid approach would be to utilize porous
templates, such as membranes or nanoporous materials, with
controlled pore sizes and shapes. The preformed 1D nanofibers
could be dispersed or impregnated within the template. Post-
treatment steps, such as washing or annealing, might be required
to enhance the interfacial interactions and stability. Another
recently proposed approach is an eco-friendly salt-templated
synthesis of luminescent guests incarcerated within 2D MOF
nanosheets (MONSs) for tunable emissive materials."*® This is a
promising methodology for synthesizing 2D guest@MON materi-
als, but more information is still required about how to control the
entrapment of guests and whether it is possible to incarcerate
guests of larger sizes within the 2D sheets. Finally, a recently
reported strategy for fine-tuning the MOF color that could be
applied also to 2D ITQ MOFs combines postsynthetic modification

This journal is © The Royal Society of Chemistry 2023
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(PSM) of the chromophoric linkers of an amino-functionalized
UiO-68 MOF with computationally guided selection of specific
linker modifiers to rationally tune the chromophore band gap.'*®

On the other hand, advanced theoretical methods that
describe the complex structure of the family of 2D ITQ MOFs
and the behaviour of the excited guests interacting with the
frameworks are important to get a precise picture of the atomic
and orbital levels. Time-dependent density functional theory (TD-
DFT) and time-dependent density functional perturbation theory
(TD-DFPT) methods with refined functionals and basis sets can be
used to calculate the optical properties of the hybrid materials.'*®
Wwith the advancement and further development of machine
learning and artificial intelligence algorithms, there is a great
opportunity to apply these prediction tools to design, select and
fine-tune the structure and properties of the desired MOFs."*”*°
The results of such high-level predictions and calculations must
be also experimentally verified. However, the ultrafast spectro-
scopic techniques still present experimental limitations and
technical issues. These limitations are mostly related to the
heterogeneous nature of the samples, which affects the quality
of the obtained experimental data. In that sense, advanced
ultrafast vibrational, electronic and X-ray spectroscopies, and 4D
electron microscopy are some of the modern tools to explore the
intimate interactions in the formed composites at atomic and
short-time scales."**™"** Another step towards relating the struc-
ture of the 2D ITQ MOFs with the localization and photodynamics
of the guests would be the combination of techniques with
enough spectral and spatial resolution that can monitor the
weakly bonded composites. In this direction, recent developments
have demonstrated the feasibility of scattering-type scanning
near-field optical microscopy (s-SNOM) and nano-Fourier trans-
form infrared (nanoFTIR) spectroscopy to characterize MOF-guest
interactions at the nanoscale.'**'** This review has demonstrated
the possibility to confer luminescence properties to 2D ITQ MOFs
by employing the more classical strategy of encapsulating fluor-
escent dyes within the MOF structures.’** This approach has been
successfully applied in both 3D and other 2D MOF composites
giving rise to materials with tunable optoelectronic properties,
such as generating long-lived charge separated states or long-lived
photoluminescence.'****> However, a more challenging aspect
that needs to be addressed would be the fabrication of composites
with intrinsic luminescence arising from the organic ligands and
the interactions with the metal clusters. Thus, with the improve-
ment of our fundamental knowledge of both the synthesis,
structure and photoinduced processes within these MOFs, we
should be able to address further challenges in photocatalysis,
such as selective control and better yield of photoinduced reac-
tion, and even expand the applicability to the field of photonics to
produce sensors with better sensitivity and selectivity or more
efficient light absorbing and converting LEDs.

8. Conclusions

Throughout this review, we have shown the possibility of using
different organic and inorganic structural units like effective

J. Mater. Chem. C, 2023, 11,14043-14069 | 14065


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3tc02276e

Open Access Article. Published on 25 September 2023. Downloaded on 7/17/2025 11:27:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

low-dimensional building units, which through an effective
self-assembly process can generate specific functional MOFs with
different properties, morphologies, and structuration. Taking
advantage of the versatility and reactivity of the used monotopic
organic builders, it is possible to modify and introduce new
functionalities in the novel metal-organic structures through
different synthesis and post-synthetic treatments to introduce
additional active sites into the hybrid networks, controlling the
crystalline growth of the obtained hybrid materials. In this way,
advanced low-dimensional metal-organic solids with specific
catalytic and photo-responsive properties could be generated,
making it possible to tune their physico-chemical characteristics
according to applications in which they will be finally used. We
have further shown how specific and directed changes in the
structure of these 2D systems change the properties of the
resulting MOF and how these changes affect the photophysical
behaviour of composites formed with these 2D MOFs and organic
fluorescent dyes.
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