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l. Abstract:

In this work we present the wide scope in which porous materials can be used in ranging from
iron (Il) ions sensing Metal Organic frameworks (first part) to covalent triazine frameworks that
can separate CO2/CH4 mixtures (second part) and be used in industrial settings to reduce air
pollution. In the first part the work aims to introduce a novel Metal-organic framework (MOF)
derived from the well-established 2-amino-[1,1'-biphenyl]-4,4'-dicarboxylic acid MOF by
modifying the constitution of the organic linker thus changing structure of the MOF to enhance
its properties and applications. The luminescent 2-naphthyl moiety was attached to the amino
group of the linker via the Buchwald-Hartwig reaction to form the new luminescent Al-based
MOF Al-BP-Naph with a surface area of 456 m? g~' and a pore volume of 0.55 cm?® g~'. Al-BP-
Naph showed high selectivity towards Fe3* ions due to the overlapping absorption and
excitation spectra of both Fe** and MOF. The MOF demonstrated a detection limit of
approximately 6-10~° mol L" with a limit of quantification of about 19:10° mol L-" and a very
fast response time (less than 10 seconds). The Stern—Volmer constant was approximately
0.09:10° L mol™". The second part presents the monomer 4,4'-(phenazine-5,10-
diyl)dibenzonitrile (pBN), new pBN-CTFs were synthesized using the ionothermal method with
varying temperatures (400 and 550 °C) and the ZnCl,-to-monomer ratio (10 and 20). N-
adsorption yielded BET surface areas up to 1460 m?g~". The pBN-CTFs are promising CO-
adsorbents and are comparable to other benchmark CTFs such as CTF-1 with a CO; uptake
of pBN-CTF-10-550 at 293 K of up to 54 cm® g™' or 96 mg g~', with a CO,/CH, IAST selectivity
of 22 for a 50% mixture of CO2/CH4. pBN-CTF-10-400 has a very high heat of adsorption of
79 kJ mol™" for CO; near zero coverage in comparison to other CTFs, and it also stays well

above the liquefaction heat of CO- due to its high microporosity of 50% of the total pore volume.

In the last part of this work (unpublished works) we present an unfinished work that contains
the initial evidence of manganese (ll) induced phosphorescence in Metal Organic frameworks.
(Mgz(dhtp)(H20)2]), was synthesized via solvothermal methods, The structural integrity and
crystallinity of the modified MOFs was retained, nitrogen adsorption measurements concluded
that the modified MOF has a lower surface area than the pristine MOF with a surface area of
331 m?g~". Akey finding of this study was the discovery of Mn-induced luminescence with just
1 wt% Mn addition, a phenomenon not observed in other MOFs when adding other
paramagnetic metals. Time-resolved measurements provided further insight into the
luminescent lifetime, Additionally, we investigated the thermal dependence of the
luminescence, observing significant variations in intensity and lifetime with temperature
changes ranging between 2 and 9 ys and a thermal quenching efficiency of 100 % at room

temperature
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1. Introduction:

1.1 Metal-organic frameworks:

Porous materials constitute a versatile class of substances distinguished by their intricate
network of void spaces, commonly referred to as pores, embedded within their solid structure.
These pores, which vary in size, play a crucial role in defining the physical, chemical, and
functional properties of the materials."? Based on their dimensions, pores are categorized into
three types: micropores (diameter < 2 nm), mesopores (2-50 nm), and macropores (diameter
> 50 nm).® The presence of these pores grants porous materials a vast internal surface area,
which strongly influences their interactions with external substances. As a result, porous
materials have garnered immense interest in both scientific research and industrial
applications, driving innovations in fields as diverse as catalysis, gas storage, sensing, energy
conversion, and environmental remediation.* The ability to fine-tune porosity, surface
chemistry, and structural morphology at the nanoscale has led to ground-breaking discoveries
and has significantly enhanced the performance of these materials across multiple
domains.567:89.1011.12.13.14 Among the most extensively studied porous materials are metal-
organic frameworks (MOFs), which represent a unique class of crystalline coordination
polymers (CPs) composed of metal ions or clusters called secondary building units (SBUs)
and are linked together by organic ligands usually carboxylic acid ligands or nitrogen ligands.
Representative SBUs and ligands are shown in Figure 1.'%'¢7 MOFs exhibit a modular
architecture that enables precise control over their pore size, shape, and chemical
environment.'81920 By selecting appropriate metal nodes and organic linkers. This structural
customization has positioned MOFs at the forefront of porous material research, leading to

notable advancements in adsorption, and gas storage.?'?2
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Figure 1: Representative organic linkers used in MOF synthesis. The upper row shows
carboxylate-based linkers, and the lower row shows nitrogen-containing heteroaromatic

linkers.
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Figure 2: Representative secondary building units and metal clusters used in the production
of MOFs and coordination polymers. The figure was permissioned and approved by the

American Association for the Advancement of Science, © 2013.23

Several prominent examples illustrate the versatility of MOFs. Aluminium fumarate (AlFum),
for instance, has shown considerable promise in adsorptive heat transformation due to its
characteristic S-shaped water adsorption isotherm.2425 Notably, AIFum can be synthesized via
environmentally green chemistry approaches using water as a solvent, making it an attractive
material for sustainable applications. Similarly, the IRMOF family exemplifies the concept of
isoreticular synthesis, where maintaining a consistent framework topology while varying pore
size and functional groups allows for the creation of materials with extraordinary properties that
can be used in a plethora of applications, including high methane storage capacity and ultralow
density.?527 Additionally, functionalized MOFs such as MIL-53(Al)-NH. are being investigated
for fluorescent sensing applications, with their ability to detect small molecules demonstrating
their potential in analytical and biomedical fields.?¢2° The synthesis of aluminum-based MOFs
(AI-MOFs) has gained significant attention due to the inherent properties of aluminum,
including its natural abundance, low cost, low toxicity, and strong hydrothermal stability. These
characteristics make AI-MOFs highly attractive for industrial and environmental applications.*
Beyond MOFs, other porous materials such as zeolites, activated carbon, mesoporous silica,
and metal oxides have played crucial roles in advancing scientific research and industrial
processes.31323334 Zeolites, characterized by their well-defined microporous structures, are
extensively utilized in catalysis, ion exchange, and molecular sieving applications.3%33"
Activated carbon, known for its exceptionally high surface area, serves as an effective medium
for adsorption-based purification and separation techniques, widely employed in water
treatment and air filtration.® Silica-based porous materials, including xerogels and aerogels,
stand out for their ultra-high porosity and lightweight nature, making them ideal for insulation,
drug delivery, and advanced optical applications.*® Additionally, metal oxides such as alumina
demonstrate remarkable efficacy in specialized applications, such as fluoride removal from

water, due to their strong adsorption properties and structural robustness.*°



1.1.1 Metal-organic frameworks characteristics and properties:

The scientific importance of porous materials can be attributed to several key characteristics

that define their functionality:

1.

High surface area and porosity:

One of the defining characteristics of MOFs is their ultra-high surface area and porosity,
which are crucial for gas adsorption. The extensive internal voids provide a large
number of adsorption sites, enhancing the material's capacity for gas uptake. As shown
in the studies by Férey, Zhou and Kitagawa, MOFs can exhibit high surface areas
exceeding 7000 m?g, significantly surpassing traditional natural adsorbents such as
zeolites or even activated carbons.*'#2 The large internal surface area of porous
materials significantly enhances their ability to interact with guest molecules. This
property is critical for adsorption, catalysis, and sensing applications. For example, the
high surface area of AIFum contributes to its effectiveness in heat transformation, while

MOFs with extensive porosity facilitate substantial fluoride adsorption.

The isotherms measured in this work can be described using the IUPAC report
published in 2015 by Thommes et al. in which the isotherms can be categorized into 6
types of different shapes, each representing a distinct sorption mechanism as

illustrated in Figure 3.
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Figure 3: Classification of the idealized isotherms for microporous (Type |), nonporous
or macroporous (Types Il, Ill, and VI), and mesoporous materials (Types IV and V)
according to IUPAC. Figure reproduced with permission from Ref. 3. © Copyright 2015,
De Gruyter, IUPAC.

Type | isotherms correspond to microporous materials with a relatively small external
surface area. Micropores are filled at low relative pressure and then reach a plateau at
medium and high relative pressure due to the saturation of adsorption sites that can be
accessed. Type I(a) is also found in microporous materials but have a very narrow pore
size distributions, whereas Type I(b) possess a wider range of pores reaching up to 2.5
nm. Type Il isotherms describe non-porous or macroporous materials, where the
characteristic shape arises a result of the unrestricted monolayer-multilayer adsorption
up to high relative pressure. In Type Ill isotherms there is no point B which represent

the end of the monolayer sorption and therefore no described monolayer adsorption.

Type IV isotherms are characteristic of mesoporous materials, for which the adsorption
behaviour is governed by adsorbate adsorbent relation and interaction. Type V is
mainly observed in water vapour adsorption on hydrophobic microporous and
mesoporous adsorbates, while Type VI is representative of layer-by-layer adsorption

on highly uniform nonporous surfaces.?



2.

4.

Tuneable pore size and chemical functionality: The ability to precisely manipulate pore
dimensions and surface chemistry allows for selective interactions with target
molecules based on size, shape, and chemical affinity. This feature is essential in gas
separation (CO,/N,, CO2/CH4), size-selective catalysis, and targeted drug delivery.
Functionalization of pore walls with specific chemical groups further enhances

selectivity and catalytic activity.

Structural stability: Many porous materials, including MOFs like CAU-10-H, exhibit
remarkable thermal and hydrothermal stability, ensuring their long-term performance
under harsh conditions.*® This stability is crucial for industrial applications that require
repeated adsorption-desorption cycles without significant degradation. Another
important aspect of stability is the reusability of MOFs under their application-specific
conditions. A key advantage of these materials is their relatively high thermal stability
and resistance to pressure and any pollutants present in the operating environment.
Materials such as MIL-101 and ZIF-8 have been shown to retain their structural integrity
after repeated use, as highlighted by Davis and Jeremias et al. This feature is
particularly beneficial for applications in carbon capture and natural gas storage, where

materials must endure long-term operational stability.*445

Versatile synthesis techniques: Advances in synthesis methods, including
solvothermal, hydrothermal, sol-gel controlling, and environmentally friendly
approaches, have enabled the fabrication of porous materials with controlled
morphology, particle size, and defect engineering.® Ultrasonic synthesis techniques
have been shown to improve the properties of materials like MIL-53(Al), enhancing their

practical utility.

1.1.2 Metal-organic frameworks applications:

The significance of porous materials is further underscored by their wide range of applications,

spanning multiple disciplines and sectors:

1.

Adsorption and separation: Porous materials are extensively employed in selective

adsorption and separation of gases, liquids, and pollutants.

MOFs can be tailored for specific gas adsorption applications by modifying their pore
sizes, functional groups, and metal centers. Studies conducted by Li et al. and Sumida
et al. highlight the role of functionalization in improving CO, selectivity. For instance,
MOFs containing open metal sites, such as HKUST-1 and Mg-MOF-74, have been
shown to exhibit strong interactions with CO,, leading to enhanced adsorption

capacities even under low-pressure conditions.*” Their ability to capture water,



methane, carbon dioxide, fluoride, dyes, and volatile organic compounds makes them

invaluable for environmental remediation and industrial gas purification.849:50.51

2. Catalysis: The high surface area and the ability to control of the environments of the
voids render MOFs highly effective as catalysts for numerous chemical reactions,

including Friedel-Crafts reaction, and hydrocarbon separation.525354

3. Energy storage and conversion: MOFs and other porous frameworks are actively
investigated for their potential in energy storage applications, such as hydrogen and
methane storage, thermal energy storage, and even mechanical energy

retention 55,56,57,58,59

4. Sensing and detection: Functionalized porous materials, particularly luminescent
MOFs, are being developed as highly sensitive and selective sensors for detecting
metal ions, organic molecules, explosives, toxic gases, and environmental changes

such as humidity and pH fluctuations.60.61.62.63
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Figure 4: Application scope of metal-organic frameworks.

1.1.3 Metal-organic frameworks and luminescence:

As the results of the structural composition of metal-organic frameworks they possess highly
versatile properties and can be counted as an interesting class of materials to explore the
interplay between their luminescent properties and inherent porosity. This relationship is not

merely coincidental; rather, it underpins a wealth of unique functionalities and applications that



distinguish MOFs from traditional luminescent non-porous materials and non-luminescent
porous materials with regard to structural predictability, in addition to the well-defined
environments for lumiphores in crystalline form.5* The combination of a structurally well-defined

and tunable porous architecture leads to tuneable photoluminescent properties.?°66:67

A central aspect of the importance of crystallinity in luminescent MOFs lies in its ability to
modify and enhance the luminescence itself.%® The rigid framework structure can isolate and
organize luminescent components in ways not achievable in solution or conventional solid-
state materials. This isolation can minimize inter-luminophore interactions such as ™ - 1
stacking, which often lead to broadened and red-shifted emission, as well as quenching in bulk
solid ligands.® In open, low-density MOF structures, the linkers can exhibit more "solution-like"
emission with well-resolved vibrational fine structure due to increased rigidity.%® Furthermore,
the constrained environment within the pores can reduce non-radiative decay pathways,
leading to increased fluorescence intensity, longer lifetimes, and higher quantum yields of the
organic linkers.®®7® The presence of pores also enables the introduction of guest molecules
into the vicinity of luminescent centers, creating entirely new luminescence pathways. This
guest inclusion can lead to plethora of phenomena such as, Adsorbate-based emission and
sensitization where a non-emissive/slightly emissive MOFs can be made luminescent by
trapping luminescent guest molecules within their pores. Conversely, the presence of guest
molecules can sensitize the luminescence of metal ions within the framework through antenna
effects.”! Other possibilities includes excimer and exciplex formation: The close proximity of
linkers or linkers and guest molecules within the confined space of the pores can facilitate the
formation of excited-state dimers (excimers) or heterodimers (exciplexes), resulting in broad,
featureless emission at red-shifted wavelengths.”?>”3 The MOF structure provides a platform to
systematically study and control the orientation and distance of these interacting species.
Guest-induced modulation of luminescence is another phenomenon that can occur in
luminescent MOF where the adsorption of guest molecules can alter the electronic
environment, coordination sphere of metal ions, or the relative arrangement of linkers, leading
to changes in the MOF's emission wavelength, intensity, or lifetime. This sensitivity forms the

basis for many sensing applications. "4"°

The intimate relationship between luminescence and porosity is particularly evident in the
application of MOFs as chemical sensors. The high surface areas and structural tunability of
porous MOFs enable them to efficiently interact with analyte molecules. When these
frameworks also possess luminescent properties, the binding or interaction with an analyte
can be translated into a detectable optical signal. Various sensing mechanisms leverage this
interplay, where for example fluorescence quenching where adsorption of an analyte within the

pores can quench the MOF's luminescence through electron or energy transfer or other



mechanisms such as competitive energy absorption. The magnitude of quenching can be
related to the concentration of the analyte and thus being a tool to assay the amount of analyte
in a known volume.”® Another mechanism that can be emphasised is solvatochromic shifting
polarity of adsorbed guests perturbs the emission spectrum, producing wavelength shifts
suitable for detection.”” A third mechanism is the guest-induced emission, wherein the
presence of specific guest molecules can induce or enhance luminescence through

sensitization or formation emissive species within the pores.’®
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Figure 5: Integration of luminescent guests into the structure of metal-organic framework.

The sensing process generally involves the selective adsorption of targeted molecules, for
which several factors that play a vital role in sensing can be highlighted. Functionalization of
organic ligands allows systematic tuning of the MOF aperture modulation of emission
properties (intensity, wavelength and sensitivity) leading to desired properties.”®8%8!" Another
strategy involves the use of multivariate (MTV)-MOFs, which combine multiple species of
organic linkers in one framework, can create a more complex electronic environment with
better sensing performance.®? Defects in MOFs, (e.g., missing nodes/linkers) can also be
exploited to alter the interaction between the analyte and the framework of the MOF yielding

in either a turn-off or a turn-on response that can be detected and sued for sensing. 8



1.1.3.1 Mechanisms of optical sensing in MOFs:

MOF-based optical sensors utilize light—matter interaction such as light absorption, emission,
reflection, refraction, scattering, or transmission. A typical optical sensing setup consists of a
light source, a MOF sensing medium that interacts with analytes, and a detector. Detectable
parameters can include refractive indices, scattering, absorbance, and luminescence, which

are often dependent on guest molecules.

Colorimetric Sensing: In colorimetric sensing, exposure to analytes induces a visible color
change. Chromism originates from interactions between a responsive center in the MOF and
a triggering analyte, ranging from weak van der Waals interactions to bond formation and
ligand coordination. A key mechanism involves coordination-driven chromism, where the
analyte coordinates to a metal node (or to a metal dopant within the framework), and perturbs
the transition-metal coordination geometry and thereby alters the colour. For example the
coordination of acetylene on the platinum Pt-doped MOF was doped with. This coordination
and interaction caused a certain polymerization that changed the colour of the MOF.8* Another
mechanism is the ligand-based charge transfer, where interaction between guest molecules
and ligands triggers charge transfer processes, changing the perceived colour. For instance,
a Cu(l)-MOF shows naked-eye chromic detection of polar aliphatic VOCs such as alcohols,
ketones and halocarbons, due to intermolecular electron transfer between the ligand and
encapsulated guests.®5 MOFs with redox-active ligands like tetrazine derivatives, and
naphthalenediimides and diimides also show potential in colorimetric sensing through charge

transfer processes upon interaction with electron-rich molecules.®-°

Functional MOF—composite colorimetric sensing: In this approach optically active guests such
as organic dyes, metal nanoclusters are loaded within the host to achieve visual detection of
analytes. These guests can be grafted onto metal oxoclusters or loaded into pores. For
example, DTNB loaded in NU-1000 or grafted onto MOF-808 enables visual detection of the
nerve agent VX through a colour change resulting from DTNB's reaction with degradation

products.®!

Luminescent Sensing: Luminescent sensing relies on analyte-induced changes in emission
intensity, wavelength, or lifetime. Luminescence in MOFs may originate from the metal of the
MOF for example lanthanide and d'° transition metal ions, where lanthanide ions, in particular,
display sharp emission spectra, or from ligands with extended Tr-conjugation where the two

main phenomena are fluorescence and phosphorescence.%93.94.95.96.97

Charge-transfer (CT) based luminescence, including metal-to-metal (MMCT), ligand-to-
ligand(LLCT), metal-to-ligand (MLCT), and ligand-to-metal charge transfer (LMCT).%®



Another route to optical signaling is the guest-induced emission achieved by encapsulating
luminescent guests such as lanthanide ions, quantum dots, or organic dyes in the MOF pores.
In luminescent metal organic frameworks (LMOFs) common sensing mechanisms include
photo-induced electron transfer (PET), intermolecular charge transfer (ICT), and Forster
energy transfer (FRET). Guest-induced luminescence enhancement has also been reported
wherein VOC adsorption supresses molecular vibrations inside the MOF, resulting in increased

luminescence intensity.%%1%
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1.1.4 Phosphorescence

Phosphorescence is a photophysical process in which an excited molecule or solid returns

from a ftriplet excited state (T,) to the singlet ground state (So) via radiative decay. Unlike

fluorescence, which occurs on the nanosecond timescale, phosphorescence persists for

microseconds to hours depending on the host environment and nature of the emitter. The long-

lived afterglow arises because the transition from the triplet (T1) to singlet (S0) state is spin-

forbidden and therefore intrinsically slow.

In recent years have seen tremendous advances in room-temperature phosphorescence

(RTP) including purely organic molecules, metal-organic frameworks (MOFs), and hybrid

systems, spurred by applications in sensing, anti-counterfeiting, information storage, and

bioimaging.'®!
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Figure 6: Jablonski diagram illustrating the electronic transitions and emission pathways.
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1.1.4.1 Mechanism of phosphorescence:

When a material absorbs photons, electrons are promoted from the singlet ground state Sy to
higher singlet states S,. Internal conversion (IC) relaxes these excited states to the first singlet
excited state (S;). A fraction of excitons undergoes intersystem crossing (ISC) to triplet states
Ty, facilitated by spin—orbit coupling (SOC). Through internal conversion, excitons relax to the

lowest triplet T+, which then decays radiatively to Sy, producing phosphorescence.'®"

The efficiency of phosphorescence (T:;)depends on the competition between radiative K: and
non-radiative (K.) decay, as well as quenching by molecular oxygen K,. The phosphorescence

lifetime can be expressed as:
Tr=1/Ke+Kn+Kq (1)

Thus, design strategies focus on enhancing ISC to increase K: and suppressing non-radiative

decay pathways. "

1.1.4.2 Design principles for efficient RTP:
Enhancing intersystem crossing (ISC) by introducing heavy atom/paramagnetic metals such
as Ir, Pt, Br, | or heteroatoms with lone pairs (N, O, S) that enhances SOC (spin orbit coupling),

thereby promoting ISC according to El-Sayed’s rule where:

Intersystem crossing (ISC) is most efficient when the transition between the singlet and triplet
states involves a change in the type of molecular orbital occupied (for example, from a 1 1
state to an n1r state, or vice versa). ISC is much less efficient when both states have the same

orbital configuration (T T — 1 T or n T* — n 1r*).101.102

Suppressing non-radiative decay using the rigidification, which is critical to restrict molecular
motions that deactivate triplet states. Embedding emitters into crystalline matrices, MOFs, or

polymer films effectively reduces vibrations and rotations.'%3

Host—guest and supramolecular approaches by embedding phosphors into polymer matrices
or host—guest systems improve RTP by isolating luminophores and reducing quenching. In
one example, a host crystal of 4,4"-dibromobiphenyl doped with 1% guest molecules yielded a

phosphorescence quantum yield of 17% under ambient conditions."!

Defect engineering and hybridization is another way for improving the efficiency of room
temperature phosphorescence where inorganic frameworks provide rigidity and stability but
often lack tunability. Recent work shows that doping organic chromophores such as

tetrafluoroterephthalic acid (TFTPA) into CdCO; yields hybrid systems with excitation-

12



dependent, multicolor persistent luminescence. The heavy atom Cd further enhances SOC,

boosting RTP efficiency. %

1.1.4.3 Classes of phosphorescent materials

1- Purely organic RTP materials: Although spin-forbidden transitions limit efficiency, progress
has been made with carbazole, phenothiazine, and phenazine derivatives. Carbazole systems
are particularly important but require careful purification, since even 0.5% of isomeric impurities

significantly alter RTP lifetimes. "

2- MOFs and coordination polymers: MOFs provide rigid environments and permanent
porosity, ideal for stabilizing triplet states. Phosphorescence in such systems arises from
metal-centered and MLCT transitions. For example, Mn(ll)-based MOFs display long-lived

phosphorescence due to the combined contribution of metal- and ligand-centered states.'®®

3- Organic—inorganic hybrids: hybrid perovskites and organic-doped inorganic frameworks
merge rigidity with tunability. Perovskites can produce efficient RTP from common organic
fluorophores under ambient conditions, while organic—inorganic composites exhibit excitation-

dependent multicolor afterglow.'%

4- Defect-engineered inorganic phosphors: defects act as traps for charge carriers, prolonging
afterglow and enabling mechanoluminescence and persistent phosphorescence. For
instance, in SrAl,O,: Eu?*, Dy**, defect sites govern the depth and density of traps, directly

impacting duration and color of the afterglow.'%

1.1.4.4 Applications of RTP materials

1- Sensing: phosphorescence quenching by oxygen makes RTP materials valuable in sensing.
Porous MOFs doped with Ir complexes show reversible quenching, while polymer-protected
carbon dots offer robust RTP for ion detection, including Fe** sensing with yM-level detection

limits. 101

2- Security and information storage: the long-lived afterglow of RTP allows applications in anti-
counterfeiting and data encryption. Hybrid organic—inorganic systems with tunable, multicolor

emissions enable multi-channel encryption and time-dependent data storage.'®

3- Bioimaging: because RTP avoids short-lived background fluorescence, it is particularly
attractive for bioimaging. The development of red and near-infrared RTP emitters is crucial for

deep-tissue imaging due to better penetration and reduced scattering.®!
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1.2. Porous organic polymers:

1.2.1 Covalent triazine frameworks:

Covalent Triazine Frameworks (CTFs) are a class of porous organic polymers (POP)
constructed by aromatic 1,3,5-triazine rings with planar T-conjugation properties.’®” These
materials are characterized by their robust aromatic covalent bonds, which provide exceptional
chemical and thermal stability.'® Furthermore, the high nitrogen content, resulting from the
incorporation of triazine units, enhances their adsorption properties and catalytic potential. Due
to these unique characteristics, CTFs have attracted growing interest in various scientific and
industrial applications, ranging from gas separation and catalysis to energy storage and

sensing.1%®

Figure7: Simplified illustration of the constitution of covalent triazine frameworks (blue circles:

nitrogen, grey circles: carbon, red circles: different functional groups)

1.2.2 Advantages of covalent triazine frameworks (CTFs):
1- High thermal and chemical stability: due to their strong aromatic covalent bonds and
the presence of triazine units, CTFs are resistant to harsh environments, including
acidic and aqueous conditions. Many CTFs can endure temperatures exceeding 500

°C, making them suitable for high-temperature applications.'®

2- High nitrogen content: The nitrogen atoms in the triazine rings contribute significantly

to adsorption and catalytic activity. The interaction between nitrogen and COy,
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1.2.3

facilitated by quadrupole-dipole interactions and Lewis-basic properties, improves CO»
capture efficiency. Additionally, the heteroatom effect (HAE) plays a crucial role in

enhancing catalytic performance.

Tunable porosity and high surface area: Some CTFs have reported surface areas
exceeding 2000 m? g~', and their pore sizes can be precisely adjusted through the
choice of monomers and synthetic conditions. This tunability allows for the
development of materials optimized for specific adsorption and separation

processes.'"?

Facile synthesis from readily available precursors: CTFs are typically synthesized from
inexpensive organic nitriles, making them cost-effective. Various synthetic routes have

been developed, offering flexibility in material design.'"’

Structural design versatility: By carefully selecting monomers and synthesis conditions,
researchers can fine-tune the crystallinity, porosity, and electronic properties of CTFs,
optimizing them for different applications such as photocatalysis, conductivity, and gas

adsorption.

Hydrophobicity in some CTFs: Certain CTFs, such as those incorporating adamantane-
based linkers, exhibit hydrophobic properties, which is beneficial for gas separation

processes in humid environments.3

Disadvantages of covalent triazine frameworks (CTFs):

Limited crystallinity: Most CTFs are amorphous or semi-crystalline due to their strong
covalent framework, which restricts structural ordering during polymerization.
Achieving high crystallinity remains a challenge, although recent advances in synthetic
methods are addressing this issue.''

Poor processability: The rigidity of CTFs makes them insoluble and infusible, limiting
their ability to be processed into specific shapes or films. Conventional solution-based

fabrication techniques are generally not applicable.

Potential carbonization: During high-temperature synthesis methods such as
ionothermal polymerization and aromatic amide condensation, partial carbonization

may occur, negatively affecting the optical and structural properties of the material.’®’

1.2.4 Applications of covalent triazine frameworks (CTFs):

Gas storage and separation: CTFs demonstrate excellent potential for CO, capture and
separation from other gases, such as N2> and CH4. Their tailored microporosity and

nitrogen content make them highly selective for CO, adsorption.'°
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Catalysis: CTFs serve as heterogeneous catalysts for various chemical
transformations, including carbon dioxide fixation, photocatalytic water splitting, and
heterogeneous catalysis. Their nitrogen-rich structure enables metal-free catalysis or

efficient support for metal catalysts. 5116117

Pollutant adsorption: CTFs effectively remove organic dyes, heavy metal ions, and
other pollutants from aqueous solutions, making them promising for water purification

technologies.®

Sensing applications: Some CTFs, particularly those with functionalized linkers, exhibit
fluorescence quenching properties and can be used for detecting nitroaromatic

explosives, metal ions, and other analytes. 19120

Membrane applications: CTFs are being explored as gas separation membranes and
as fillers in mixed matrix membranes (MMMs), where they enhance polymer membrane

selectivity and permeability.'°

1.2.5 Synthesis Methods for covalent triazine frameworks (CTFs):

CTFs are synthesized using methods that either construct triazine units in situ or incorporate

preformed triazine-based monomers:

1-

Synthesis via triazine unit construction:

lonothermal trimerization: High-temperature cyclotrimerization of nitriles in ZnCl, at
400-700 °C.12212

Superacid catalysis: Uses TFMS as a catalyst at milder temperatures, producing lower
surface area materials but avoiding carbonization and metal contamination.'?*
Amidine-aldehyde condensation: Yields non-carbonized CTFs through mild reactions
of amidines and aldehydes.

Aromatic amide condensation: Involves P.Os as a catalyst at moderate temperatures,
balancing surface area and stability.'%

Microwave-assisted synthesis: Enhances reaction speed and morphology control when
combined with catalytic methods.'?

Synthesis via triazine-containing monomers:

Friedel-Crafts reaction: Cyanuric chloride reacts with aromatic monomers using Lewis
acids (e.g., AIClz), though often yielding amorphous structures. '27:128

Coupling reactions: Includes Sonogashira, and Suzuki-Miyaura, reactions to link
triazine-based monomers. 129130

Schiff base reaction: Forms imine-linked triazine polymers.'3!
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2. Dissertation Goal and Scope

The overarching goal of this dissertation is to advance the understanding of luminescence
phenomena in porous materials, demonstrating their potential for applications in selective
sensing, thermometry, and the integration of advanced emitters within covalent triazine
frameworks (CTFs). This research seeks to build on the literature that researched the fields of
photoluminescence and porosity, providing insights into the interplay between structural

properties and optical behavior in metal-organic frameworks (MOFs) and CTFs.

This work explores the design, synthesis, and characterization of three distinct classes of

luminescent porous materials, each tailored for specific applications:
1- Luminescent MOFs for Fe(lll) lon Sensing

Development of an Aluminium-based MOF (Al-BP-Naph) exhibiting selective fluorescence
quenching in the presence of Fe®** and investigating the interaction between Fe3* ions and the
MOF structure, leading to fluorescence quenching via competitive absorption or energy
transfer mechanisms. The characterization of detection performance, including sensitivity,
selectivity, and detection limits, using Stern-Volmer analysis and in the end a comparison with

existing Fe®** sensors to assess practical applicability and performance advantages.
2- CTFs Incorporating a Thermally Activated Delayed Fluorescence (TADF) Emitter

Synthesis and structural characterization of a novel CTF incorporating a TADF emitter, with a
focus on achieving high porosity and surface area while investigating the effect of the synthesis
method (the lonothermal method) on the nature of the material and its influence on the CO./
CHs separation using adsorption and the focus on the isosteric heat of adsorption after which
ideal adsorbed solution theory (IAST) selectivity to understand the behaviour of the adsorption

in different atmospheres.
3- Manganese-Induced Phosphorescence in MOFs for Potential Thermometry

While this work stays unfinished and incomplete it tries to Examine the phosphorescence
properties in Mg-CPO-27 induced by Mn doping, focusing on long-lived emission at low
temperatures while evaluating the temperature dependence of phosphorescence, with
emphasis on emission intensity and lifetime variation. In the work the role of ligand-to-metal
charge transfer (LMCT) was observed and its influence on luminescence behaviour. The
application of this work was the assessment of Mn-doped Mg-CPO-27’s potential as a
temperature-sensitive luminescent material, comparing its performance with MOFs doped with

other paramagnetic metals.

By addressing these three research directions, this dissertation aims to provide a

comprehensive understanding of the relationship between porous frameworks and
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luminescent behaviour. The findings will contribute to the development of novel materials with
tunable photophysical properties, expanding the possibilities for advanced sensing

technologies, temperature-responsive materials, and optoelectronic applications.
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3. Cumulative Part:

In the following two chapters, the results of the dissertation are presented, which were
published as first-author articles in international journals. Each publication stands on its own
with a separate numbering. The figures, tables, and schemes within the publications do not
follow the main text. Likewise, the references used are listed in a separate bibliography at the
end of each publication, which may result in some literature sources being cited twice.
Published results with personal contributions as a co-author, as well as other unpublished

results, are presented in Chapters 4.3 and 4.4

Each publication is introduced by its title, list of authors, journal name, and a short summary.
Furthermore, the individual contributions of the authors to the publications are presented.
3.1 Synthesis of a luminescent Aluminum-based MOF for Selective

iron(lll) lon sensing.
Hanibal Othman, Istvan Boldog, Christoph Janiak:
Molecules 2025, 30(20), 4146; https://doi.org/10.3390/molecules30204146

The article was reprinted with permission, Copyright ©2025 by the authors, licensee MDPI.
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Short summary:

Al

Al

Al

Al

In the search for new materials to open up creative pathways for industry and research, modifi-
cation is one of the best methods to implement. Developing materials with high sensitivity and
selectivity for specific applications, such as ion sensing, remains a significant challenge. This
work aims to introduce a novel metal-organic framework (MOF) derived from the well-
established 2-amino-[1,1'-biphenyl]-4,4'-dicarboxylic acid MOF by modifying its structure to
enhance its properties and applications. A luminescent 2-naphthyl moiety was attached to the
amino group of the linker to form the new luminescent Al-based MOF Al-BP-Naph with a
surface area of 456 m? g-' and a pore volume of 0.55 cm® g-'. Al-BP-Naph showed high
selectivity towards Fe3* sensing due to the overlapping absorption and excitation spectra of
both Fe** and MOF. The MOF demonstrated a detection limit of approximately 6-10~% mol L™
with a limit of quantification of about 19-10° mol L=" and a very fast response time (less than
10 seconds). It also had a Stern—Volmer constant of approximately 0.09:-10° L mol™" ,
distinguishing it from other ions. Our work contributes to the expanding repertoire of functional
materials with promising applications in sensing technologies, offering a novel MOF with

superior properties for iron(lll) ion detection.
Contribution to the publication:

= Hanibal Othman: Idea and concept development, synthesis and optimization of the
reactions. N2, CO; adsorption measurements and the calculation of the theoretical heat
of adsorption. The measurement of spectral properties such as the excitation and
emission spectra of the molecules. Assessment and interpretation of the results,
writing and revision of the manuscripts.

= |stvan Boldog: Structure solution using Le Bail fitting and description of the structure.
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= Christoph Janiak: Assessment and interpretation of the results, writing and revision of

the manuscripts.
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Abstract

In the search for new materials to open up creative pathways for industry and research, mod-
ification is one of the best methods to implement. Developing materials with high sensitivity
and selectivity for specific applications, such as ion sensing, remains a significant challenge.
This work aims to introduce a novel metal-organic framework (MOF) derived from the well-
established 2-amino-[1,1-biphenyl]-4,4'-dicarboxylic acid MOF by modifying its structure to
enhance its properties and applications. A luminescent 2-naphthyl moiety was attached to the
amino group of the linker to form the new luminescent Al-based MOF Al-BP-Naph with a
surface area of 456 m2 g-! and a pore volume of 0.55 cm? g-1. Al-BP-Naph showed high selec-
tivity towards Fe* sensing due to the overlapping absorption and excitation spectra of both
Fe? and MOF. The MOF demonstrated a detection limit of approximately 6 x 10 mol L with
a limit of quantification of about 19 x 10 mol L' and a very fast response time (less than 10
s). It also had a Stern—Volmer constant of approximately 0.09 x 105 L mol”, distinguishing it
from other ions. Our work contributes to the expanding repertoire of functional materials with
promising applications in sensing technologies, offering a novel MOF with superior proper-
ties for iron(I1I) ion detection.

Keywords: photoluminescence; metal-organic framework; limit of detection; iron sensing;
Stern-Volmer equation

1. Introduction

The development of sensors and materials that respond selectively to specific ana-
lytes is progressing for improved sensitivity, selectivity, and the range of detectable sub-
stances. These advancements are being driven by the need for more precise, reliable, and
efficient analyte detection systems across various scientific and industrial fields. A partic-
ularly important area within the realm of sensing is photoluminescence sensing. The pho-
toluminescent response can be classified as either positive or negative. In a positive re-
sponse, known as photoluminescence enhancement or a “turn-on” reaction, the material’s
light emission increases when it encounters the analyte [1-4]. Conversely, in a negative
response, referred to as photoluminescence quenching or a “turn-off” reaction, the mate-
rial’s emission is diminished or entirely suppressed in the presence of the analyte [5]. This
dual capability makes photoluminescent sensors highly versatile and valuable in a wide
range of applications, from environmental monitoring to biomedical diagnostics [6-10].

Iron is a critical element in both biological and industrial contexts and exemplifies
the importance of precise analyte detection. In biological systems, iron plays a vital role
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in various physiological processes, including oxygen transport, DNA synthesis, and elec-
tron transport within cells [11]. However, both iron deficiency and iron overload can lead
to severe health complications, such as anemia in the case of deficiency or tissue damage
and organ failure in cases of iron overload. Therefore, accurate quantification of iron in
biological samples is crucial for effective medical diagnosis and treatment [12,13].

From industrial processes, large quantities of iron and other metals can be released
into rivers, soil, and air, posing serious environmental and health risks. This necessitates
stringent regulatory measures to monitor and limit the concentration of iron and other
potentially harmful metals in the environment [14].

Metal-organic frameworks (MOFs) are emerging as powerful tools in the field of
sensing. MOFs are porous structures formed through the coordination of metal ions with
bridging organic linkers [15]. MOFs possess highly tunable properties, making them suit-
able for a wide array of applications, including photoluminescence sensing [16-19]. As
photoluminescent sensors, MOFs have demonstrated exceptional sensitivity, capable of
detecting a wide range of metal ions [20-22]. In this study, we introduce an aluminum
metal-organic framework related to DUT-5 (Al(OH)(1,1"-biphenyl]-4,4'-dicarboxylate)
[23], but synthesized using 2-(naphthalen-2-ylamino)-[1,1"-biphenyl]-4,4"-dicarboxylic
acid (H2BP-Naph), where we added the naphthylamino group to the biphenyl linker,
achieving a strongly luminescent MOF (Scheme 1) [24]. The napthalene-2-ylamino lumi-
nophore group, and hence this newly developed MOF Al-BP-Naph, exhibits photolumi-
nescent properties and experiences luminescence quenching in the presence of metal ions,
most notably Fe**. We have investigated the quenching selectivity and concentration de-
pendence for a potential sensing application of Al-BP-Naph. In line with related investi-
gations in the literature, the MOF was applied as an N,N-dimethylformamide (DMF) dis-
persion because of the DMF properties with regard to polarity for metal-salt solubility and
transparency in the UV-Vis region, due to its high refractive index (1.43), which minimizes
the mismatch between the optical medium (quartz cuvettes) and the sample [25].

This work introduces Al-BP-Naph, a novel Al-based MOF that combines the stability
of MIL-53-type frameworks with a naphthylamino-functionalized linker acting as an in-
trinsic luminophore. This MOF enables highly selective and rapid quenching by Fe
through spectral overlap, giving a low detection limit (5.6 umol L) and sub-10 s response
time. These properties surpass many reported MOF sensors, highlighting the distinctive-
ness and novelty of Al-BP-Naph in luminescent iron sensing.

Ho; . . i HO; . . i
O OH ©) OH
HN

[1,1"-biphenyl]-4,4'-dicarboxylic acid

(H,BP) 2-(naphthalen-2-ylamino)-[1,1'-biphenyl]-
- as dicarboxylate linker in DUT-5 4,4'-dicarboxylic acid (H,BP-Naph)
and in COMOC-2-Ip/V(C)BP - as dicarboxylate linker in Al-BP-Naph

Scheme 1. Relevant linkers for the MOF structures in this work.

2. Results

The MOF compound Al-BP-Naph was synthesized from 2-(naphthalen-2-ylamino)-
[1,1-biphenyl]-4,4"-dicarboxylic acid [26] and aluminum nitrate nonahydrate in DMF. The
structural analogy of the synthesized material Al-BP-Naph to the MOFs DUT-5 [23] and
the related COMOC-2-1p/V(O)BP [27] was confirmed by powder X-ray powder diffraction
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(PXRD) studies (Figure 1). The material is generally crystalline with a well-defined short-
to-medium-range periodicity; however, there are also indications of compromised crys-
tallinity, witnessed by a relatively high background. It is worth noting in this context that
aluminum MOFs tend to form products with at least partially compromised crystallinity
due to the low reversibility of the crystallization process. This is also the reason why Al-
MOFs are often hard to obtain in single crystalline form for diffraction studies, which is
also the case here.

—— DUT-5 (Simulated)
—— COMOC-2-Ip (Simulated)
] —— AI-BP-Naph (Experimental)

ijk_L_A
) S

10 20 30 40 50

2 Theta (°)

Intensity (a.u)

Figure 1. PXRD comparison between Al-BP-Naph dried at 70 °C for 24 h using a vacuum oven (1 x
107 bar), and the simulation for DUT-5 and COMOC-2-1lp from the CCDC ref codes 691979 and
868306, respectively [23,27]. The background of the experimental pattern was removed (see the un-

corrected pattern in Figure S4).

The indicators of somewhat lowered crystallinity are also expected as manifestations
of structural flexibility. The latter is inherent in the “wine-rack” type MIL-53 structure
(Figure 2), which can potentially adapt a continuous range of geometries within the Imma
space group, which was assumed to be the same as in the case of COMOC-2-1p/V(O)BPDC
and DUT-5 (see Figures S4-S9 and Table S1) [23,27].

The cell parameters vary slightly for the three compounds, which represent the open
form of the MIL-53-type structure. Despite the same length of the ligand, the discussed
slight flexibility of the framework, associated with the hinge-like movement of the ligands
related to the secondary building unit (see Figure S6 for the cell overlap of Al-BP-Naph
and COMOC-2-Ip), can lead to a difference in the length of the a and c axis (cf. Figure 2;
elongation of c when a becomes shorter and vice versa).

The low crystallinity can be further attributed to the disorder and amorphosity intro-
duced into the lattice by the naphthylamino group attached to the side of the linker. The pres-
ence of this pendant group creates significant variability in the crystal structure because its
orientation within the pore framework can occur on both sides of the linker (Figure 2). The
significant disorder in this part of the structure restricted the refinement to the Le Bail method,
as described in the Supplementary Materials [27].
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Figure 2. View along the b-axis for the structure of Al-BP-Naph with the “wine-rack” MIL-53 topology,
demonstrating an approximate possible regular localization of the pendant naphthylamino group. The

orange line is the unit cell outline.

Furthermore, the stability of the Al-BP-Naph material after being exposed to ambient air
conditions at RT for 7 days and after activation for adsorption measurements was positively
verified by PXRD (Figure S9), in line with the usual high stability of the MIL-53(Al)-type ma-
terials. Al-BP-Naph retained its crystallinity under these conditions, which is important for
practical applications where prolonged exposure to ambient conditions is expected. However,
its structural integrity was largely lost when heated to 90 °C for 24 h (Figure S9).

Thermogravimetric analysis (TGA) in Figure S11 of the dried MOF with the molecular
formula [Al(OH)(BP-Naph)] = (AlC2sH16NO:s) (revealed an initial mass loss of 10% between 60
°C and 160 °C, which is attributed to the release of residual ethanol and DMF solvents used
during synthesis and trapped within the porous structure. Following this mass loss, a plateau
is observed until approximately 400-500 °C, where a significant mass loss of 77% occurs, cor-
responding to the thermal decomposition of the organic linker (BP-Naph). When the contri-
bution of the solvent loss is excluded and the mass at 225 °C is rescaled to 100%, the mass loss
around 1000 °C becomes 88%, which matches the theoretical linker content (89.7%) of
C2aHisNOs in AlC4H1sNOs. The corrected residual mass at 1000 °C becomes 11.7% which
agrees with the expected amount of Al:Os (theor. 11.98% for 6.34 wt% of Al). Since the analysis
was conducted under a synthetic air atmosphere, it is reasonable to assume that all aluminum
present in the framework was fully converted to Al:Os.

IR spectroscopy in Figure S10 shows a shift in the C=O stretching mode between the
linker and the MOF, indicating the coordination of the carboxylate group to the metal and also
demonstrating the near absence of the non-deprotonated linker pore-filling impurity, which
is typical for such compounds.

The surface area and porosity of Al-BP-Naph were analyzed through N2 adsorption
studies at 77 K. The adsorption isotherm of Al-BP-Naph is a combination of type I at lower
and type II at higher relative pressures (Figure 3a). The steep uptake at low P/Po is indic-
ative of a microporous material giving the type I isotherm. Type II isotherms stem from
the physisorption on nonporous or macroporous adsorbents, here from the interparticle
condensation. The composite type I and II isotherms often have an H4 hysteresis loop,
which is also observed with aggregated crystals of zeolites, some mesoporous zeolites,
and micro-mesoporous carbons [28]. From the adsorption branch, a BET surface area of
approximately 456 m? g! was calculated (over a pressure range of P/Po = 0.04-0.1 with a
correlation coefficient R? of 0.999 and a BET constant C of 183.9, Figure S13). The total pore
volume was found to be 0.546 cm? g-!, with a micropore volume of 0.215 cm? g-1. For DUT-
5, the surface area is 1413-1467 m?2 g, and the pore volume is ~0.71 cm? g [29,30]. The
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pore size distribution from NLDFT calculations indicates a fraction of 40% of micropores
(<2 nm) and 60% mesopores (2-50 nm) (Figure 3b).
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Figure 3. (a) AI-BP-Naph Nz sorption isotherm at 77 K (filled symbols: adsorption, empty symbols:
desorption). (b) Pore size distribution using the slit pore, NLDFT equilibrium model.

CO: adsorption of Al-BP-Naph was examined at 273 K and 293 K with uptakes of
30.1 cm? g ' and 29.4 cm? g1, respectively. This COz uptake is similar to the biphenyl-based
MOFs of the same structure, such as DUT-5 (36.2 cm?® g at 298 K) [29] and COMOC-2
(19.0 cm? g) [31]. From the uptake at the two temperatures, the isosteric heat of adsorp-
tion near zero coverage was computed to 26 k] mol- (Figure 4b), and this value drops
with increasing uptake at 1 mmol g to about 3.5 k] mol-, which is below the heat of
liquefaction of CO: [32] (see Section S6 for details). The heat of adsorption or the affinity
for CO2 diminishes with increasing uptake, as the higher-binding energy sites become in-
creasingly occupied [33,34]. This isosteric heat of adsorption near zero coverage for CO:
is similar to the values of UiO-67-(NHz)2- [35] and COMOC-2 [31] with around 30 k] mol!
and to other MOFs with a biphenyl linker (Table S3) [36-38].
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Figure 4. (a) COz sorption isotherms of Al-BP-Naph at 273 K and 293 K (filled symbols: adsorption, empty
symbols: desorption). (b) Isosteric heat of COz adsorption in Al-BP-Naph with increasing uptake.

The newly synthesized Al-based metal-organic framework (Al-BP-Naph) incorpo-
rates a naphthyl-substituted biphenyl linker bearing a naphthylamino functionality,
which acts as a separate luminophore and enhances the framework’s luminescence. Al-
BP-Naph exhibits intrinsic photoluminescence, with an emission maximum observed in
DMF suspension at 520 nm (Figure 5). A slight solvatochromic shift is noted compared to
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the emission of the dry solid-state (510 nm), which is attributed to interactions between
the naphthyl group in the MOF and the adsorbed solvent molecules that modulate the
electronic environment and optical behavior, as it is also seen for the free linker H2PB-

Naph when comparing the solid-state and its DMF solution (Figure 5b).
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Figure 5. (a) Excitation (dashed lines) and steady-state photoluminescence spectra (solid lines) of
Al-BP-Naph in solid form (red) and suspended (blue curves) in DMF. (b) H2BP-Naph linker excita-

tion and emission spectrum in DMF and the solid state. (c¢) Emission spectra of Al-BP-Naph and

DUT-5, where Al-BP-Naph was excited at Aexc =415 nm and DUT-5 at Aexc = 365 nm.

The emission of Al-BP-Naph was tested for the presence of metal ions in the DMF
dispersion of the MOF and found to lead to various degrees of quenching of the emission
intensity at 520 nm when the suspension was excited with 415 nm light. Fe3* ions (c=0.001
mol L, added as Fe(NOs)s) result in strong emission quenching by about 75%. The metal
ions Cr* and Zn* are quenched by only 22% and 13%, respectively, whereas the metal
ions Mg, Mn%, Co*, and Ni* leave the emission intensity unchanged, and, in contrast,
the ions Ag*, Al*>*, Pb%, Cd?, Ca? and Li* even enhance the luminescence by about 10-20%

(all at a concentration of 0.1 mol L) (Figure 6).
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Figure 6. (a) Emission spectra (Aexc = 415 nm) of Al-BP-Naph (as DMF suspension of 1 g L) in the
presence of different metal ions at concentrations of 0.003 mol L. (b) Luminescence intensity com-
parison of Al-BP-Naph for different metal ions with concentrations and ion charges as in (a). The
intensity error was estimated to +0.2 x 10%.

As it was found that the emission of Al-BP-Naph is particularly quenched by Fe3*
ions (Figure 6), an increase in Fe concentration led to a progressive quenching of the
emission and was quantitatively analyzed using the Stern-Volmer Equation (1), which
revealed a relatively high Stern-Volmer constant of 0.09 x 105 L mol-! (Figure 7b). This high
constant indicates that Fe®* is an effective quencher of the luminescence of Al-BP-Naph.

I/I-1=KsvQ @D
where
Io: Luminescence intensity of pristine Al-BP-Naph in DMF suspension.
I: Luminescence intensity of Al-BP-Naph in the presence of Fe(III) ions in DMF
Ksv: Stern-Volmer constant
Q: Concentration of the quenching Fe¥ ions
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2 8.0x10°7 ——— Blank6 —— 70 L
< - Blank7 — 80 L
5 6.0x10% - — Blank 8 90 uL
8 ——Blank9 —— 100 uL
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Figure 7. (a) Al-BP-Naph emission response (Aexc = 415 nm) in DMF suspension (3.0 mL) to increas-
ingly added volumes of a DMF Fe?* solution (c = 0.001 mol L) (thirteen measurements for the blank
sample Al-BP-Naph), (b) Stern—Volmer plot for the fluorescence intensity of Al-BP-Naph to differ-
ent concentrations of Fe, (c) fit of the fluorescence intensity versus analyte ion concentration, (d)
Al-BP-Naph response as DMF suspension to different amounts/concentrations of Fe* for the calcu-
lation of the quenching efficiency, (e) quenching efficiency to concentrations of Fe*. In (b) the error
o for (Iy/I) - 1 was derived from the general law of propagation of uncertainty o = (I/I)rvV2 and r =
1% from the relative error in the emission intensities. In (c) the intensity error was estimated to be
+0.2 x 10* The accuracy of the Fe?* concentration was estimated with its dissolution and dilution
procedures to +5% and the error bars were added accordingly to (b,c) for the Fe-concentration axis.
The error of the quenching efficiency in (e) was derived by calculating the relative error at each
absorption maximum in (d) from the noise, divided by the absorption intensity, and adding this

value as the error bar to the efficiency axis.

The proposed mechanism for the observed quenching effect is suggested to involve
competitive absorption of the energy required for the excitation of the MOF. In this sce-
nario, the energy intended to excite the MOF is instead absorbed by another species—in
this case, the cation from the metal nitrate that is in direct contact with the MOF structure.
The quenching effect observed in the presence of iron ions can be attributed to the overlap
between the absorption spectrum of Fe* ions, which typically spans the wavelength range
of 200 to 450 nm [34], and the excitation spectrum of Al-BP-Naph in DMF suspension
(Figure S15). This spectral overlap results in a significant portion of the excitation energy
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being absorbed by the iron ions rather than by the MOF itself. Consequently, this absorp-
tion by Fe® ions leads to a reduction in the energy available for exciting the MOF, which
in turn causes a pronounced quenching of the emission in the suspension. In contrast, the
absorption spectra of other metal nitrates, which were also tested, showed less overlap
with the MOF excitation region (Figure S15), suggesting a reduced ability to interfere with
the MOF’s excitation process. These findings lend further credence to the idea that iron
nitrate uniquely quenches the MOF’s fluorescence via this competitive absorption mech-
anism.

We dismiss static quenching, that is, a complex formation between the naphthyla-
mino fluorophore and Fe®, because among the tested metal ions, also Cr®, Mn?*, Co?, Ni*,
Cu?, and Cd? are known to readily form amine complexes. Dynamic quenching can occur
when a quencher molecule collides with the excited fluorophore, transferring energy or
electrons and returning the fluorophore to its ground state non-radiatively, which de-
creases fluorescence intensity but can also be excluded as the radius of high-spin Fe¥ is
0.78 A, which is larger than for Al**, Co? and Cr® and smaller than for Mg?,, Li*, Pb%, Ni*,
Mn*, Cd*, Ag*, Ca%, Zn> and Cu?* [39]. Thus, at least the ions Al**, Co?* and Cr® (which
are smaller than Fe®) could diffuse into the MOF similar to Fe** and result in dynamic
quenching, which is, however, not seen.

The luminescence intensity at 520 nm displayed a negative linear correlation with
Fe?* concentration within the range of 6.6 x 10-¢ to 3.2 x 10> mol L-!, with a correlation
coefficient (R?) greater than 0.98, as illustrated in Figure 7b,c. This strong linear relation-
ship allows for precise quantification of Fe* concentrations. The Stern-Volmer quenching
constant (Ksv) calculated from these measurements reached a value of 0.09 x 105 L mol-!,
which underscores the high efficiency of iron ions in quenching the luminescence of the
MOF. The quenching efficiency was calculated using the formula (Io/I — 1) x 100% where
Io and I are the values of the luminescence intensity of pristine Al-BP-Naph- and Fe¥-
loaded Al-BP-Naph, respectively, indicating that Al-BP-Naph showed a high sensitivity
in sensing fluorescence quenching. The quenching efficiency was close to 100% when the
added volume of the Fe3 solution reached 300 uL (giving an Fe3* concentration of 10-* mol
L-1in the Al-BP-Naph suspension) (Figure 7d,e).

Additionally, the limit of detection (LOD) for iron(IIl) nitrate was determined as low
as about 6 umol L. This was calculated using the equation LOD = 3 o/k, where o repre-
sents the standard deviation of the 13 blank measurements (Table S4) and k denotes the
slope of the fitting line of fluorescence intensity versus analyte ion concentration in Figure
7c. This low detection limit demonstrates the exceptional sensitivity of Al-BP-Naph and
its capability for detecting very small concentrations of iron ions in solution. The limit of
detection of Al-BP-Naph is lower than in many other MOFs in the field of iron detection,
such as CdBPTC, Ni-MOF, Zn-MOF, and Cd-MOF with LODs of 17, 15, 28, and 57 pmol
L1, respectively [16,40,41]. A detailed comparison can be seen in Table 1. The limit of
quantification was also calculated with the equation LOQ =10 o/k with a value of 19 umol
L-. The MOF Al-BP-Naph presented in this work shows one of the best results when it
comes to the limit of detection for Fe®".

The slight luminescence enhancement that is observed with Ag®, Al*, Pb%, Cd?, Ca?*
and Li* (Figure 6a) can be a result of the adsorption of these cations on the surface of Al-
BP-Naph, perhaps through interaction between naphthyl-rt system and the cations caus-
ing a slight change in the electronic properties of the naphthyl moiety, enhancing in turn
the radiative relaxation pathways [42—44].
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Table 1. Literature comparison for MOFs as Fe3* sensors.
LOD LOD Ksv

Sample Solvent [umol L1]®  [ug mL]® [L mol-] ® Ref.

This work DMF 5.6 0.31 0.09 x 105 This work
Cuo1/Zn-MOF Water 833 46.51 0.27 x 105 [12]
EuBDC-OMe Water 29 0.16 0.18 x 105 [13]
CdBPTC Water 16.6 0.92 0.08 x 105 [17]
[Eu(BTPCA)(H:20)] DMF 10 0.55 - [20]
Ni-MOF EtOH 15 0.86 - [40]
DMAC DMAC 60 3.35 0.78 x 10~ [45]
EuOHBDC Water 1.17 0.06 45.64 [46]
NNU-1 Water 200 11.2 - [47]
Zn-MOF Water 28 1.56 0.16 x 105 [41]
Cd-MOF Water 57 3.18 0.10 = 105 [41]
[Eu(H20)2(BTMIPA)] Water 10 0.55 - [48]
[Zn2(L)2(bpe)2(H20):] Water 25 1.39 [49]
MI-53-(Al) Water 0.9 0.05 - [50]
[Tb(HL)(DMF)(H20):] 3H20 Water 50 2.79 0.04 x 105 [51]
CALIX@UiO-66-NH: Water 6.7 0.37 0.02 x 105 [52]
Eu(L1)3 Water 100 5.58 - [53]
FJI-C8 DMF 23 1.30 0.08 x 105 [54]
[Euz(MFDA)2(HCOO)2(H20)s H20 DMF 0.33 0.018 - [55]
Tb*@Cd-MOF DMF 10 0.56 1.10 x 10° [56]

@ LOD = limit of detection in two different units. ® Ksv = Stern-Volmer constant.

3. Materials and Methods

Methyl-3-amino-4-bromobenzoate, 2-bromonaphthalene (98%), and (4-(methoxycar-
bonyl)phenyl)boronic acid (99.87%) were purchased from BLDpharm, and tetrakis(tri-
phenylphosphine)palladium(0) (99%) and tri-tert-butyl phosphine (98%) from Sigma-Al-
drich and used as received. Aluminum nitrate nonahydrate 98% was obtained from Roth.
All solvents were bought from commercial suppliers with a minimum purity of 99.8% and
used as received.

The ultrasonic device is a 2.8 L ultrasonic cleaner from Avantor (Avantor, Bruchsal, Ger-
many). The oven used was a UNP 200-800 universal oven from Memmert (Memmert,
Biichenbach, Germany). Fourier transform infrared spectroscopic measurements were per-
formed using a Bruker Tensor 37 (Bruker AXS, Karlsruhe, Germany) with KBr pellets in the
range between 4000 and 500 cm. For the N2 and CO: sorption analysis, a Quantachrome Au-
tosorb-IQ-MP (Quantachrome, Boynton Beach, FL, USA) was used. The samples were de-
gassed for 24 h at 170 °C before the gas sorption measurements. The N2 sorption isotherms
were collected at 77 K. The results were interpreted with the BET equation. The CO2 sorption
temperatures were 293 and 273 K. The temperatures were held by virtue of a thermostated
water bath (293 and 283 K) or with a Dewar filled with liquid Nz (77 K).

Thermogravimetric analysis was performed with a TG Tarsus 209 F3 (Netzsch, Selb,
Germany). The samples were analyzed under synthetic air with a heating rate of 10 K/min
from 25 to 1000 °C. Powder X-ray diffraction patterns were recorded using a Bruker D2
phaser benchtop diffractometer from Bruker (Bruker AXS, Karlsruhe, Germany) with Cu-
Ka radiation, A = 1.54182 A at 300 W, 30 kV, and 10 mA. Nuclear magnetic resonance ("H-
NMR) spectra were collected with a Bruker Avance III-600-I (Bruker, Karlsruhe, Ger-
many). The chemical shifts are given in ppm and referenced to the residual proton signal
of the solvent versus TMS (CDCls: 7.26 ppm, DMSO-d6: 2.50 ppm). The excitation and
photoluminescence spectra were measured with an FS5 spectrofluorometer from
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Edinburgh Instruments (Edinburgh, Scotland) with a 150 W CW ozone-free xenon arc
lamp as a light source.

3.1. Synthesis of Dimethyl-2-Amino-[1,1"-biphenyl]-4,4’-Dicarboxylate [26]

In a three-neck 250 mL round-bottom flask, (4-(methoxycarbonyl)phenyl)boronic acid
(40 mmol, 7.20 g) was mixed with methyl-3-amino-4-bromobenzoate (40 mmol, 9.20 g),
tetrakis(triphenylphosphine)palladium (0) (1.8 mmol, 2.1 g), and potassium carbonate (180
mmol, 25 g) in 1,4-dioxane (160 mL) and water (40 mL). A clear solution was obtained in the
flask when the mixture was refluxed at 100 °C for 24 h. The reaction was monitored via thin
layer chromatography (TLC), and after completion, the reaction mixture was allowed to cool
to room temperature, and the contents of the flask were filtered, and the resulting phase was
extracted with 3 x 30 mL ethyl acetate. After separation, the organic phase was dried over
magnesium sulfate for 15 min. The salt was then filtered, and the organic phase was concen-
trated using a rotary evaporator. The resulting red solid was dried overnight using a high
vacuum oven at 60 °C. The crude product was purified by column chromatography using n-
hexane: ethyl acetate (2:1 v:v) as eluent, resulting in the formation of white needle-like crystals.
Yield =6.7 g, 58%. TH-NMR spectrum in Figure S1.

3.2. Synthesis of Dimethyl-2-(Naphthalen-2-ylamino)-[1,1"-biphenyl]-4,4"-Dicarboxylate

In a two-neck 100 mL round-bottom flask, 2-bromonaphthalene (3.8 mmol, 0.787 g, 1
eq) was dissolved in 40 mL of degassed dry toluene, and to this solution, 5 mol% each of
palladium acetate (0.042 g) and tri-tert-butyl phosphine (0.05 mL) were added. This mix-
ture was stirred under nitrogen for 10 min until the solution changed to a dark red color.
After the color change, dimethyl-2-amino-[1,1’-biphenyl]-4,4’-dicarboxylate (4.5 mmol,
1.3 g, 1.2 eq) was further dissolved in 40 mL of toluene along with potassium carbonate (8
mmol, 1.1 g, 10 eq). The mixture was allowed to reflux at 111 °C for 24 h under thin-layer
chromatography (TLC) monitoring. After cooling to room temperature, the contents were
filtered, and the remaining solids were washed with ethyl acetate (3 x 50 mL). Afterwards,
the ethyl acetate solution was washed with deionized water three times, with 50 mL each.
After separation of the organic phase, consisting of toluene and ethyl acetate, it was dried
over MgSQO.s for 15 min, then concentrated using a rotary evaporator. The crude product
was purified using flash column chromatography on silica gel 40-63 um—Silicycle with a
(v:v) 2:1 or 3:1 eluent of cyclohexane/ethyl acetate. The yield of the isolated yellow powder
was 0.78 g, 50%. IR spectrum, Figure S10, '"H-NMR, Figure S2.

The up-scaled reaction of this compound was performed as follows: In a two-neck 1
L round-bottom flask, 2-bromonaphthalene (24.7 mmol, 5.116 g, 1 eq) was dissolved in
260 mL of degassed dry toluene. To this solution, 5 mol% each of palladium acetate (0.273
g) and tri-tert-butylphosphine (0.325 mL) were added. The mixture was stirred under ni-
trogen for 10 min until the solution turned dark red. After the color change, dimethyl-2-
amino-[1,1"-biphenyl]-4,4"-dicarboxylate (29.25 mmol, 8.45 g, 1.2 eq) was dissolved in an-
other 260 mL of toluene, along with potassium carbonate (52 mmol, 7.15 g, 10 eq). The
reaction mixture was then refluxed at 111 °C for 24 h, under TLC monitoring. After cooling
to room temperature, the contents were filtered, and the remaining solids were washed
with ethyl acetate (3 x 100 mL). The combined organic phase was then washed with de-
ionized water (3 x 100 mL). The organic layer (toluene + ethyl acetate) was dried over
MgSO: for 15 min, then concentrated using a rotary evaporator. The crude product was
purified by flash column chromatography on silica gel (40-63 um, Silicycle), using a 2:1
or 3:1 v:v mixture of cyclohexane/ethyl acetate as eluent. The isolated product was ob-
tained as a yellow powder. The yield was 5.3 g, 52%. The IR and "H-NMR spectra were
identical to those in Figures 510 and S2.
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3.3. Synthesis of 2-(Naphthalen-2-ylamino)-[1,1’-biphenyl]-4,4’-Dicarboxylic Acid

In a 100 mL round-bottom flask, dimethyl-2-(naphthalen-2-ylamino)-[1,1"-biphenyl]-
4,4’-dicarboxylate (3.0 g, 7.2 mmol) was dissolved in 40 mL of THF. To this solution, 40
mL of NaOH (1 mol L) solution was added and refluxed for 24 h at 100 °C. After cooling
down to room temperature, THF was removed using a rotary evaporator. To the aqueous
phase, 40 mL of a 0.1 mol L-1 HCl solution was added. The yellow solid was filtered and
dried under vacuum at 80 °C. Yield =2.49g, 90%. IR spectrum Figure 510, '"H-NMR Figure
S3.

3.4. Synthesis of the AI-BP-Naph

2-(Naphthalen-2-ylamino)-[1,1"-biphenyl]-4,4'-dicarboxylic acid (0.2 mmol, 0.076 g)
and aluminum nitrate nonahydrate (0.2 mmol, 0.075 g) were dissolved in 6 mL of DMF
with the assistance of the ultrasound device. The reaction mixture was heated to 110 °C
over 1 h, held at this temperature for 24 h, and allowed to cool to room temperature within
1 h. The precipitated powder was separated by centrifugation and subsequently washed
with 40 mL of DMF via a treatment at 80 °C for 24 h in a flask with occasional mild stirring
to avoid mechanical deterioration of the product. The product was separated by centrifu-
gation and dried at 70 °C for 24 h using a vacuum oven (1 x 10~ bar). The yield after the
washing and drying was 119 mg, 80%.

3.5. Quenching Experiments

To evaluate the quenching selectivity and sensitivity of Al-BP-Naph, suspensions
were prepared in DMF at concentrations of 1 g L for selectivity studies and 0.1 g L for
sensitivity measurements. In the selectivity experiments, various metal nitrate solutions
(c=0.1 mol L) were employed from which 100 pL were added to the 3.0 mL of the Al-
BP-Naph DMF suspension to give a metal ion concentration of 0.003 mol L. In the sensi-
tivity experiments, the concentration of the added iron(III) nitrate solution was 0.001 mol
L1, from which 10 pL aliquots were added to the Al-BP-Naph suspension

For each measurement, 3.0 mL of the Al-BP-Naph suspension was transferred into a
thoroughly cleaned quartz cuvette. The initial emission intensity of the suspension was
recorded as a reference (blank) prior to the incremental addition of the analytes in steps
of 10, 25 or more pL in the sensitivity experiments. All experiments were conducted under
identical conditions to ensure maximum reproducibility and comparability of results.

4. Conclusions

In this work, we present a luminescence sensor based on a functionalized MOF with
a MIL-53 or DUT-5 topology bearing a naphthylamino chromophore group on the linker.
Al-BP-Naph exhibits a surface area of 465 m? g™ and a total pore volume of 0.546 cm3 g1,
with a zero-coverage isosteric heat of CO2 adsorption of 26 k] mol™. Contrary to the solid
MOF, the suspended MOF in DMF shows a slight red shift due to the solvatochromic
effect. The MOF displays exceptional luminescence sensitivity for the detection of Fe* ions
with a rapid turn-off response and a remarkably high Stern-Volmer constant of 9000 L
mol” when we excited the MOF suspension at 415 nm and monitored the luminescence
at 520 nm. Our findings indicate that Fe** in solution competes for the excitation energy
required for the luminescence of Al-BP-Naph, effectively quenching the MOF’s emission
through a competitive energy absorption mechanism. This quenching effect is highly se-
lective, as no significant response was observed for other metal ions. The fast response
within 10 s to iron excludes the possibility of any complex formation causing static
quenching. Similar ionic radii of other tested metal ions compared to Fe* exclude dynamic
quenching.
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Furthermore, the sensitivity of the MOF toward Fe® is seen with a concentration
lower than 5.6 x 10-° mol L-1. The calculated limit of detection (LOD) of 5.6 x 10-¢ mol L
(rounded to 6 x 10-¢ mol L-1) highlights its potential as a highly efficient iron nitrate sensor.
These combined results establish Al-BP-Naph as a promising candidate for practical ap-
plications in luminescent Fe* sensing.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/molecules30204146/s1: Section S1: Reaction schemes for ligand
synthesis (Scheme S1-S3) and nuclear magnetic resonance spectra; Section S2: Structure determination
and PXRD pattern; Section S3: Infrared spectroscopy; Section S4: Thermogravimetric analysis; Section S5:
Digestion NMR analysis; Section S6: N2 adsorption; Section S7: CO2 adsorption and isosteric heat (en-
thalpy) of adsorption; Section S8: Photoluminescent properties; Section S9: References. Reference [57] is
cited in the Supplementary Materials.
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Section S1. Reaction schemes for ligand synthesis (Scheme 1-3) and nuclear magnetic

resonance spectra

HO_ OH

[Pd’(PPha)a], K2CO3 O

NH,
1,4-dioxan:H20 (4:1) - 20 h
Reflux O

S0 X0

Scheme S1. Synthesis of dimethyl-2-amino-[1,1'-biphenyl]-4,4'-dicarboxylate [1].

(@) O\
O Br Pd(OAc)2 K2COs, (Bu)sP /“
NHy
Toluene - 111 °C - 24 h reflux

Scheme S2. Synthesis of dimethyl-2-(naphthalen-2-ylamino)-[1,1'-biphenyl]-4,4'-dicarboxylate.

OO
O 1- THF: H,0O (100: 40 mL) ”
NH,
100 °C - NaOH (1 mol L1
O 2-HCI (0.1 mol L™ )

SO0

Scheme S3. Synthesis of 2-(naphthalen-2-ylamino)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H-BP-
Naph).
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Figure S3. "H NMR (600 MHz, solvent DMSO-d6) NMR spectrum of 2-(naphthalen-2-ylamino)
[1,1'-biphenyl]-4,4'-dicarboxylic acid H.BP-Naph.
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Section S2. Structure determination and PXRD pattern

Le Bail fit:

The Powder X-ray diffraction (PXRD) data was Le Bail-fitted using the space group and the initial
cell parameters for the published structure of [VO(BPDC)], where H;BPDC = 44'-
biphenyldicarboxylic acid, also known as COMOC-2-Ip (Ip stands for large pore) [2]. The Le Bail
profile fitting yields excellent results (Figure S1, Table S1), however they are rather an indication of
just moderate crystallinity (still excellent for such a case) and, hence, strong peak broadening, which

allows precise fit, but provides little structural information.

Notably, the cell parameters of Al-BP-Naph significantly differ from those of COMOC-2-Ip. While the
cell volumes are nearly the same (~3% difference), the structure of Al-BP-Naph features as slight
deflection from the nearly fully opened structure of COMOC-2-/p, which has nearly square shaped
the lozenge pores running along the b-axis (a/c = 1.18 vs 1.04 respectively), while the fully closed

structure is characterized by maximally elongated ,narrow” lozenge pores.

It is presumed, that the naphthylaminyl substituent of the ligand in Al-BP-Naph is heavily disordered.
As the ligand is essentially non-planar due to steric reasons, the possible and highly probable
disorder on four positions (formally corresponding to 2,2’,6,6° locants) is most probably
complemented by the disorder due to the flexibility of the ligand, constituted of non-conjugated
aromatic moieties. The moieties have a limited rotational degree of freedom, which could give
several conformations with local energy minima, depending on the realized sets of intermolecular
interactions with the neighboring ,walls” of the framework and/or another naphthylaminyl
subsituents. The latter interactions should be held responsible for the observed deflection of the cell
parameters from the case of most opened structure. An attempt of a Rietveld refinement confirms
the ,smeared” electron densities at the ligands’s localization, which precluded the possibility of a

proper structural refinement.

The single naphthylaminyl substituent per ligand does not occupy the whole space of the pore
leaving pores large enough to allow the adsorption of N> molecules (see Figure S5 for an arbitrarily

chosen possible substituent localization).

The PXRD data for Al-BP-Naph was collected by a Rigaku Miniflex PXRD diffractometer using Cu-
Ka 2 radiation in a Bragg-Brentano geometry on a flat sample employing a low-background silicon
sample-holder with an indent. The sample was thoroughly homogenized, but no special grounding
or sieving were used. The measurement was performed in air during 8.5h with 0.01° 26 angular

steps.
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Table S1. Le Bail fitting results for Al-BP-Naph and its comparison with the reported crystal data
and refinement details for the prototype structure COMOC-2-Ip.

COMOC-2-Ip Al-BP-Naph
Diffractometer STOE STADI P Rigaku Miniflex 600 (2019)
Temperature / K 293(2) 295(2)
Wavelength / A 2 1.5418 1.54051, 1.54433 @)
Crystal system Orthorombic Orthorombic
Space group Imma Imma (disorder is implied)
alA 21.443(3) 21.901(3)
bI/A 6.957(4) 7.2686(13)
clA 20.570(2) 18.5134(4)
VA3 3069(5) 3168.8(9)
Rp, wRp 0.035, 0.0507 0.0137, 0.0191

R, wR [I>34], Rietveld

Goodness-of-fit, x?

0.0875, 0.0640
n.d.

0.91

3 Cu Kou,a2; I(Kaz)/I(Ka1) = 0.5
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The Le Bail fit was performed using the Jana 2006 software [2] (note that the Le Bail fit, unlike the
Rietveld fit, does not involve the information about the actual structure, but uses only the cell
dimensions and space group. The Le Bail profile fit demonstrate the adequacy of the chosen space
group and cell parameters combination for the given data). Manual background was used, while the
three cell parameters for the assumed orthorhombic cell (/mma) symmetry in analogy with the
published structure of COMOC-2-Ip [3], two Lorenzian peak shape function parameters, the Simpson
asymmetry correction parameter, and the sample shift were refined. The summary together with the
comparable data for the COMOC-2-Ip is given in Table S1.

It is worth noting that the disorder or the naphthylaminyl substituent precludes the precise
determination of the space group. The Imma space group observed in COMOC-2-Ip was retained,
however even in the latter case, with structure solution and refinement based on powder data, the
actual space group might be incorrect. Nevertheless, the primary objective of the PXRD data
analysis was to confirm the structure of the framework, rather than attempt a Rietveld refinement of
a seemingly strongly disordered structure using a data collected on a sample with just a moderate
crystallinity (the strong disorder and compromised crystallinity are to a significant degree correlated).
The difference Fourier maps for an attempted Rietveld refinement using COMOC-2-Ip input with pre-
refined cell parameters confirmed the placement of the metal atoms, however. the electronic density

associated with the ligand was too smeared, making the pursue of the refinement unreasonable.

To demonstrate a possible localization of the naphthylaminyl pendant group a structural model was
built manually, and the result, shown on Figure S5-Figure S7 should rather be viewed as a semi-
artistic representation, even though the geometry of the cell and the molecular sizes are faithfully
held to demonstrate the residual porosity. A lowered Im11 symmetry was chosen as one of the few
possibilities; while it is not the highest apparent symmetry for a periodic structure with localized

ligand’s substituents, but it allows an easy demonstration of the residual porosity.

@A
@c
@c
H
o

Figure S5. The approximate possible localization of the disordered naphthylamino
pendant group in Al-BP-Naph (Im11 space group)
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Figure S6. Overlap of the COMOC-2-Ip cell and the model of Al-BP-Naph along the b axes with
one of the possible localizations of the naphthylaminyl pendant group (Im11 space group).

Figure S7. Space filling model for a structure representing a possible localization of the disordered
naphthylamino pendant group in Al-BP-Naph (Im11 space group). Note the 4x4 A2 pore entrances,
which appear barely accessible, but allow the adsorption of the Na.
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Figure S8. The model of the structure of S3, based on the comparison of PXRD with analogous
COMOC-2-Ip and DUT-5 structures with resolved naphthylamino-group disorder with one fixed
position among the range of possible (the structure is given in lower-symmetry I).

Al-BP-Naph after activation at 90 °C/ 24 h

Al-BP-Naph dried at 70 °C,
then set in ambient conditions
for 7 days

Normalized intensities (a.u)

Al-BP-Naph dried at 70 °C

T ' T ' T ' | S
10 20 30 40 50
2 Theta (°)

Figure S9. PXRD of dried Al-BP-Naph at 70 °C (black), dried Al-BP-Naph after 7 days in ambient
conditions (red) and activated Al-BP-Naph (Blue).
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Section S3. Infrared spectroscopy

Me,BP-Naph
—'\/ﬂ_\f’r

Al-BP-Naph

—

Transmitance (%)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure $10. IR of Al-BP-Naph (red), free acid H.BP-Nach linker (navy blue) and methylated linker
Me2,BP-Naph (black) as KBr pellets.
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Section S4. Thermogravimetric analysis
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Figure S11. (a) TGA of Al-BP-Naph under synthetic air with a heating rate of 10 K min-'. (b)

Rescaled TGA plot after the solvent loss at 200 °C with the mass at 225 K set to 100%.
The thermogravimetric analysis was done with the NETZSCH TG 209 F3 Tarsus under synthetic air.

The theoretical mass loss of the BP-Naph linker from Al-BP-Naph is calculated to 89.7 wt% and
the residual mass of Al,03 to 11.98 wt%.

Al-BP-Naph has the molecular formula of [AI(OH)(BP-Naph)], AlC24H1sNOs.
MAI-BP-Naph =425.38 g mol-*

Ma = 26.98 g mol-

MBP-Naph =381.39 g mol’!

1 mol of Al-BP-Naph gives 0.5 mol Al,O3 (1/2 Maos = 50.98 g mol')
50.98/425.38 x 100% = 11.98 % theoretical percentage of Al,O3 in AI-BP-Naph
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Section S5. Digestion NMR analysis

TGA data already supports the composition of the ligand within Al-BP-Naph.

Yet, to confirm the integrity of the organic BP-Naph ligand within the MOF structure we have carried
out a digestion NMR analysis.

In an NMR tube 10 mg of Al-BP-Naph was placed in 100 yL of NaOD/D-O (1 mol/L) and shaken until
a clear solution was obtained. Then 0.7 mL of DMSO-ds was added and the digestion NMR spectrum

in Figure S12 showed all signals for the BP-Naph ligand (cf. Figure S3), albeit slightly shifted because
of the deprotonation in the alkaline solution.
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Figure S12. ("Digestion") '"H NMR spectrum (600 MHz, solvent NaOD/D,O/DMSO-ds) of the solid
Al-BP-Naph dissolved in NaOD/D,O/DMSO-ds to verify the intact linker 2-(naphthalen-2-ylamino)-
[1,1'-biphenyl]-4,4'-dicarboxylate. BP-Naph?- (deprotonated in the alkaline medium).
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Section S6. N, adsorption

The specific Brauner-Emmett-Teller surface area Sger was calculated using the following equation

(1)

SBET= Um' NA. Am/Vm (1)

Where: Sger = BET surface area m? g
vm = Monolayer volume cm? g~
Na = Avogadro's number (6.022 - 102 molecules mol-")
Am = Cross-sectional area of the adsorbate molecule (0.162 nm? for N,)
Vm = Molar volume of ideal gas a STP = 22.414 L mol™
1 c-1 P 1
= . — — (2
v(Ze-1) Wm0 o Y @

where:
V = Volume of gas adsorbed at pressure P (cm® g~')
Vm = Monolayer capacity (volume of gas required to form a monolayer, cm?/g)
P = Partial pressure of the adsorbate gas
Po = Saturation pressure of the adsorbate gas
Eq1-E
C = BET constant, related to the energy of adsorption (e T L)
where:
E+1 = heat of adsorption for the first layer
EL = heat of vaporization

144 —m—Ads
Linear fit
124 R®=0.9999
= 1.0
-
&
> 0.8 -
o : _
= Equation y=a+b'
g 0.6 - Plot 1W((PO/P)-1)]
= Weight No Weighting
= Intercept 0.04149 £ 0.001
0.4 Slope 7.58925 £ 0.009
Residual Sum of Squa  6.86035E-6
Pearson's r 1
0.2 1 0.99999
R-Square (COD) .
i Adj. R-Square 0.99999
0.0

0.000.020.04 0.06 0.08 0.100.120.140.16 0.18 0.20
Relative pressure- P/P,

Figure S13. Derivation of the BET surface area from the 77 K nitrogen adsorption isotherms for Al-
BP-Naph.
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Section S7. CO; adsorption and isosteric heat (enthalpy) of adsorption

The isotherms were collected using a QUANTACHROME Autosorb-iQ-MP. The isosteric heat of
adsorption was calculated using two different sets of isotherm data points at the different

temperatures of 293 K and 273 K using the following Freundlich-Langmuir method with equation (2)
n = a-b-p¢/1+b-p° (2)

Where n: the adsorbed amount (mmol g-*).
a: the maximal loading (mmol g=')
b: the affinity constant

c: the heterogeneity exponent

The pressure at the given adsorbed amount can be calculated when rearranging the Freundlich-

Langmuir equation to the following form, equation (3).

P(n)=c+/(n/a-b—n-b) (3)
The parameters a, b and ¢ were taken from the fitting equation.
The isosteric enthalpy of adsorption was then calculated via the Clausius-Clapeyron equation (4):
AHadsy'n = — RIn(p2/p1) (T1-T2)/(T2-T1) 4)

Where AHqs): the isosteric enthalpy of adsorption kJ mol-*
T4: absolute Temperature in K (here 273 K)
To: absolute Temperature in K (here 293 K)

R: the universal gas constant with the value 8.3145 J K- mol-".

According to Nuhnen et al. [4], when interpolating the loading n, the heat of adsorption Qs is obtained

as a function of a loading (equation (5)-(7)).
AH(ads) =—R'm’ (5)
m = In(p2/p1)-(T1'Tz)/(Tz-T1) (6)

AH(ads) =— Qst (7)
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Table S2. Fitting constants of the Freundlich-Langmuir fit.

Measurement A B C R?
Al-BP-Naph-273 K 3.7128 0.5688 0.8708 0.999
Al-BP-Naph-293 K 6.2964 0.2758 0.9646 0.999

14 14

= Al-BP-Naph (ads) 273 K = Al-BP-Naph (ads) 293 K
~1.2 Freundlich-Langmuir Fit ~1.2- Freundlich-Langmuir Fit
(. o)
©° i © i
810 g1.0
£ £
§ 0.8+ Model FreundlichLangmuir g 0.8 ] _
Q Equation (@*b*p”c)/(1+b*pc) o Model FreundlichLangmuirFit
% 0.6 Plot Adsorbed amount g 0.6 1 Equation (@b"p"c)/(1+b7p"c)
3 a 3.71288 £0.1715 S Plot g'dzzc;r::d aom;;uznzt
a .. +0..
2 0.4 b 0.56887 £ 0.03994 20.4 b 0.27583 £ 0.02526
é CR . 0'81?7:903‘215201 § ¢ 0.96468 + 0.00948
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Figure S14. Adsorption of CO- at (a): 273 K and (b): 293 K, with the subsequent parameters of the
Freundlich-Langmuir fit.

Table S3. Literature comparison between the CO, uptake and CO; heat of adsorption near zero
coverage of Al-BP-Naph and other biphenyl-based MOFs.

CO, uptake €O, Qs°
Sample (cf:f glfl) (czr':33 glfl) (k) mol™) Ref
Al-BP-Naph 29.4 30.11 26 This work
DUT-5 36.202 48.6 -(0) 5
COMOC-2 19.0 30.0 30 6
UiO-67(NH,); -0 &) 25 7
MFM-300(Ga,) 52.6 56.2 34 8
MFM-300(Ga1.s7 Feo.3) 57.5 85.6 31 8
Ui0-67(1:2) 27.0 57.3 43 9
UiO-67-1(50) 45.0 86.5 51 9
BUT-10 50.6 -6 22 10
BUT-11 53.5@) -6 26 10
Uio-67 22.9%@ -(0) 17 10

@This measurement is done at 298 K.
®) Not mentioned
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Section S8. Photoluminescent properties

Selectivity: The photoluminescent (PL) properties of Al-BP-Naph in dimethylformamide (DMF)
emulsion were investigated at room temperature. Metal ion quenching properties towards Al-BP-
Naph were studied by introducing 3 mL of a 1 g L-' suspension of Al-BP-Naph into the cuvette and
then adding 100 uL of a 0.1 mol L-" metal nitrate solution M(NO3)x (M = Co?*, Cu?*, Mg?*, Ni%*, Cd?*,
Fe3*, Ni%*, Pb%*, Zn?*, Mn?*, Li*, Ca?*, Ag* and Cr3*).

Sensitivity for LOD: The PL properties of Al-BP-Naph containing various concentration Fe** DMF
solutions were also investigated using 3 mL of a 0.1 g L-' MOF suspension and a 0.001 mol L=" iron

nitrate solution.

Table S4. Summary of the emission intensities from Figure 7a used to calculate the limit of
detection (LOD).

Aetetoe Rl TS Intensity | Total volume Plniell e

of Fe3* C L concentration (mol (lo/1)—1
solution® (uL) | (CPS) il L)

Blank 1 119106 3 0 -

Blank 2 118903 3 0 -

Blank 3 117074 3 0 -

Blank 4 120194 3 0 -

Blank 5 119900 3 0 -

Blank 6 116524 3 0 -

Blank 7 118306 3 0 -

Blank 8 118597 3 0 -

Blank 9 119048 3 0 -

Blank 10 121846 3 0 -

Blank 11 120039 3 0 -

Blank 12 118425 3 0 -

Blank 13 116698 3 0 -

20 115271 3.020 6.623x10°° 0.030788
30 112377 3.030 9.901x10°® 0.057334
40 106763 3.040 1.316x107° 0.112932
50 105437 3.050 1.639x107° 0.126929
60 102261 3.060 1.961x107° 0.161929
70 100416 3.070 2.280x10°° 0.183278
80 98738 3.080 2.597x10°° 0.203387
90 95949 3.090 2.912x10°® 0.238366
100 93932 3.100 3.226x107° 0.264958

@ Concentration of Fe3* solution: 0.001 mol L.

Mean blank (lp) = 118820

_ 2
Otank = /% = 1503 (N = 13)
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Limit of detection (LOD) and limit of quantification (LOQ):

o standard deviation of the blank measurements and k is the slope of fitting line of fluorescence
intensity versus analyte ion concentration (Figure 7c in the main text)

LOD = 3o/k = 3 x 1503/ (801913000 L mol-') = 5.6 pmol L
LOQ = 100/k = 10 x 1503/ (801913000 L mol-') = 18.8 pmol L™

10l — Al-BP-Naph
I —— Fe?* Ccr*

0 8_ A|3+ CaZ+
5 ----Cd* Co?*
o —Li* Mg?*

8 06 1 Mn2+_ Na+
_CE Ni2+ Cu+2
6 04 7 JRE— Zn+2
)
0
<
0.2 1
0.0 - e |

400 600 800 1000
Wavelength (nm)

Figure S15. UV/Vis absorbance spectra of the different metal nitrate salts (0.1 mol L-') and the
excitation spectrum of the Al-BP-Naph suspension in DMF (c = 1 g L™").

Co?* has its absorption maximum at 525 nm with a range from 470 to 550 nm which is outside the
main absorption of the Al-BP-Naph suspension.

Instead Cr3* has an absorption at 415 nm with a range from 370 to 471 nm which explains why Cr3*
also slightly decreases the intensity of the MOF.

Also, Zn?*has an absorption maximum at 370 nm with a range between 265 to 340 nm that overlaps
with the high energy shoulder of the excitation spectrum of the MOF.

Thus, Cr®* and Zn?* can also compete with the MOF in absorbing electromagnetic energy and this
translates to decreased emission intensity in Figure 6a and better represented in Figure 6b.

Cu?* has its absorption maxima at 303 nm and 800 nm with ranges from 270 to 330 nm and 620 to
1000 nm. The first maximum at 300 nm overlaps only very slightly with the high-energy shoulder of
the excitation spectrum of the AlI-BP-Naph suspension but is otherwise largely outside the main
absorption of the Al-BP-Naph suspension.
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3.2 Synthesis and characterization of covalent triazine frameworks
based on 4,4'-(Phenazine-5,10-diyl)dibenzonitrile and Its application
in CO2/CH4 separation

This work was published in:

Othman, H.; Oestreich, R.; Kiill, V.; Fetzer, M.N.A.; Janiak, C. Synthesis and Characterization
of Covalent Triazine Frameworks Based on 4,4'-(Phenazine-5,10-diyl)dibenzonitrile and Its
Application in CO2/CH4 Separation. Molecules 2025, 30, 3110.
https://doi.org/10.3390/molecules30153110.

The article was reprinted with permission, Copyright ©2025 by the authors, licensee MDPI.
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Short summary:

O adsorptive CO,/CH, separation

Covalent triazine frameworks (CTFs) have gained recognition as stable porous organic
polymers, for example, for CO. separation. From the monomer 4,4'-(phenazine-5,10-
diyl)dibenzonitrile (pBN), new pBN-CTFs were synthesized using the ionothermal method with
a variation in temperature (400 and 550 °C) and the ZnCl>-to-monomer ratio (10 and 20). N>
adsorption yielded BET surface areas up to 1460 m?g ~'. The pBN-CTFs are promising CO-
adsorbents and are comparable to other benchmark CTFs such as CTF-1 with a CO; uptake
of pBN-CTF-10-550 at 293 K of up to 54 cm® g™ or 96 mg g™, with a CO./CH4 IAST selectivity
of 22 for a 50% mixture of CO2/CH4. pBN-CTF-10-400 has a very high heat of adsorption of
79 kJ mol™" for CO, near zero coverage in comparison to other CTFs, and it also stays well

above the liquefaction heat of CO- due to its high microporosity of 50% of the total pore volume.
Contribution to the publication:

Hanibal Othman: concept development. Synthesis of the organic monomer and the covalent
triazine framework. Assessment and interpretation of the results. Writing and revision of the

manuscripts.
Robert Oestreich: measurement of a few CO; adsorption.
Vivian Kull: measurement of a few CO, adsorption.

Markus N.A. Fetzer: Energy-dispersive X-ray spectroscopy measurements analysis and

scanning electron microscopy photos.
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Abstract

Covalent triazine frameworks (CTFs) have gained recognition as stable porous organic
polymers, for example, for CO, separation. From the monomer 4,4’-(phenazine-5,10-
diyl)dibenzonitrile (pBN), new pBN-CTFs were synthesized using the ionothermal method
with a variation in temperature (400 and 550 °C) and the ZnCl,-to-monomer ratio (10
and 20). N adsorption yielded BET surface areas up to 1460 m?g ~!. The pBN-CTFs are
promising CO, adsorbents and are comparable to other benchmark CTFs such as CTF-1
with a CO, uptake of pBN-CTF-10-550 at 293 K of up to 54 cm® g1 or 96 mg g~!, with
a CO,/CH,y IAST selectivity of 22 for a 50% mixture of CO,/CHy. pBN-CTF-10-400 has
a very high heat of adsorption of 79 k] mol~! for CO, near zero coverage in comparison
to other CTFs, and it also stays well above the liquefaction heat of CO, due to its high
microporosity of 50% of the total pore volume.

Keywords: covalent triazine frameworks; BET surface area; adsorption; carbon dioxide
separation from methane; heat of adsorption

1. Introduction

Porous materials contain interconnected pores which can have different length scales
from micro- (<2 nm) and meso- (2-50) nm to macropores (>50 nm) [1,2]. Covalent triazine
frameworks (CTFs) are micro-mesoporous organic polymers that are constructed from
1,3,5-triazine rings joined with linkers to ideally give two-dimensional networks with
hexagonal openings (Figure 1) [3-5].

The nitrogen content and the porosity of the CTFs together with their thermal stability
make them interesting materials for gas adsorption, storage and separation, pollutant removal,
catalysis, and sensing [6-13], including CO, /N, and CO, /CHy, separation, both in the neat
form [14-17] and as a filler for organic polymers in mixed-matrix membranes [18-20]. Since the
inception of covalent triazine frameworks in 2008 [21], these materials have been investigated
for their CO, adsorption [22-31].

One of the standard synthesis methods of CTFs is the ionothermal method, in which
the nitrile monomer is heated with excess zinc chloride under vacuum or an inert atmo-
sphere to a chosen temperature in the range between 400 and 900 °C [32]. In this reaction,
the molten zinc chloride salt acts as a solvent, as a Lewis acid, and as a porogen [33].

The surface area is not necessarily the determining and main property of CTFs for
CO; adsorption. A study showed an inverse relationship between BET surface area and the
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CN

uptake of CO, [16]. This correlation can be understood by the increase in the surface area
with synthesis temperature and the concomitant decrease in the nitrogen content. When
the CTFs are synthesized under relatively low temperatures (e.g., at 350 °C), the nitrogen
loss is minimized but so is the surface area. Under higher synthesis temperatures (over
500 °C), significant nitrogen loss occurs, resulting in materials that transition towards high-
surface-area carbon structures with some residual nitrogen content. Often, 400 °C is chosen
as a compromise between good surface area and not too high nitrogen loss. For a high
CO; uptake, a high nitrogen content is aimed for. The structural features and performance
of CTFs are highly sensitive to the monomer structure and the salt-to-monomer ratio
employed during synthesis. For instance, adjusting the ZnCl, ratio can influence the degree
of polymerization, porosity, and degree of graphitization, all of which affect gas sorption
behavior [21].

@: :© ZnCl, (10 or 20 eq.) ©: :@ 20.8:A ©:N:©
N

CN

400 or 550 °C
vacuum

pBN-CTF ~F

(idealized) |
Figure 1. Synthesis of pBN-CTF from the monomer 4,4'-(phenazine-5,10-diyl)dibenzonitrile (pBN)
with the CTF shown as an idealized hexagonal ring structure. The edge length and width of the ideal
hexagon were determined graphically on the basis of the length of the C = C double with 1.34 A.

Several studies have demonstrated the superior CO, adsorption capacity and selectiv-
ity of functionalized CTFs. Gu et al. reported CTFs with notable CO, uptake and selectivity,
emphasizing the role that microporosity plays in enhancing gas affinity. Similarly, Buyuk-
cakir et al. introduced charged CTFs, showing that ionic functionality can improve both
CO; capture and catalytic conversion, underlining the synergy between framework charge
and adsorption behavior [22,23].

The introduction of electron-withdrawing or polar functional groups such as fluorine
or amines has also proven effective. Perfluorinated CTFs exhibit high CO; selectivity and
water tolerance, while amine-modified frameworks display improved CO,/CHy selectivity
due to favorable acid-base interactions. These findings are consistent with those of Dawson
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et al., who emphasized the role played by targeted chemical functionalization in enhancing
CO; binding through dipole-quadrupole and hydrogen bonding interactions [24,26,27].

Together, these studies demonstrate that by carefully controlling synthesis parameters—
including salt-to-monomer ratios—and integrating tailored functional groups, the adsorption
performance of CTFs towards CO; can be significantly improved.

In this work, we use the dinitrile monomer 4,4’-(phenazine-5,10-diyl) dibenzonitrile
(pBN) (Figure 1) to increase the nitrogen content for CO, adsorption and separation from
CO,/CH4 mixtures. The CTFs from this monomer were synthesized with two ratios of
ZnCl; to observe the impact of the salt ratio on the surface area and two temperatures to
compare the effect of the temperature on the CO, and CH, adsorption.

2. Results and Discussion

New covalent triazine frameworks with the monomer 4,4’-(phenazine-5,10-diyl)
dibenzonitrile (pBN) were synthesized via the ionothermal route with molten zinc chloride
at two molar ZnCl, /monomer ratios of 10:1 and 20:1 at three temperatures of 350 °C,
400 °C, and 550 °C, all at the reaction time of 48 h. The CTF samples are coded as pBN-
CTE-xx-yyy by giving the molar ZnCl, /monomer ratio (xx = 10 or 20), followed by the
reaction temperature (yyy = 350, 400, or 550 °C). The pBN-CTF products were obtained as
black monoliths, as typically observed for CTFs [34]. We tried to remove ZnCl, through
washing with acidified water, as described in the literature for CTFs [34,35]. The product
yields ranged from 68 to 92% (Table 1). The scanning electron microscopy images indicate
the typical shard-like morphology of CTFs (Figure Sla-d, Supplementary Materials).

Table 1. Summary of the reaction parameters and yields for pBN-CTFs.

CTF Product @ an\é{; IIT\I;I(l}r?(t)ier Temperature (°C) Yield (%)
pBN-CTF-10-350 10 350 79
pBN-CTF-20-350 20 350 78
pBN-CTF-10-400 10 400 68
pBN-CTF-20-400 20 400 92
pBN-CTF-10-550 10 550 84
pBN-CTF-20-550 20 550 40

@ The first number in the product name after CTF gives the molar ZnCl, /monomer ratio (10 or 20), followed by
the reaction temperature (400 or 550 °C).

In the infrared spectra, the characteristic C-N stretching band of the triazine units
was observed at 1384 and 1508 cm ™!, which slightly shifted from the C-N breathing
and stretching mode of a molecular triazine unit (1363 and 1511 cm 1, respectively), in
agreement with the infrared spectra of other CTFs [3,36]. At the same time, the CN band of
the monomer at 2227 cm ! disappeared (Figure S2, Supplementary Materials), signaling
that the monomer was consumed during polymerization.

The CHN elemental combustion analysis reveals the typical nitrogen loss which
increases with a higher temperature (Table S1). Nitrogen loss is due to a partial aromatic
nitrile decomposition into HCN, CN radicals, NH3, and other species from the synthesis
at temperatures of several hundred °C [3,5,35,37-42]. It can be seen that the C/N ratio
is increased while the C/H ratio does not change much and stays close to the theoretical
ratio, thereby indicating the primary loss of nitrogen-rich species. These results correlate
with the general observation that an increase in temperature in ionothermal CTF synthesis
leads to enhanced carbonization of the samples [5,12,39]. To avoid nitrogen loss, we also
performed pBN-CTF formation at 350 °C. It became evident, however, that the surface area,
porosity, and gas sorption of the samples at 350 °C varied greatly from batch to batch and
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among different probes from the same batch (Section 5S4, Figures S5 and 56, Table S2). The
surface area of the pBN-CTF-10-350, which is based on N; gas adsorption, ranged from 660
to 1027 m? g~ ! across three batches (Figure S5a). CO, adsorption also showed variation
across the three different batches and in addition across three probes from the same batches,
with the uptake varying from 38 to 66 cm® g~! (Figure S6).

Thus, the samples at 350 °C were inhomogeneous and could not be reproducibly
synthesized. Therefore, the results from the reaction temperature at 350 °C were not
included in the discussion here in the main text.

The remaining difference in the combined weight percentage of C, H, and N to 100%
amounts to ~20% and is usually explained by residual ZnCl, or by the adsorption of
water upon sample handling. In the literature, it is well known and frequently stated
that the ionothermal ZnCl, route gives hard-to-remove ZnCl, metal impurities from
the needed 5-10 times molar excess [8,21]. Energy-dispersive X-ray spectroscopy (EDX)
gave a consistent amount of both Zn (~4.5 wt%) and Cl (7-10 wt%, Table S1). ZnCl,,
which is embedded in the pores of the CTFs, is difficult to remove even by extended
washing, as some of the pores may no longer be accessible. The still remaining difference
of ~5-15 wt% was shown to be due to the adsorption of moisture from air in the porous
CTE. We have recently verified that CTFs are hygroscopic, with a water uptake of up to
0.12-0.20 g g’1 (equivalent to 11-17 wt%) at 50-60% air humidity (that is P/Py ~ 0.5-0.6)
when handled or stored under ambient air [14,39,43].

Powder X-ray diffractograms (PXRDs) yield only broad reflexes without any clear signa-
ture of (001) reflections for parallel two-dimensional sheets in eclipsed stacking (Figure S3),
which indicates a very amorphous structure because of defects in the idealized hexagonal
sheets with possibly partial interpenetration or three-dimensional framework arrangements.

The nitrogen sorption isotherms of the CTFs in Figure 2 all show a pronounced ad-
sorption step at P/Py < 0.05 corresponding to gas sorption in the micropores (pores < 2 nm,
Figure 3, see Figure S5b for the 350 °C samples). The adsorption isotherms at 400 °C are
largely of type Ib, indicative of materials with micropore size distributions over a broader
range and narrow mesopores (pores > 2 nm, Figure 3a,b, Table 2) [1]. There is an H4
hysteresis, where the hysteresis loop closes only at very low relative pressure P/Py. Such
H4 loops are found among others with micro-mesoporous carbons [1,2]. For 550 °C, the
adsorption isotherm of the 10-550 sample appears to be a Type I and IV combination. The
adsorption branch has a “knee” at P/Pj ~ 0.4 and the saturation plateau, which is a typical
feature of Type IV isotherms, is then reached at high P/Py. Type IV isotherms are given
by largely mesoporous adsorbents (Figure 3c,d, Table 2). The isotherm at 550 °C has a
hysteresis loop of Type H2b, which is associated with pore blocking in a wide range of pore
neck widths. The N, adsorption isotherm of the sample 20-550 can be assigned as a mixture
of Type I and Type Il isotherms. The nitrogen uptake does not saturate towards P/Py =1,
which is due to a Type Il branch. Type II indicates macropores (pores > 50 nm), which can
also be caused by the voids between the particles. The isotherm has an H3 hysteresis loop
that correlates with macropores that are not filled with pore condensate [1,2].

The specific surface areas were obtained from the Brunauer-Emmett-Teller (BET)
model over the pressure range of P/Py ~ 0.01-0.07. Generally, the surface areas are higher
for the 10:1 than for the 20:1 ZnCl, /monomer ratios, giving 809-1460 m? g~ for the former
and only 348-950 m? g~ ! for the latter (Table 2).
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Figure 2. N, isotherms (at 77 K) of pBN-CTFs (filled symbols adsorption, empty symbols desorption).
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Figure 3. NLDFT pore size distribution (PSD) curves showing the cumulative pore volume (right y

axes) and the incremental pore volume (left y axes) of pBN-CTF from Ny adsorption using the “N, at
77 K on carbon slit pore, NLDFT equilibrium model” for (a) pBN-CTF-10-400, (b) pBN-CTF-20-400,
(c) pBN-CTF-10-550, and (d) pBN-CTF-20-550.

Table 2. Surface area and porosity data from Ny and CO, sorption studies.

CTF Product SBET @ Viot ® Vmicro © Vmicro/Vtot @ Vlnm(COZ) @
(m*g1) (em® g~1) (em® g=1) (em® g
pBN-CTF-10-400 809 0.51 0.25 0.50 0.015
pBN-CTF-20-400 348 0.19 0.15 0.79 0.009
pBN-CTF-10-550 1460 1.04 0.36 0.35 0.013
pBN-CTF-20-550 950 1.25 0.19 0.31 0.010

@ Calculated BET surface area from N, adsorption at 77 K over a pressure range of P/Py = 0.01-0.07. ® Total
pore volume from N, adsorption isotherm at 77 K at P/Py = 0.95 for pores smaller than 40 nm. ) Micropore
volume from the NL-DFT method using the N, adsorption isotherm at 77 K at P/Py = 0.1 for pores with d <2 nm
(20 A). @ Micropore volume/total pore volume. ) Pore volume for pores with diameters smaller than 1 nm from
CO; adsorption isotherms at 293 K and the CO, NL-DFT model.
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In other CTF synthesis, e.g., with the tetra(4-cyanophenyl)ethylene monomer,
ZnCly /monomer ratios of 10:1 and 20:1 were compared, with the former giving a more
than two-fold higher surface area (2235 vs. 784 m?2 g’l) [37,44]. Thus, a ratio of 10:1 seems
optimal for many ionothermal CTF syntheses. In the following, we will therefore only
discuss the results for the 10:1 molar ratio; that is, the pBN-CTF-10 series. In agreement
with other CTF works, the surface area of the sample synthesized at 400 °C is lower than
that at 550 °C (Table 2, Figure 2) as generally the surface areas and total pore volumes for
the resulting products increase with temperature [39]. The surface areas of the pPBN-CTFs
are comparable with other CTFs with longer linkers, e.g., terphenyl prepared by Kuhn et al.
with a surface area of 975 m? g_1 [21], or even 2,8-dicyano-6H,12H-5,11-methanodibenzo
[1,5]diazocine that was synthesized by Wang et al. with 612 m? g~ [45].

Using NL-DFT calculations with a slit pore model on the N, adsorption isotherms, the
pore widths and distribution as well as the total and micropore volume can be estimated
(Figures 3 and S5, Table 2) [35]. We can note that for their amorphous nature, as evidenced
by PXRD (Figure S3), the pBN-CTF-10-400, -20-400, and -10-550 materials feature a sur-
prisingly narrow pore size distribution within 1-5 nm for 90% of the total pore volume
(Figure 3a—c). The pore width distribution diagrams for the CTF-400s indicate pronounced
maxima in the micropore region (<2 nm) and pore sizes larger than 2 nm up to 5 nm in
a broad distribution. At 400 °C, the micropore volume encompasses more than 50% of
the total pore volume; that is, the Viyicro/ Viot Values are above 0.50 (Table 2). At 550 °C,
the total pore volume more than doubles in comparison to 400 °C, and the pore width
distributions exhibit a broader contribution of mesopores between 2 and ~5 nm (Figure 3c)
and beyond (Figure 3d), such that Viyicro/ Viot drops below 35% (Table 1). Notably, the
material with the highest surface area, namely pBN-CTF-10-550, has the lowest micropore
volume fraction Vipjcro/ Viot among all the pBN-CTF materials listed in Table 2.

The pore size distribution (PSD) from Ny sorption at 77 K is generally limited to pores
between ~1 and ~40 nm. Macropores (>50 nm) are not accounted anymore by N; sorption.
For pores smaller than 1 nm (10 A), the size and distribution need to be obtained from
CO, gas adsorption data, because for N, sorption at 77 K, the diffusion of the molecules
into micropores smaller than 1 nm is very slow; hence, it requires very long N, adsorption
measurements for equilibration of the adsorption isotherms, which cannot be assured. To
avoid erroneous PSD results from the N, adsorption analysis, CO, adsorption analysis can
be used (Figure 4a,b). The saturation pressure of CO; at 10 °C is ~4480 kPa (~33,450 Torr),
so that a low relative pressure, which is necessary for the micropore analysis, is achieved in
the range of moderate absolute pressures [46]. The micropore analysis with CO; at 283 K
instead of N at 77 K allows for a faster equilibration and access of even smaller pores as
the kinetic diameter of CO, is only 3.30 A versus 3.64 A for N,. The NL-DFT analysis of the
CO; adsorption isotherms of the pBN-CTF-10s with the “CO, on carbon-based slit pore”
model yield similar corrugated pore size distribution curves for the CTFs below 1 nm with
pronounced maxima between 0.5 and 0.9 nm and at ~0.85 nm (Figure 2). The surface area
was also calculated using the CO, adsorption at 195 K (values can be seen in Table 3 and
isotherms in Figure S7a), which gave a smaller surface area than that of the N, counterpart,
corresponding to the literature [37,47-50].

Volumetric CO; and CHy adsorption studies resulted in the isotherms depicted in
Figure 4. At 283 K and 293 K, the pBN-CTF-10 materials show similar CO, sorption
isotherm curvatures that did not level off much at 1 bar but still have a rather positive
slope, which indicates that the uptake at 1 bar is far from saturated. At 195 K, the CO,
uptake at 1 bar differentiates considerably for the pBN-CTF-10-400 and 10-550 material
(Table 3, Figure S7), increasing nearly two-fold, from pBN-CTF-10-400 with 175 cm3 g~ to
pBN-CTF-10-550 with 320 cm® g~!. As shown in Figures S9 and S10, this increase correlates
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with the increase in surface area and pore volume from the 400 °C to the 550 °C material in

Table 2.
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Figure 4. Adsorption and desorption isotherms of pBN-CTF-10-400 and pBN-CTF-10-550 for (a) CO,
at 283 K, (b) CO; at 293 K, (c) CHy at 283 K, and (d) CHy at 293 K (filled symbols adsorption, empty
symbols desorption). The CO; adsorption isotherms at 195 K are given in Figure S7a, and those for
pBN-CTF-20-400 and -550 at 293 K are given in Figure S8.
Table 3. CO, and CHjy adsorption results at 1 bar and heat of adsorption for CO, at zero coverage
and CO,:CHy selectivity.
CO; (em® g—1) CH,4 (em® g 1) o o IAST
Sger (195 K) ¢ ) Selectivity
CTF Product @m2g1) 203K 283K 195K 293K 283K (I%af;o]_l) (I%af;o]q) for 50:50
CO,:CHy4
pBN-CTF-10-400 524 42.8 55.9 175 11.3 129 79 36 22
pBN-CTF-10-550 746 54.0 61.7 320 12.3 16.9 60 39 -©

@ BET surface area from CO, adsorption measured at 195 K in the range between 0.08 and 0.2 P/Py. The
difference in surface area between N (77 K) and CO; (195 K) can be due to the kinetic energy difference at
different temperatures and also the size of the molecules adsorbed. ® Isosteric heat of adsorption of CO, or CHy
towards zero loadings from the adsorption isotherms at 283 K and 293 K. () TAST selectivity for 50:50 mol:mol or
equimolar fraction of CO, and CHy at 293 K and 1 bar. The linear CHy uptake of CTF-10-550 did not allow for a
meaningful fit.

By comparing the pBN-CTFs from this work to other CTFs with linkers equal or longer

than a biphenyl unit, it can be seen that the pBN-CTFs can compete very well in terms of
CO; uptake (Figure 5, Table 54).
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Figure 5. CO, uptake comparison at 298 K and 1 bar between the pBN-CTFs and selected CTFs with
data from Table S4 [17,49,51-53]. The CTFs all have a linker with a length of at least a biphenyl unit,
except for the reference of prototypical CTF-1. HHU-COF-1 is based on the monomer [1,1’-biphenyl]-
4,4'-dicarbaldehyde, HHU-COF-2 on 2,2',3,3' 5,5 6,6"-octafluoro-[1,1-biphenyl]-4,4’-dicarbaldehyde,
condensed both with 1,3,5-tris-(4-aminophenyl)triazine [17]. COP-1(N) and COP-S are mixed linker
CTFs from 2,4,6-trichloro-1,3,5-triazine with piperazine and 2,7-diazaspiro-[4,4] nonane and [48],
fl-CTF-400 and -500 are based on the 9H-fluorene-2,7-dicarbonitrile monomer [51], CTF-10-400
and -500 on 4,4’ 4" 4""-(1,4-phenylenebis(pyridine-4,2,6-triyl))tetrabenzonitrile [52], and CTF-1 on
terephthalonitrile [53] (see Scheme S1 for the monomer structures). Table S7 summarizes the BET
surface area, CO, uptake capacity, Q,q4s, and CO,/CH, IAST selectivity of the CTFs given here in
Figure 5.

Covalent triazine frameworks are widely investigated for CO,/N,; and CO,/CHy
separation. The ideal adsorbed solution theory (IAST) can give an indication of the selectivity
of different gas mixtures at a given pressure or for a given gas mixture at different pressures.
The only criterion that IAST requires is that both gases should have an equal spreading
pressure at the given temperature [54]. The IAST selectivity is derived from the single
gas adsorption isotherms and was calculated here on the bases of fitting the adsorption
isotherms with the Freundlich-Langmuir adsorption model, and the parameters that resulted
from the isotherm fitting (Table S5) were used to calculate the selectivity (Table 3). For
example, the sample pBN-CTF-10-400 at 293 K has a maximal loading of 7.8 mmol g~! and
1.8 mmol g~ ! for CO, and CHy, respectively, and an affinity constant of 0.32 mmol g ! bar !
and 0.41 mmol g~! bar~! for CO, and CHy, respectively, with an R? value of 0.999 for both
fits (Table S5).

IAST underscores the selectivity for CO, over CHy for the pBN-CTF-10-400 material,
as seen already in the higher uptake of CO, over CH, at the same temperature (Table 3).
At 283 K, the slight pressure and composition dependent CO,/CHy selectivity for pBN-
CTF-10-440 varies between 7 and 22. It decreases with pressure and increases with an
increasing CHy fraction (Figure S13). At 293 K, the CO,/CHy selectivity for pBN-CTF-
10-440 stays rather constant between 0.01 and 0.8 CH, molar fraction. The preference for
CO; can be explained from the pore structure and the interaction strength between the
gas molecules and the framework. pBN-CTF-10-400 has good microporosity and nitrogen
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content. Micropores favor CO; adsorption due to its smaller kinetic diameter (3.3 A)
compared to CHy (3.8 A), while nitrogen functionalities enhance CO, affinity through
dipole-quadrupole interactions.

From the measurement of gas adsorption at two temperatures with AT =10 to 20 °C,
the enthalpy (AH) or heat of gas adsorption (Q,4s = —AH) can be obtained [15,55]. Near
zero coverage, the heat of adsorption for CO, is remarkably high in comparison to other
CTFs, with 79 k] mol~! for pBN-CTF-10-400 (Table S6). In Figure 6, the isosteric heat of
adsorption was plotted against the amount of CO, and CH, adsorbed by the frameworks.
pBN-CTF-10-400 has a higher microporosity and higher nitrogen content than pBN-CTF-10-
550. This relates to a higher affinity for CO, than for CH, because (as just noted) CO,, with
its smaller kinetic diameter (3.3 A) compared to CHy (3.8 A), can occupy smaller micropores,
and the CO, quadrupole can interact with the dipole of nitrogen functionalities. Micropores
generally allow for multi-site or “wall-guest-wall” interactions between guest molecules
and the inner pore surface [56]. The large decrease in the isosteric heat of adsorption from
a near zero adsorbed amount to ~0.5 mmol g ! adsorbed amount seen in Figure 6 for both
gases is due to the initial filling of the very small or ultra-micropores with a diameter in
the dimension of the adsorbate molecule with wall-to-wall interactions and the occupation
of the nitrogen atom sites, which also have higher adsorption energies. Notably, the CO,
heat of adsorption values of pBN-CTF-10-550 drop below the liquefaction heat of CO,
of 17 k] mol~! when the adsorbed amount surpasses 1.1 mmol g~!, while the heat of
adsorption of pBN-CTF-10-400 stays well above the liquefaction heat of CO,. A drop
below the heat of liquefaction of CO; indicates weaker adsorbate-surface interactions than
adsorbate—adsorbate interactions in the liquid phase. This behavior is beneficial in pressure
or temperature swing adsorption (PSA/TSA) applications as it facilitates easier desorption
with a lower energy input.

80 —=— pBN-CTF-10-400

. = pBN-CTF-10-550 404 —e— pBN-CTF-10-400

LA T —e— pBN-CTF-10-550
[
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Figure 6. Isosteric heat of adsorption for (a) CO, and (b) CH; on pBN-CTF-10-400 and 550.

Conversely, pPBN-CTF-10-550 exhibits a higher Q.4 for CH,4 over the whole uptake
range compared to pBN-CTF-10-400 and also a higher heat of adsorption for CH, than for
CO;, once the adsorbed CO, amount exceeded ~0.4 mmol g~ (compare Figure 6a,b). This
can be explained by the more carbon-like non-polar nature of the pPBN-CTF-10-550 material
with less nitrogen content than pBN-CTF-10-400, which gives the former a relatively higher
affinity to non-polar CHy [57,58]. As expected, the heat of adsorption near zero coverage
is lower for CHy than for CO; for both CTFs (Table 3). A further comparison of the
literature for CO, uptake and Q,qs° for CO, in CTFs can be found in Table S4 and Table S7,
respectively, in the Supplementary Materials [14,18,25,26,59-69].

The thermogravimetric analysis showed that under air, all samples started decompos-
ing (with weight loss) at ~400 °C, including the pBN-CTF, which was synthesized at 550 °C
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(Figure S14). This mass loss of the pPBN-CTF-10-400 sample is complete below 700 °C with a
residual mass of ~2.5 wt%. The mass loss of pPBN-CTF-10-550 continues to ~770 °C, leaving
only ~0.2 wt%.

3. Materials and Methods
3.1. Instrumentation

Fourier transform infrared spectroscopic measurements were taken using a Bruker
Tensor 37 (Bruker AXS, Karlsruhe, Germany) with KBr pellets in the range between 4000
and 500 cm~!. For the N, sorption analysis, a Quantachrome Autosorb-IQ-MP (Quan-
tachrome, Boynton Beach, FL, USA) was used. The samples were degassed for 24 h at
120 °C before connecting to the device. The measurement was taken at 77 K. The results
were interpreted with the BET equation. The CO; sorption analysis was performed with a
Quantachrome Autosorb-IQ-MP (Quantachrome, Boynton Beach, FL, USA). The measure-
ment temperatures were 293, 283, and 195 K after activating (degassing) the samples under
vacuum at 120 °C for 24 h. The temperature was held by virtue of a thermostated water
bath (293 and 283 K) or with a cryodyne refrigerator model 8200 (195 K) (Janis, Woburn,
MA, USA).

Thermogravimetric analysis was performed with a TG Tarsus 209 F3 (Netzsch, Selb,
Germany). The samples were analyzed under synthetic air with a heating rate of 10 K/min
from 25 to 900 °C. Powder X-ray diffraction patterns were recorded using a Bruker D2
phaser from Bruker (Bruker AXS, Karlsruhe, Germany) with Cu-K« radiation, A = 1.54182 A
at 300 W, 30 kV, 10 mA. Nuclear magnetic resonance (l H-NMR) spectra were collected with
a Bruker Avance III-600-I (Bruker, Karlsruhe, Germany). The chemical shifts are given in
ppm and are referenced to the residual proton signal of the deuterated solvent (7.26 ppm
for CDCl3, 7.16 for C¢Dg).

3.2. Chemicals

Phenazine (99.86%) and 4-bromobenzonitrile (95%) were obtained from BLDpharm
(Reinbek, Germany). Sodium dithionite (85%) was obtained from VWR chemicals (Darm-
stadt, Germany). Palladium acetate (99.9%) and tri-tert-butyl phosphine (99%) were pur-
chased from Sigma-Aldrich (Darmstadt, Germany). All solvents were purchased from
commercial suppliers with a minimum purity of 99.8%.

3.3. Synthesis of 5,10-Dihydrophenazine

Following the literature [70], a phenazine (2.5 g, 13.87 mmol) solution in ethanol
(30 mL) and a sodium dithionite (24.1 g, 137 mmol) solution in water (125 mL) were placed
into a round-bottom flask and heated to reflux at 95 °C for 3 h. Afterwards, the flask was
cooled to room temperature and then the product was separated by filtration, washed three
times with water (3 x 15 mL), dried under vacuum (10~3 mbar), and stored under nitrogen
to avoid any oxidation. The yield was 2.10 g, 85%.

'H NMR (600 MHz, CDCl3) § 8.27 (dd, | = 6.8, 3.5 Hz, 1H), 7.86 (dd, | = 6.8, 3.4 Hz,
1H), 6.12 (s, 2H), 1.57 (s, 3H).

3.4. Synthesis of 4,4'-(Phenazine-5,10-diyl)dibenzonitrile (pBN)

5,10-Dihydrophenazine (2 g, 11 mmoL), 4-bromobenzonitrile (4.38 g, 24 mmoL), and
potassium carbonate (9.1 g, 65.8 mmoL) were combined in degassed toluene (80 mL) in a
round-bottom flask under N, atmosphere according to the literature [70]. To this mixture,
palladium acetate (0.141 g, 0.62 mmoL) and tri-tert-butyl phosphine (0.464 g, 2.30 mmolL)
dissolved in 10 mL of toluene were added; the flask was then refluxed at 111 °C for 20 h.
During cooling, water (30 mL) was added to the reaction mixture in order to stop the
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reaction. The product was extracted from the water phase using chloroform (200 mL). The
separated organic phase was washed with brine (saturated aqueous NaCl solution) three
times (3 x 30 mL) and was dried over magnesium sulfate (MgSOy) for 15 min. The organic
phase was then filtered and concentrated via a rotary evaporator to ~50 mL; after that,
100 mL of n-hexane was added and cooled in an ice bath for 10 min. The separated product
was filtered and dried in a vacuum oven (103 mbar) at 60 °C.

'H NMR (600 MHz, C¢Dg) 5 6.96 (d, ] = 8.2 Hz, 4H), 6.71 (d, ] = 8.2 Hz, 4H), 6.41-6.37
(m, 4H), 5.69 (dt, | = 7.9, 3.9 Hz, 4H).

3.5. pPBN-CTF Synthesis

Inside the glove box, a glass ampule with a Schlenk fitting was filled with (0.2 g,
0.5 mmol) pBN-2CN and 10 or 20 equivalents (0.680 g, 5 mmol or 1.3 g, 10 mmol) of
anhydrous zinc chloride. Outside the glovebox, the ampule was evacuated and flame-
sealed and heated for 48 h in a tube furnace at the chosen temperature of 350, 400, or 550 °C.
The 350 and 400 °C reactions were carried out in a normal borosilicate glass (Pyrex); for
550 °C, a quartz glass ampule was used. After cooling the ampule to room temperature,
the ampule was carefully opened with no sign of pressure built-up inside.

The reaction product was stirred in distilled water acidified with 0.5 mol/L of hy-
drochloric acid (HCI) to pH = 4 (50 mL) for three days. The stirring was vigorous to ensure
the mechanical break-up of the black monolith to provide fine particles. After additional
stirring for 72 h in distilled water, the product was filtered and washed with the organic
solvents chloroform, acetone, and methanol (30 mL each) in this order. After the washing,
the product was dried in a vacuum (1073 mbar) oven at 60 °C for 24 h. The yields are listed
in Table 1.

4. Conclusions

The molecule 4,4'-(phenazine-5,10-diyl)dibenzonitrile, with a long—about 12 A—separation
between the nitrile groups, can be successfully transformed by ionothermal synthesis into a
porous covalent triazine framework (pBN-CTF). The surface area increases expectedly with the
synthesis temperature and ranges from 809 to 1460 m? g~! for the samples synthesized at 400
and 550 °C, respectively, with pores ranging between 1 and 4 nm. The pBN-CTF exhibited a
good CO, uptake at 293 K, showing a similar performance to benchmark materials like CTF-1,
due to the relatively high micropore fraction that ranged between 35% for the 550 °C and 50%
for the 400° samples. The new material showed a significant difference and stark contrast to the
adsorption of CO, over CHy for the potential separation, with a selectivity that reaches 22. For
further work on pBN-CTFs and other CTFs in general, we plan to increase the nitrogen content
of the formed framework through the addition of a nitrogen-rich compound such as melamine
in order to introduce additional electron pair donors and thereby influence the adsorption
properties. We will also check the elongation of the phenyl group in pBN with a biphenyl group,
giving the monomer 4’,4”’-(phenazine-5,10-diyl)bis(([1,1-biphenyl]-4-carbonitrile)) that can be
assumed to form CTFs with an even larger pore width of over 2 nm channel cross-sections to
allow for faster mass transport; that is, diffusion through the then hierarchical micro-mesopores.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules30153110/s1, Section S1. Scanning electron microscopy;
Section S2. Fourier transform infrared spectroscopy and elemental analysis; Section S3. Powder
X-ray diffraction; Section S4. Samples synthesized at 350 °C and their N, and CO, sorption studies;
Section S5. CO, adsorption isotherms; Section S6. Calculations and fitting for the isosteric heat of
adsorption and IAST selectivity of CO, and CHy; Section S7. Thermogravimetric analysis (TGA);
Section S8. Nuclear magnetic resonance spectrometry (NMR); Section S9. References.
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Section S1. Scanning electron microscopy
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Figure S1. SEM images of (a) pBN CTF-10-400, (b) pBN -CTF-20-400, (c) pBN-CTF-10-550 and
(d) pBN-CTF-20-550.
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Section S2. Fourier transform infrared spectroscopy and elemental analysis

PBN monomer 5957 oyt 1583 cm™:

Transmitance (%)
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Elemental analysis:
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Table S1. Elemental analysis results.®
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Figure S2. FT-IR spectra of the synthesized pBN-CTFs and the pBN monomer (in black).

1000

76

CTF product | C(wt%) | H (wt%) N(wi) | restal O M e
Theoretical CTF 81.2 4.2 14.6 0.00 55 194
pBN-CTF-10-350 68.5 4.2 7.9 19.4 8.6 16.3
pBN-CTF-10-400 68.3 3.5 6.5 21.7 10.5 19.5
pBN-CTF-10-550 60.7 3.3 52 30.8 11.6 18.4
pBN-CTF-20-400 69.3 34 6.4 20.9 10.6 204
pBN-CTF-20-550 61.6 3.2 5.0 30.2 12.3 19.3

@ From combustion analysis.

CTF product Zn (wt%) ® Cl (wt%) ® Sum Zn+Cl (wt%) ®
pBN-CTF-10-350 4.3 9.8 14.1
pBN-CTF-10-400 4.7 8.6 13.3
pBN-CTF-10-550 4.5 9.5 14.0
pBN-CTF-20-400 4.4 8.1 12.5
pBN-CTF-20-550 4.2 7.0 11.2

®) From SEM-EDX
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Section S3. Powder X-ray diffraction
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Figure S3. Powder X-ray diffraction patterns of pBN-CTFs. The regions for the (1 1 0), (2 0 0) and
(1 0 0) reflections which are expected in more crystalline pBN-CTFs are indicated, based on the
estimation from the hexagon edge and width lengths in Figure S4. 2Theta for the reflection from
the hexagonal layers in eclipsed stacking with a separation of 3.5 A (0 0 1 reflection) is 25.4°.

pBN-CTF

2theta (°) plane d(A)

4.90 (100) 18.0

8.05 (110) 104
(100) 9.82

a =d(100)/cos30° = 20.8 A

d(100) = 20.8 A - cos30° = 18.0 A

= ring-centroid-centroid distance
.- (110) = edge-edge distance across ring

a=2xd(110) = a/2 =d(110)
d(110) = 20.8 A/2 = 10.4 A

(al2)/cos30°

Figure S4. Correlation of the estimated edge length (X = 12.0 A) and width (a = 20.8 A) of the ideal
hexagon (cf. Figure 1 in the main text) with the 2theta (260) values expected in the powder X-ray
diffractograms in Figure S3 from the reflection planes and the d spacing according to the Bragg
equation n A = 2d sind or d = n\ /(2sinB) with A = 1.5406 A and n = 1 [1].
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Section S4. Samples synthesized at 350 °C and their N2 and CO; sorption studies
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Figure S5. (a) N2 sorption isotherms at 77 K of the samples synthesized with a 10:1
ZnClz:monomer ratio at 350 °C (filled symbols adsorption, empty symbols desorption). (b) Pore
size distribution of the samples synthesized with 10:1 salt: monomer ratio at 350 °C from NL-DFT
using the "Nz on carbon 77 K (slit-pore, NLDFT equilibrium)" model. (¢) Cumulative pore volume
for the batches of of the samples synthesized with 10:1 salt: monomer ratio at 350 °C from NL-DFT
using the "N2 on carbon 77 K (slit-pore, NLDFT equilibrium)" model. (d) N2 sorption isotherms at 77
K of the sample pBN-CTF-20-350 (e) Pore size distribution and the cumulative pore volume of the
sample pBN-CTF-20-350 from NL-DFT using the "Nz on carbon 77 K (slit-pore, NLDFT
equilibrium)" model.

S5

78



704PBN-CTF-10-350 2 —=—
pBN-CTF-10-350 3 —— it

<60 |PBN-CTF-10-350 1 —— A
=] =
§ 501
5
3 40
5
- 304
i
=
5 20
e
<

104

0k : , | . .
0.0 0.2 0.4 0.6 08 1.0
(a) Abs pressure (bar)

~l
o

pBN-CTF-10-350 2a
&
60 g
- pBN-CTF-10-350 2b "
r"cn 50 g "
E —
2 ]
T 40 o
g [ ] a
E n g - o
© 30 A, =
3 ' =
£ = "
8 204 I . -
° -
< o ok
10 .J',-'_,..-'
0 T T T T
0.0 0.2 0.4 0.6 0.8
Abs pressure [bar]

(b)

1.0

Figure S6. (a) CO; sorption isotherms at 293 K of pBN-CTF-10-350 from three different batches
(1, 2, 3). (b) CO2sorption isotherms at 293 K of four probes (a, b, ¢, d) from the same batch 2 of
pBN-CTF-10-350 (filled symbols adsorption, empty symbols desorption). See Table S2 for the CO,

uptake values at 1 bar.

Table S2. Surface area and porosity data from N> and CO- sorption studies of different pBN-CTF-
10-350 samples showing inconsistencies in the sorption behavior.

CTF-10-350 (?1':5;(1)) (c\:‘:); 321) (X';;%"’;)) VimicrolViot® ;:é: l;;?bgr V‘(';“;f,?gi)) !
Batch 1 980 0.538 0.377 70 38.5 0.010
Batch 2 probe a 1027 0.588 0.433 73 65.6 0.013

probe b - - - - 38.5 0.009

probe ¢ - - - - 43.3 0.009

probe d - - - - 48.8 0.008

Batch 3 660 0.37 0.30 81 51.3 0.012
CTF-20-350 717 0.38 0.29 76 59.6 0.013

(@ Calculated BET surface area from N2 adsorption at 77 K over a pressure range of P/Po = 0.01-0.07. The

standard deviation (1c) for a BET surface area in the range of 1000 m? g is usually on the order of 20 m? g™'.

() Total pore volume from N2 adsorption isotherm at 77 K at P/Po =0.95 for pores smaller than 40 nm.

© Micropore volume from the NL-DFT method using the N2 adsorption isotherm at 77 K at P/Po = 0.1 for pores

with d <2 nm (20 A).

@ Micropore volumef/total pore volume.

) A standard deviation (1) for gas uptake measurements should be at the most 5%.

® Pore volume for pores with diameters smaller than 1 nm from CO2 adsorption isotherms at 293 K and the

CO2 NL-DFT model.
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Section $5. CO; adsorption isotherms.
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Figure S7. CO; adsorption isotherms of pBN-CTF-10s at (a)195 K, (b) 298 K and (c) 273 K.
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Figure S8. CO, adsorption isotherms of pBN-CTF-20-400 and pBN-CTF-20-550 at 293 K.
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Table S3. CO: uptake results for pBN-CTF-20-400, 550.

CO: uptake at 1 bar CO: uptake at 1 bar
sample Temp. C02 adS. (K) (mmol g_1) (cm3 g_1) (a)
pBN-CTF-20-400 293 1.7 41.3
pBN-CTF-20-550 293 2.0 49.5

(@ Conversion between uptake in cm?3 g-' and uptake in mmol g-' at 293 K:
cm? g' = mmol g x 24.360 cm® mmol-' (i.e. 24.360 L mol-' for an ideal gas at 1 bar and 293 K).

In the main text we had noted that the increase in CO uptake correlates with the increase in BET
surface area from Nz sorption. The CO; uptake was measured at the temperatures of 298 K, 293 K,
283 K, 273 K and 195 K (Table 3, Table S4) for the two materials pBN-CTF-10-400 and pBN-CTF-
10-550. As we have only two data points for the BET surface area for the all these CO; uptake
measurements a correlation coefficient for a line through two data points is not meaningful. But we
can note that the five lines have all positive slopes and show the increasing CO. uptake with BET
surface area (Figure S9). Although for the three highest temperatures 283 K, 293 K and 298 K the

increase is rather small. A sizable increase is, however, seen at 195 K and 273 K.

/ 3001 —e—195K
—=— 273K

[=2]
o
1

(8]
w
I

o ~ 2501
“E 50 o
I § 200
E 45— g
o
5 3
&40 g 150
= o}

(6]

800 900 1000 1100 1200 1300 1400 1500 800 900 1000 1100 1200 1300 1400 1500
BET surface area (m? g™ BET surface area (m? g™’
(a) (m*g™) (b) (m=g™)

Figure S9. Scatter plot for the correlation of CO> uptake at (a) 283 K, 293 K, 298 K, (b) 195 K and
273 K and the BET surface area from N sorption for pBN-CTF-10-400 (Sger = 809 m? g') and pBN-
CTF-10-550 (Sger = 1460 m? g') (Table 2).

If we combine the pBN-CTF-20-400 and -20-550 materials (Table S3) with pBN-CTF-10-400 and
pBN-CTF-10-550 for the CO; uptake data measured at 293 K (Table S4), then we can correlate the
CO. uptake over four BET surface areas (Figure S10).
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Figure $10. Scatter plot for the correlation of CO, uptake at 293 K and the BET surface area from
N2 sorption for pBN-CTF-20-400 (Sger = 348 m? g'), pBN-CTF-10-400 (Sger = 809 m? g'), pBN-
CTF-20-550 (Sger = 950 m? g'') and pBN-CTF-10-550 (Sget = 1460 m? g') (Table 2).
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Table S4. Literature CO; uptake results.

83

Temp. CO: uptake | CO: uptake CTF synthesis
Sample CO: ads. at 1 bar at 1 bar temperature Ref.
(K) (mmolg™) | (cm*g™)®@ (°C)
pBN-CTF-10-400 273 3.1 77.0 400 This work
pBN-CTF-10-550 273 6.4 157.0 550 This work
pBN-CTF-10-400 293 1.91 42.8 400 This work
pBN-CTF-10-550 293 2.41 54.0 550 This work
pBN-CTF-10-400 298 1.37 34.2 400 This work
pBN-CTF-10-550 298 2.01 49.9 600 This work
DCBP-CTF-1 298 2.07 51.3 400 3
DCBP-CTF-2 298 1.84 45.6 400 3
F-DCBP-CTF-1 298 3.82 94.7 400 3
F-DCBP-CTF-2 298 3.02 74.7 400 3
F-CTF-1 298 3.21 79.5 400 4
F-CTF-1-600 298 3.41 84.5 600 4
CTF-DCN-400 298 1.2 29.7 400 5
CTF-DCN-500 298 1.59 39.4 500 5
CTF-FUM-350 298 2.38 59.0 350 5
CTF-FUM-400 298 1.84 45.6 400 5
CTF-FUM-500 298 1.55 38.4 500 5
CTF-1 298 1.41 34.9 400 6
CTF-1-600 298 2.24 55.5 600 6

cCTF-400 298 1.89 46.8 400 6

cCTF-450 298 1.41 34.9 450 6

cCTF-500 298 1.81 44.8 500 6

CTF1 298 3.32 82.3 400/600 (10 h/ 10 h) 7
CTF2 298 2.14 53.0 400/600 (10 h/ 10 h) 7
CTF3 298 2.03 50.3 400/600 (10 h/ 10 h) 7
CTF4 298 3.83 94.9 400/600 (10 h/ 10 h) 7
CTF5 298 3.12 77.3 400/600 (10 h/ 10 h) 7
CTF-ph 298 3.05 75.6 400/600 8
CTF-phHT 298 2.69 66.6 400/800 8
CTF-py 298 3.79 93.9 400/600 8
CTF-pyHT 298 4.22 104.6 400/800 8
bipy-CTF500 298 3.07 76.1 500 9
bipy-CTF600 298 2.95 73.1 600 9
Pym-CTF500 298 1.77 43.8 500 9
Pym-CTF600 298 2.15 53.3 600 9
fl-CTF300 298 0.71 17.6 300 10
fl-CTF350 298 2.29 56.7 350 10
fl-CTF400 298 1.97 48.8 400 10
fl-CTF500 298 1.65 40.9 500 10
fl-CTF600 298 1.80 44.6 600 10
HAT-CTF-450/600 298 4.8 118.9 450/600 (20 h/ 20 h) 11
CTF-1 298 1.65 40.9 400 12
caCTF-1-700 298 3.55 88.0 700 12
250, 300, 350 (10 h),
PHCTF-4 298 1.57 38.9 400 (20 h) 13
250, 300, 350 (10 h),

PHCTF-5 298 1.34 33.2 400 (20 h) 13
CTF-10-400 298 1.68 411 400 14
CTF-20-400 298 2.09 51.8 400 14

CTF-5-500 298 1.91 47.3 500 14
CTF-10-500 298 1.90 44.5 500 14
bpim-CTF400 298 2.46 60.9 400 15
bpim-CTF500 298 2.77 68.6 500 15
250, 300, 350 (10 h),
CTF-CSU41 298 1.80 44.6 400 (20 h) 16
S10




PHCTF-8(650) 298 2.54 62.9 650 17
CTF-BIB-1 298 2.32 57.5 500 18
CTF-BIB-2 298 2.27 56.2 550 18
CTF-BIB-3 298 1.98 49.1 600 18

acac-CTF-5-500 298 1.97 48.8 500 19
acac-CTF-10-500 298 1.91 47.3 500 19
df-TzCTF600 298 4.6 114.0 600 20

(@ Conversion between uptake in cm?3 g-' and uptake in mmol g-'

at 293 K:

cm? g' = mmol g x 24.360 cm® mmol-' (i.e. 24.360 L mol~" for an ideal gas at 1 bar and 293 K).
at 298 K:

cm? g' = mmol g x 24.791 cm3® mmol-' (i.e. 24.791 L mol~" for an ideal gas at 1 bar and 298 K).
at 273 K:

cm? g' = mmol g x 24.414 cm?® mmol-" (i.e. 24.791 L mol-' for an ideal gas at 1 bar and 298 K).
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Section S6. Calculations and fitting for the isosteric heat of adsorption and IAST selectivity
of COz2and CH4

The adsorption isotherms were fitted using the 3PSim software, this software is used in order to
calculate and fit adsorption data using different fitting models such as Toth, Henry, Freundlich-
Langmuir, multi component Sips and many others. After trying different methods of fitting the best
one was Freundlich-Langmuir model using the following equation (1):

Q= Qmax - kC¢/1+kc® (1)

where

Q: amount adsorbed [mmol g']
Qmax: maximal loading [mmol g-']
C: pressure [bar]

k: affinity constant

c: heterogeneity exponent

The isosteric heat of adsorption was calculated after fitting the adsorption isotherms via the
Freundlich-Langmuir fit using the following equation [21].

n = a-b-p</1+b-p° (2)

Where n: the adsorbed amount (mmol g-').

a: the maximal loading (mmol g)

b: the affinity constant

c: the heterogeneity exponent

the pressure at the giving adsorbed amount can be calculated when rearranging the Freundlich-
Langmuir equation to the following form.

P(n)=c-\/(n/a-b—n-b) (3)

The parameters a, b and ¢ were taken from the fitting equation.
The isosteric heat of adsorption was then calculated via the Clausius-Clapeyron equation:

AH(ags)'n = -ReIn(p2/p1)-(T1-T2)/(T2-T+) 4)

Where AHqs): the isosteric enthalpy of adsorption in kJ mol-’
T1: absolute Temperature K (283)

T,: absolute Temperature K (293)

R: the universal gas constant with the value 8.3145 J K-' mol-'.

According to ref [22], when interpolating the loading n, the enthalpy of adsorption is obtained as a
function of a loading.

AH(ads)'= -R'm (5)
m = In(p2/p1)-(T1-T2)/(T2-T4) (6)
—AH(ads) = Qst (7)

The IAST (ideal adsorbed solution theory) selectivity calculations were done with the “IAST Sips”
isotherm model with two components, the parameters of which were taken from the Freundlich-
Langmuir fit done with the 3PSim software and used as input. The molar fraction was set to 0.5 for
CO2 and 0.5 for CH4. The IAST selectivity was calculated after adjusting the settings to a constant
pressure and variable molar fraction of both components. Afterwards the CO- selectivity values were
plotted against the molar fraction of CH4. IAST selectivity was calculated using the following formula

(8):
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Where

X1: absorbed fractions of CO»
Xo: absorbed fractions of CH4
Y+: molar fraction of CO;

Y2: molar fraction of CO;

S = (Xa/X)/(Y1/Y2)

(8)
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Figure S11. Experimental CO; adsorption isotherms of (a) pBN-CTF 10-400 at 283 K, (b) pBN-CTF
10-400 at 293 K, (c) pBN-CTF 10-550 at 283 K and (d) pBN-CTF 10-550 at 293 K with their
corresponding Freundlich-Langmuir model fits and parameters.
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Figure S12. Experimental CH4 adsorption isotherms of (a) pBN-CTF-10-400 at 283 K, (b) pBN-
CTF 10-400 at 293 K, (c) pBN-CTF 10-550 at 283 K, (d) pBN-CTF 10-550 at 293 K, corresponding
Freundlich-Langmuir model fits and parameters. The linear CH4 uptake of pBN-CTF-10-550 did not

allow for a meaningful fit.

Table S5. Freundlich-Langmuir adsorption isotherm model fitting parameters for the pBN-CTF-10-
400 @

CO: Affinity Maximal CO: CHa Affinity Maximal CH4
Sample R? constant loading constant loading
(mmol g'bar) (mmol g) (mmol g bar™) (mmol g*')
pBN-CTF-10-400 293 K | 0.999 0.323 7.799 0.416 1.784
pBN-CTF-10-400 283 K | 0.999 0.258 12.390 0.464 1.8657

@ The linear CH4 uptake of CTF-10-550 did not allow for a meaningful fit.
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Table S6. Comparison between the pBN-CTFs and CTFs from literature for the isosteric heat of

adsorption of CO near zero loading (Qags®) and the IAST selectivity of CO, over CHa.

CO2 Q.as® | IAST selectivity CO2/CH, (50:50)
Sample Ref.
(kJ mol) at 298 K and 1 bar
pBN-CTF-10-400 79 22 This work
pBN-CTF-10-550 60 - This work
CTF-DCN-400 47 8 5
CTF-DCN-500 60 10 5
CTF-Fum-350 58 20 5
CTF-Fum-400 64 20 5
CTF-Fum-500 58 14 5
CTF-1 27 - 6
CTF-1-600 30 - 6
cCTF-400 49 - 6
cCTF-450 46 - 6
cCTF-500 43 - 6
CTF1 43 - 7
CTF2 23.8 - 7
CTF3 25.8 - 7
CTF4 21.5 - 7
CTF5 24.9 - 7
CTF-ph 33.2 - 8
CTF-phHT 254 - 8
CTF-py 35.1 ; 8
CTF-pyHT 271 -- 8
Pym-CTF500 39 - 9
Pym-CTF600 30 - 9
fl-CTF300 43 - 10
fl-CTF350 32 - 10
fl-CTF400 30 - 10
fl-CTF500 31 - 10
fl-CTF600 32 - 10
HAT-CTF-450/600 27 - 11
CTF-1 39.6 - 12
CaCTF-1-700 30.6 - 12
PHCTF-4 24.3 9 13
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PHCTF-5 23 8 13
CTF-20-400 22 - 14
CTF-5-500 25 - 14
bpim-CTF400 31 - 15
bpim-CTF500 28 - 15
CTF-CSU41 44 446 16
PHCTF-8(650) 28 7 17
CTF-BIB-1 20.5 6.9 18
CTF-BIB-2 20.4 6.9 18
CTF-BIB-3 174 46 18
acac-CTF-10-500 236 - 19
df-TzCTF600 34 30 20

Table S7. BET surface area, CO, uptake capacity, Qads, and CO2/CH4 IAST selectivity of the CTFs

given in Figure 5 in the main text.

Seer CO; uptake | CO; Qags’ Ref

Sample IAST CO,/CH4
[m*g"] | [em®g]® | [kJ mol’]
pBN-CTF-10-400 809 34 79 22 This work
pBN-CTF-10-550 | 1460 50 60 -0 This work
HHU-COF-1 2351 24 - 2 18
HHU-COF-2 1346 39 - 2.5 18
COP-1(N) 105 22 35 - ) 53
COP-S 253 26 26 - ) 53
fl-CTF-400 2862 49 30 - ) 59
fl-CTF-500 2322 41 31 - 0 59
CTF-10-400 1033 41 28 -0 62
CTF-10-500 1251 47 26 - 0 62
CTF-1 1034 41 40 - ) 64
@ At 298 K. ® Data not given in reference.
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Figure S13. (a) IAST selectivity for pBN-CTF10-400for CO. versus CH; at a constant gas
composition of 0.5:0.5 (mol:mol) and variable pressure at 283 and 293 K. (b) IAST selectivity for

pBN-CTF10-400 for CO. versus CH; at constant gas pressure of 1 bar? and variable gas
composition at 283 and 293 K .
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Section S7. Thermogravimetric analysis (TGA)

100
80
2
S
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Temperature (C°)

Figure S14. Thermogravimetric analysis of the synthesized pBN-CTFs with a 10 K min-' heating rate
under air. An initial loss up to 200 °C is due to adsorbed solvent or moisture.
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Section S8. Nuclear magnetic resonance spectrometry (NMR)
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Figure S15. 'H NMR spectrum (600 MHz) of 5,10-dihydrophenazine in CDCls.
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NH,

HHU-COF-1 HHU-COF-2
X=H X=F

COP-1(N)

O L
NC
CN
—>» fl-CTF-400, -500 —» CTF-10-400, -500 —» CTF-1

Scheme S1: A graphical presentation of the monomers used for the CTFs in Figure 5.
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3.3 Contribution in other publication:

In this chapter, all publications published up to this point in the role of co-author are presented.

The co-authorships were carried out in the context of N, adsorption service measurements.

The publications are presented in chronological order, starting with the most recent ones. For
this purpose, the short summaries are written, and the individual contribution to each

publication has been highlighted once again.

“Synthesis and characterization of lignin-modified geopolymer composites for
aqueous phase sequestration of methyl orange dye in a fixed-bed column”

Idriss Kamdem Taquieteu, Hermann Dzoujo Tamaguelon, Victor Shikuku, Sylvain Tome,
Donald Kamdem Njouond, Manelle Fouetfack Dongmo, Hanibal Othman, Annette Vollrath,
Abdulrahman Mohabbat, Christoph Janiak, Charles Banenzouéa and David Joh Daniel Dina,
Mater. Adv., 2025, DOI: 10.1039/D5MA00248F

The present work evaluated the performance of pozzolan and sawdust derived geopolymer—
lignin composites in the sequestration of methyl orange (MO) in a fixed bed as an auspicious
strategy for valorization of waste sawdust. GPy, GP-CLs and GP-CL10 composites were
prepared via alkalination, replacing pozzolan with 0,5 and 10% lignin (CL) extracted from
sawdust, respectively. The composites were characterized using standard methods, namely
X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric
analysis (TGA), Brunauer-Emmett—Teller (BET) surface analysis and scanning electron
microscopy (SEM). The specific surface areas were decreased by the addition and increase
in CL fraction from 53.4 to 24.9 m? g™ for GP, and GP-CL10, respectively. Incorporation of CL
resulted into a poly(ferro-lignino-sialate) single-network. Addition of CL increased the
breakthrough time and the operating time of the column. The Thomas model best described
the breakthrough curves. MO sequestration performance (Qo) was three times better on GP-
CL+o than GPo when the feed rate was increased. The MO fixation mechanism mainly includes
external and internal diffusion and electrostatic interactions. The adsorption is driven by the
surface chemistry rather than textural characteristics of the adsorbent. These results indicate
that geopolymer-lignin composites are potential eco-adsorbents for the removal of azo dyes

in a continuous adsorption system and presents a plausible way for recycling sawdust.
Type of contribution to the publication:

N2 adsorption measurement of the samples.
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“‘Novel Superadsorbent from Pozzolan-Charcoal based Geopolymer Composite for the
Efficient Removal of Aqueous Crystal Violet”

Jacques Madiba Mboka, Hermann Dzoujo Tamaguelon, Victor Shikuku, Sylvain Tome, Valery
Franck Deugueu, Hanibal Othman, Christoph Janiak, Marchand Manga Dika, Marie Annie
Etoh & David Joh Daniel Dina, Water Air Soil Pollut. 2024, DOI: 10.1007/s11270-024-07257-4

In this study, geopolymer composites, GPo, GPC.s, GPCs, GPC;s5 and GPC were
synthesized from pozzolan, a naturally occurring, abundant and inexpensive precursor,
substituted with varying proportions of 0, 2.5, 5, 7.5, and 10% content by weight of charcoal
powder (CP), an industrial waste product, respectively. The geocomposites were characterized
by Fourier Transformed Infrared Spectroscopy (FTIR), BET (Bruamer Emmet Teller) method,
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), methylene blue and
iodine indices. The adsorption performances for the removal of crystal violet, a toxic dye, from
water in batch mode were evaluated. Incorporation of charcoal powder improved the functional
group density, the microporous structure and the specific surface areas (SSA) of the pozzolan-
based geopolymers resulting in increased adsorption efficacy. Langmuir, Freundlich, Temkin,
Dubin-Radushkevich-Kaganer and Flory Huggins isotherms were applied to model the
equilibrium data. The GPC75 composite (7.5% wt CP), with SSA 15.93 m? g™, exhibited an
unprecedented ultrahigh maximum monolayer adsorption density of 2803 mg g™, a new
benchmark value for adsorption of crystal violet. The adsorption rate was best described by
the pseudo-first order kinetic model with an invariable adsorption rate constant (k1). The Gibbs
free energy (AG < 0) signify a spontaneous and feasible adsorption process while the
magnitude of the adsorption energies corresponded to a physisorption mechanism. The
GPC-5 composite is a novel inexpensive superadsorbent for the abatement of crystal violet
dye in aqueous media with about 1000 mg g™' higher adsorption capacity than pristine
pozzolan-based geopolymer (GPo). The synthesis adopted minimal and abundant precursors
producing a material that is techno-economical and reproducible in many countries, especially

emerging economies.
Type of contribution to the publication:

N2 adsorption measurement of the samples.
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3.4. Unpublished works:

3.4.1 Manganese induced phosphorescence in the metal-organic framework Mg-

CPO-27: application and effect.
Hanibal Othman, Julia Michalski, Markus N.A. Fetzer, Christoph Janiak.

The metal-organic framework Mg-CPO-27 (Mgz(dhtp)(H20).]), was synthesized via
solvothermal methods, with different amounts of manganese ions incorporated in situ. The
structural integrity and crystallinity of the modified MOFs were confirmed by powder X-ray
diffraction (PXRD), and nitrogen adsorption measurements were conducted to assess the
surface area. A key finding of this study was the discovery of Mn-induced luminescence with
just 1 wt% Mn addition, a phenomenon not observed in other MOFs when adding other
paramagnetic metals such as iron (Fe), nickel (Ni), or cobalt (Co). Photoluminescence studies
revealed distinct changes in the absorption and emission spectra, demonstrating the
emergence of a new luminescence band in Mg-CPO-27 at 720 nm upon Mn incorporation.
Time-resolved measurements provided further insight into the luminescent lifetime, reinforcing
the unique photophysical behaviour of Mn-modified Mg-CPO-27. Additionally, we investigated
the thermal dependence of the luminescence, observing significant variations in intensity and
lifetime with temperature changes ranging between 2 and 9 us and a thermal quenching
efficiency of 100 % at room temperature. These findings highlight the potential of Mn addition
for tuning the optical properties of Mg-CPO-27, making it a promising candidate for applications

in sensing and optoelectronics.
Contribution to the work:

Hanibal Othman: Synthesis and characterization of the samples, assessment and

interpretation of the results, writing and revision of the manuscripts.
Julia Michalski: X-ray photoelectron spectroscopy (XPS) analysis and interpretation, writing.

Markus N.A. Fetzer: Energy-dispersive X-ray spectroscopy measurements analysis and

scanning electron microscopy photos.
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Abstract:

The metal-organic framework Mg-CPO-27 (Mgz(dhtp)(H20)2]), was synthesized via
solvothermal methods, with different amounts of manganese ions incorporated in situ. The
structural integrity and crystallinity of the modified MOFs were confirmed by powder X-ray
diffraction (PXRD), and nitrogen adsorption measurements were conducted to assess the
surface area. A key finding of this study was the discovery of Mn-induced luminescence with
just 1 wt% Mn addition, a phenomenon not observed in other MOFs when adding other
paramagnetic metals such as iron (Fe), nickel (Ni), or cobalt (Co). Photoluminescence studies
revealed distinct changes in the absorption and emission spectra, demonstrating the
emergence of a new luminescence band in Mg-CPO-27 at 720 nm upon Mn incorporation.
Time-resolved measurements provided further insight into the luminescent lifetime, reinforcing
the unique photophysical behaviour of Mn-modified Mg-CPO-27. Additionally, we investigated
the thermal dependence of the luminescence, observing significant variations in intensity and
lifetime with temperature changes ranging between 2 and 9 ps and a thermal quenching
efficiency of 100 % at room temperature. These findings highlight the potential of Mn addition
for tuning the optical properties of Mg-CPO-27, making it a promising candidate for applications

in sensing and optoelectronics.
Introduction:

MOFs are crystalline metal-coordination frameworks with potential porosity. MOFs
consist of organic linkers and metal atoms, the latte rare also called secondary building
units or SBUs. SBUs normally are metal atoms or metal oxido clusters together with the
donor atoms of the organic linker that coordinate to the metal atoms. The tunability of

the structure and a high surface area drive the interest in MOFs being used
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in a range of potential applications, including catalysis, sorption, and sensing
technologies. [1-8]

MOFs can exhibit various forms of luminescence, originating from linker, metal, guest
species or a combination thereof. [9-12] Significant metal-based luminescence (not only
in MOFs) is typically restricted to lanthanides (Ln), especially to europium (Eu), erbium
(Er), and ytterbium (Yb). [13-16].

Mn2?* (d®, high-spin) exhibits characteristic luminescence arising from the spin-forbidden
4T, — SA; transition in octahedral coordination. Due to its spin- and parity-forbidden
nature, this transition results in long-lived emission (us-ms range) and weak absorption.
The emission wavelength is strongly ligand-field so in the case of strong fields, this
stabilize the “T, state, leading to red-shifted emission (610-660 nm). Although
forbidden, the “T; — °A; transition becomes partially allowed via vibronic coupling or
local asymmetry. These properties make Mn?* a useful dopant in phosphors for LEDs,
bioimaging, and optical communication [17-18]. Charge transfer within MOFs can occur
in two principal ways, each imparting distinctive optical property. The first and more
common process is ligand-to-metal charge transfer (LMCT), where an excited linker
transfers charge to the metal center, thus exciting it and subsequently returning to a
relaxed state.[19-20] In the case of Manganese, manganese is an insufficient center to
excite [21-22] so it becomes easier to excite a ligand that is in the vicinity of Mn and to
transfer the energy absorbed to the triblet energy state of Mn(ll) via intersystem crossing
thus inducing the “T: to ©°S; radiative transition to generate the observed

phosphorescence [23].

This charge transfer capability not only enhances the luminescent properties but also
broadens the range of possible applications, as LMCT can be harnessed for specific
functional purposes. A practical method to induce or enhance luminescence in MOFs
is through metal doping, where luminescent elements or molecules are incorporated
into the framework to emit light upon excitation at specific wavelengths. Metal doping is
frequently employed to induce such properties, as well as to introduce other
functionalities like photocatalytic activity and gas adsorption capacity. [10,22-24] and
several transition metals, including manganese (Mn), iron (Fe), cobalt (Co), and copper
(Cu), are among the metals commonly used for doping. Each metal brings its unique
properties, enabling MOFs to be optimized for targeted applications. Figure 1 illustrates
LMCT process, highlighting the mechanisms of charge transfer and their significance in

tuning the photophysical properties of MOFs. [10,25,26]
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In this study, we present the successful modification of two distinct metal-organic
frameworks, namely, MOF-5 and Mg-CPO-27, using manganese ions (Mn?*). The Mn?*
ions, characterized by a d® electronic configuration, allow us to track the luminescent
behaviour with precision using Tanabe-Sugano diagrams, a valuable tool for
understanding the electronic transitions of transition metal complexes. Upon adding,
manganese atoms are incorporated into the MOF frameworks, with some atoms
statistically residing within the pores of the structure while others become integrated
into the secondary building units (SBUs) of the frameworks [14].

This integration enables a unique interaction between the manganese ions and the
organic linkers that form the backbone of the MOFs. Specifically, the linkers sensitize
the embedded manganese ions via a ligand-to-metal charge transfer (LMCT) process,
resulting in a distinctive phosphorescence effect that is most pronounced at 77 K. This
observed phosphorescence is significant, as it reveals the ability of the modified MOFs
to emit light over prolonged periods, a characteristic that opens potential applications in
optical materials and sensors.

Additionally, the luminescent properties of the Mn@MOFs were monitored across a
range of temperatures. This allowed us to explore their potential utility in thermometric
applications, where temperature-dependent luminescence can serve as an indicator of
environmental changes. Our findings suggest that the MN@MOFs exhibit a luminescent
response that is sensitive to temperature variations, offering a promising platform for

the development of materials that react dynamically to thermal shifts.
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Such temperature-responsive behaviour could be harnessed in fields such as
temperature sensing and thermometry, where responsive materials are in high demand

for both industrial and scientific applications.

Experimental section:

The synthesis of Mg-CPO-27 and Mn@Mg-CPO-27. [27]

In a synthesis vessel, (0.2 mmol, 0.037g) of 2,5- dihydroxyterephthalic acid (Hsdhtp) was
dissolved in 15 mL of dry dimethylformamide (DMF), In the same flask a solution of (0.6 mmol,
0.153 g) of magnesium nitrate hexahydrate in 15 mL of DMF was added with an extra addition
of a 2 mL mixture of (1:1) ethanol and water. After 5 min of sonication, the mixture was placed
in an oven for 24 h at 120°C with a 5 h heating ramp and 5 h cooling ramp. The product was
washed with fresh absolute ethanol and allowed to be shaken on a shaking plate in the EtOH
for 24 h, then the EtOH was removed by centrifugation. This washing procedure was repeated

twice before drying of the separated solid at 60 °C in a drying-oven. Yield 40 mg, 70 %

To synthesize the Mn modified version of Mg-CPO-27 the same steps were done as the
previous synthesis but with an addition of (0.015 mg, 5 mol%) of manganese (Il) nitrate
tetrahydrate. The yield of the reaction was significantly lower than that of the pristine MOF with
only 45 mg, 70%

Results:

The addition of Mn to the cubic MOF-5 crystals was achieved through a post-synthetic
modification by gently agitating the crystals in a manganese nitrate tetrahydrate solution
for 48—72 hours. MOF-5 poses a lot of problems and is not practical for the purpose of
the article, it was decided that the characterization is summarized in the Sl. In contrast,
Mg-CPO-27 was modified in situ, where manganese could have played an active role
in the framework formation during synthesis.

AAS analysis reveals that the Mg-CPO-27 sample modified in-Situ reached the highest
manganese content, achieving 1% Mn. Thus, the sample will be labelled as 1%
Mn@Mg-CPO-27. Scanning electron microscopy (SEM) integrated with energy-
dispersive X-ray (EDX) mapping confirms the incorporation of manganese atoms within
the structures and pores of Mg-CPO-27. The EDX spectrum further indicates
manganese presence in these samples. Fourier-transform infrared (FTIR) spectroscopy

was employed to identify the functional groups in the frameworks Figure 2, Figure S1(a).

4
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Notably. These changes, including the observed peaks at 700, 1650 cm™', are present
in 1% Mn@Mg-CPO-27.1t is important to note that these signals may not always be
prominent due to the low concentration of Mn within the framework. Furthermore, Mn
may reside within the MOF’s pores as manganese nitrate, where it does not interact

directly with the framework structure, potentially reducing observable bonding signals.

\W

Transmitance (%)

1%Mn@Mg-CPO-27 N
— Mg-CPO-27

4000 3500 3000 2500 2000 1500 1000 500
Wavenmber (cm™)
Figure 2: FTIR spectra comparison between pristine Mg-CPO-27 (black) and
1%Mn@Mg-CPo-27 (purble).

Powder X-ray diffraction (PXRD) was used to assess the crystallinity of the samples.

In the 1% Mn@Mg-CPO-27 sample, likely due to the low Mn concentration in this
material the change is minimal thus the effect of Mn has minimized the structural
perturbation. N2> adsorption was recorded to study the porosity of the MOFs, resulting
in a surface area that as lower than other M-CPO-27 in literature. Both MOFs had a
type Il isotherms that is non and microporous materials with a hysteresis loop of type
H2(b) which can associate with pore blocking indicating that the size of the neck is not
proportional to the pore size. Pristine Mg-CPO-27 demonstrated a surface area (1111
m? g™') lower than reported in literature, while 1% Mn@Mg-CPO-27 showed a very

small surface area 331 m2g™.

X-ray photoelectron spectroscopy (XPS):

XPS measurements were conducted to determine the oxidation state and bonding
environment of the nonmetal ions (C, N, O and ClI), the metal Mn and the alkaline earth

metal Mg in the CPO-27. The XPS survey spectrum CPO-27 confirmed the presence
5
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of the elements C, O, N and Mg of the synthesized material. The survey spectra are
shown in Figure 3(a), and the high-resolution spectra are in Figure S3. The high-
resolution carbon 71s spectrum (C 7s) can be fitted into 4 peaks with binding energies of
284.6 eV, 284.8 eV, 286.4 eV, and 288.8 eV, which indicate the presence of (C = C),
(C-C), (C-N), and (C=0).[28] The position of each peak is assigned in Table s1. The
oxygen spectrum (O 7s) can be deconvoluted into three peaks positioned at 530.5 eV,
531.9 eV and 532.3 eV, which are related to metal-oxides, (C=0) and (C-O). [29] The
positions of these peaks are provided in Table s2. The nitrogen 1s (N 7s) survey scan
shows a small peak. The nitrogen 7s (N 7s) high resolution spectrum shows one peak
at a binding energy of 400.0 eV, corresponding to (C-NH>).[30-31] The binding energy
value of N 7sis summarized in Table s3. The manganese 2p1;2 (Mn 2p12) spectrum shows
a Mn 2ps3». peak at 640.3 eV with a satellite feature at 643.6 eV and 656.8 eV
characteristic for Mn?* in MnO. [32-33] The Mn 2p binding energy values are
summarized in Table S4. The magnesium 2s (Mg 2s) signal shows two peaks at binding
energies of 89.5eV and 90.4 eV, which are consistent with the presence of Mg?%
species. These binding energies indicate magnesium in an oxidized state, which could
indicate the presence of MgO.[34] The Mg 2s binding energy values are summarized in
Table S5. The magnesium 2p (Mg 2p) signal displays three peaks at binding energies
of 350.3 eV, 352.0 eV and 353.9 eV, which correspond to metallic Mg, MgO and

Mg(OH).. The Mg 2p binding energy values are summarized in Table s4, Table S6.

Ofs
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Figure 3: (a) XPS spectrum of the 1%Mn@Mg-CPO-27 sample, (b) N2 adsorption
isotherms of eh samples Mg-CPO-27 and 1%Mn@Mg-CPO-27. (c) PXRD comparison
between the samples Mg-CPO-27 and 1%Mn@Mg-CPO-27.

Luminescence studies in pristine and modified MOFs:

The optical properties of both pristine and 1%Mn@Mg-CPO-27s were analysed by recording
their emission and absorption spectra. In the 1%Mn@Mg-CPO-27, the presence of
manganese was evident in the emission spectrum Figure 5, where a broad band spanning
650-800 nm was observed, with a maximum at approximately 720 nm. This feature was
completely absent in the emission spectrum of pristine Mg-CPO-27. Interestingly, this band is
red-shifted compared to the emission peaks typically observed for octahedral Mn?* complexes,
which are usually centred around 600 nm and are characteristic of orange luminescence. The
disappearance of this band when measurements were conducted at room temperature
strongly suggests that this transition corresponds to phosphorescence rather than

fluorescence. [35-38] The mechanisms behind the quenching effect associated with this

emission will be discussed in detail in the Discussion section of this paper.
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Figure 4: Excitation and emission spectra of the samples Mg-CPO-27 and 1%Mn@Mg-
CPO-27 at 77 K and 293 K where the Aem = 505 nm and Aexc = 390 nm

In addition to the broad emission band, the fluorescence region of the modified MOF
spectra, spanning 370-525 nm, exhibited a slight red shift of approximately 10 nm
relative to the pristine samples. This shift is likely attributed to alterations in the
electronic environment of the MOF framework caused by the incorporation of
manganese. To further investigate the nature of this transition, decay time
measurements were performed. The measured decay time for the broad emission band
was relatively long, with an average life time of 9 ys at 77 K, providing additional
evidence to support the hypothesis of phosphorescence. This prolonged decay time is
indicative of an electron transition from a triplet state to the ground state and is
significantly longer than the fluorescence decay time. A similar broad emission peak
between 650—-800 nm was also detected in the 1% Mn@Mg-CPO-27 sample, which
was absent in the spectrum of pristine Mg-CPO-27, further confirming that the observed
feature originates from manganese. Additionally, this broad peak disappeared at room
temperature, indicating a thermal quenching effect. The luminescence intensity of this

band was plotted as a function of its decay time to extract the average relaxation time,
8
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which is depicted in Figure 5. The mean relaxation time for 1% Mn@Mg-CPO-27 was
in microcescond range, which is again significantly longer than the typical decay times
associated with fluorescence transitions (107"—107° s). These observations collectively
highlight the unique optical behaviour introduced by manganese addition in these MOF
systems. The table with the summary of the average decay time can be found in Table
S7.

The influence of manganese concentration on the optical properties of the MOFs was
further explored by synthesizing a sample with nearly double the Mn content compared
to the original modified sample. This sample was analysed under identical experimental
conditions to ensure comparability. A significant increase in the intensity of the emission
band was observed, demonstrating a direct correlation between the manganese
concentration and the luminescence intensity. This finding suggests that higher Mn
content enhances the optical response of the material, likely due to increased active

sites contributing to the emission process Figure S5(b).
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Figure 5: (a) Temperature dependence of the phosphorescence recorded at different
temperatures increasing in a 25 K steps with a Aexc = 390 nm, (b) time-resolved laser-
induced luminescence/phosphorescence (LLP) decay curve of 1%Mn@Mg-CPO-27

with a micro flashlamp Agxc = 390 nm.

Phosphorescence in the Mn@MOF samples was suspected to result from the
paramagnetic effect, a phenomenon first observed by Yuster and Weismann in the
1940s. [38] This effect occurs when a paramagnetic atom facilitates and enhances
interactions between singlet and triplet states, promoting phosphorescence through
intersystem crossing (ISC). [39-40] To investigate this, a series of MOF-5 samples were
post-synthetically modified with other paramagnetic atoms, including Fe, Co, and Ni.
Emission spectra of these samples were recorded under the same conditions as those
of the 1%Mn@Mg-CPO-27 samples. Interestingly, none of these samples displayed
phosphorescent behaviour, nor did they show the characteristic band observed in the
Mn@MOF samples. Figure S8 illustrates the emission spectra for these
paramagnetically doped samples. This effect describes the ability of a paramagnetic

atom to enhance the interaction between singlet and triplet states, thereby facilitating

10
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phosphorescence through an intersystem crossing (ISC) mechanism. [40] Interestingly,
none of the Fe, Co, or Ni doped samples exhibited phosphorescent behaviour, nor did
they display the characteristic broad emission band observed in the 1%Mn@Mg-CPO-
27. These results suggest that the phosphorescence observed in MNn@MOF samples
cannot be generalized to other paramagnetic atoms and may involve unique properties
or interactions specific to manganese. Luminescence thermal dependence was
observed Figure 6 and Figure S5, while increasing the temperature of the sample
gradually. The peak that is situated between 700-850 nm was influenced greatly with
temperature change further pushing the idea that this band resulted from the *T+ to 6A;
transition of the Mn. Two conditions of the Mg-CPO-27 and the 1% Mn@Mg-CPO-27
were tested, one was dry samples, and the other was slightly wet sample (DMF) to
investigate the effect of the solvent on the special peak and the general luminescence
of the MOF. MOF-5 was not considered for this experiment due to stability difficulties
that leads to rapid decomposition of the structure when introduced to moisture (ambient
atmosphere). The wet samples (1% Mn@Mg-CPO-27) showed a very predictable
quenching of the suspected band at higher temperatures which is known in
phosphorescent material. [41] While the main fluorescence of the MOF displayed a
bathochromic shift that is a result of presence of the solvent. The effect begins at 177
K and at 273 K the peak of the fluorescence is completely shifted from 490 nm to 573
nm. In the dry sample the band at 750 nm is much more intense and pronounced than
that of the wet sample. It clear that the sample shows sensitivity toward the increase
in temperature of the medium with a quenching efficiency that reached 58 % at 252 K
where the quenching efficiency was calculated using the following equation,

QE = 1-l¢/lo x 100

Where (1)

QE is quenching efficiency

l is the intensity of the emission at a given temperature

lo is the intensity of the emission at the lowest temperature in this case is 77 K

11
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Figure 6: Quenching efficiency of temperature in the sample 1%Mn@Mg-CPO-27.

Discussion:

The addition of Mn?* to the MOF affects primarily the luminescence properties, while
the overall crystal structure remains intact, with only moderate changes in surface area
and thermal stability. The incorporation of manganese into the secondary building units
or pores introduces new electronic transitions absent in the pure Mg-based MOF. This
effect is Mn-induced and can be understood from the Tanabe—Sugano diagram for a d®

ion, where the observed luminescence corresponds to the T4 — 6A; transition.

The broad emission band between 650 — 850 nm suggests a charge transfer process
from the linker (2,5-dihydroxyterephthalic acid) to the Mn?* centers, leading to the
formation of a broadband temperature-sensitive emitter. At higher temperatures, this
emission is quenched due to increased mixing of singlet and triplet states, which
enhances non-radiative decay pathways. Such broadband emitters are characterized
by a large Huang—Rhys factor (S), which describes the strong electron—phonon
coupling and the large Stokes shift. The displacement of potential energy surfaces
between ground and excited states can be represented using the Morse interionic
potential.

The thermal quenching arises from multiple non-radiative transitions. In configurational
coordinate diagrams, the crossover point between the excited and ground-state
potential surfaces lies at an energy lower than the vibrational states of the excited state,
facilitating internal conversion. In addition, excitation energy can be transferred to
vibrational modes of residual guest molecules (DMF, H,O) or functional groups of the

12
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linker itself (C—H stretching, O—H bending), which further contributes to quenching at

elevated temperatures. This is schematically represented in Figure 7 [41].

Energy
Energy

(a) (b)

Figure 7: Configurational coordinate diagrams to explain the crossover point and the
broadband emission (a) The crossover effect at higher temperatures, (b) the broad

band emitter at deep temperatures.

Conclusions:

In conclusion, two metal-organic frameworks were synthesised, modified and successfully
characterised. The proper modification techniques did not compromise the crystal structure
and its stability. The modification process had a significant effect on the luminescent properties
of the MOFs, where the induced LMCT, promoting phosphorescence as the result of “T1 to ¢S,
transition. The intensity of this transition was hugely affected by the concentration of Mn inside
the grid of the MOF. 1%Mn@Mg.CPO-27 had a surface area of 331 m?g™" and a
phosphorescence life-time ranging between 2 and 9 us at different temperatures. The
quenching efficiency of temperature was measured to be 100 % at room temperature and 70
% at 248 K. MOF-5 showed a new transition at 488 % when 10 %wt Mn was added to the
structure. It is worth mentioning that the appearance of phosphorescence is shown to be limited
to Mn as a paramagnetic metal, as other para-magnetic metals such as Fe, Ni and Co did not

promote such transitions.
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Supporting Information:

Synthesis of isoretecular Metal-organic Framework-5 (MOF-5): [43]

Using the procedure developed by Villemot, Zinc nitrate hexahydrate (0.68 g, 2.3 mmol) and
1,4-Benzenedicarboxylic acid (100 mg, 0.6 mmol) were each dissolved in 5ml
Diethylformamide (DEF). After the combination of solutions, an extra 5 ml of DEF were added
to reach a final 15 ml volume. The mixture was sealed in a tube and allowed to sonicate for 10
min until completely dissolved. With slow heating and cooling ramps, the tube was then heated
at 75°C in a convection oven for 168 h. The resulting crystals were collected and washed with
dry Dimethylformamide (DMF) for 3 days changing the DMF every 24 h. The crystals were

stored in DMF until the day of measurement and then dried supercriticaly.

IR: 1575 (v C=0 Stretching (MOF ligand),1690 (v C=0 Stretching (free Ligand), 3436 (v O-H
stretching)

The synthesis of Mnmodified Isoreticular metal-organic framework-5 (MOF-5):

Zinc nitrate hexahydrate (2.3 mmol, 0.68 mg) and 1,4-Benzenedicarboxylic acid (0.6 mmol,
100 mg) were each dissolved in 5ml Diethylformamide (DEF). After the combination of the
solutions, an extra 5 ml of DEF were added to reach a final 15 ml volume. The mixture was
sealed in a tube and allowed to sonicate for 10 min until completely dissolved. With slow
heating and cooling ramps (5h each), the tube was then heated at 75°C in a convection oven
for 168 h. The resulting crystals were collected and shaken in a concentrated solution of
Mn(NO3)2-4H20 (the crystals and the solution should be protected from light with an
Aluminium foil). After two days the crystals were washed with dry DMF 3 times and dried super-
critically before measurement. IR: 671 (v Mn-O), 1575 (v C=0 Stretching (MOF ligand),1690
(v C=0 Stretching (free Ligand), 3436 (v O-H stretching)

Fourier transform infrared spectroscopy and X-ray diffraction:
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Figure $1: (a) IR spectrums of pristine MOF-5 and the modified sample, (b) PXRD
pattern of the pristine MOF-5 and the modified samples, (c) comparison between
pristine MOf-5 and the heavily modified MOF-5.

A new band appears at 675 cm™ in Mn@MOF-5, which correlates with the Mn—O bond stretch.
Additionally, a shift in the C=0 stretching vibration in terephthalic acid from 1685 cm™ to 1571
cm™ aligns with the coordination within the MOF framework. For the 3.7% Mn@MOF-5
sample, most diffraction peaks align with those of the simulated pattern. However, the (4 0 0)
reflection at 26 =14° shows a slight shift, suggesting a lattice change. This shift is likely due to
minor strain in the crystal structure caused by differences in the ionic radii of the metals
incorporated into the MOF. Additionally, defect formation may contribute to these lattice shifts
by locally distorting the crystal structure.
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Thermogravimetric analysis:
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Figure S2: TGA diagrams of (a): pristine MOF-5, (b): pristine Mg-CPO-27, (c):
3.7%Mn@MOF-5, (d): 1% Mn@Mg-CPO-27.
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X-ray photoelectron spectroscopy:
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Figure S3: High resolution X-ray photoelectron spectra of C 1s, O 1s N 1s, Mn 2p, Mg
2sand Mg 2p of CPO-27.

Table S1: XPS peak types and corresponding binding energies of carbon in CPO-27.

Characteristic
Element peak C=C (eV) C-C (eV) C-N (eV) C=0 (eV)
C C1s 284.6 284.8 286.4 288.8

Table S2: XPS peak types and corresponding binding energies of oxygen in CPO-27.

Characteristic Metal oxides
Element peak (eV) C=0 (eV) C-0 (eV)

) O 1s 530.5 531.9 532.3

Table S3: XPS peak types and corresponding binding energy of nitrogen in CPO-27.

Element Characteristic peak C-NH: (eV)

N N 71s 400.0
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Table S4: XPS peak types and corresponding binding energies of manganese in CPO-
27.

Element Characteristic peak Mn2p;2(eV) Satellite peak(eV) Mn?* (eV)

Mn Mn 2p 640.6 656.8 643.6

Table S5: XPS peak types and corresponding binding energies of magnesium in CPO-
27.

Element Characteristic peak Mg?* (eV) Mg?* (eV)

Mg Mg 2s 89.5 90.4

Table S6: XPS peak types and corresponding binding energies of magnesium in CPO-
27.

Element Characteristic peak Metallic Mg(eV) MgO (eV) Mg (OH): (eV)

Mg Mg 2p 350.3 352.0 353.9

N: adsorption analysis:

The Brunauer-Emmett-Teller (BET) surface area was measured via N, adsorption.
Pristine MOF-5 exhibits a type | isotherm, indicative of a microporous structure
consistent with literature. In the 3.7% Mn@MOF-5, the isotherm also displays type |
characteristics but with increased adsorption at higher relative pressures. Notably, a
H2(a)-type hysteresis loop appears in the Modified sample, suggesting a wider cavity
size distribution than neck size. Surface area measurements align with expectations,
with pristine MOF-5 showing a significantly higher surface area (4169 m? g™') and total
pore volume of 1.47 cm?® g7, while the MNn@MOF displays a reduced surface area of

662 m? g~' and pore volume of 0.45 cm3 g™".
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Figure S4: Pore size distribution of the samples pristine vs modified (a) MOF-5, (b) Mg-
CPO-27.

Excitation and emission spectra:
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Figure S5: (a) Pristine MOF-5 and 3.7%Mn@MOF-5 emission and excitation
comparison at 77 K and at 297 K with Aexc = 345 nm, Aem =445 nm, (b) emission and
excitation comparison at 77 K and at 297 K between 10%Mn@MOF-5 and

3.7%Mn@MOF-5, (c) emission comparison between different temperatures.

the spectrum of this higher Mn wt% sample revealed the emergence of a new band at
approximately 488 nm, which was entirely absent in all previously studied samples. The
appearance of this band indicates that higher Mn levels may introduce new electronic
transitions or interactions within the framework, potentially altering the photophysical

properties of the material.

The comparison between the activated and not activated samples show a stark difference in
the intensity of the “T, to ®S; transition, showing the effect of the solvent molecules trapped
inside the grid of the MOF, leading to a connection between surface area and the intensity of

the emission.

Life times decay plots and the fitting:

This fitting and the parametrs resulting from which can lead us to the estimate the duration of

the emission in question.
The estimation of the average life time if the emission is done using the equation :

(Ar™t1 + A2t + As™ta)/(Ar1+ Az + As) (2)
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The parameters A1,A2,As,11,t2 and t; are taken respectively from fits below and plugged into the
eqution..The best model that was found was the Kohlrasuch-Williams-Watt model following the

equation:

Y = Ar*exp(-x/t1) + Ax*exp(-x/t2) + As*exp(-(x/ts)*b) (3)
Where:

A+, A2 and As are the amplitudes of the components

t1,t2 and t; are the times of comonents

and b is the exponential stretching constant.
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Figure S6: Life-time parameters using Kohlrausch-Williams-Watt fitting model at

increasing temperature.

Table S7: Summary of lifetimes of sample 1%Mn@Mg-CPO-27 at different
temperatures:

Average life time
[ps]
77 9.116
102 8.856
127 7.457
152 6.565
177 4.822
202 4.296
227 3.295
252 2.650

Temperature [K]
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Adding paramagnetic metals to MOF-5:

(a) (b)

(c)

Figure S7: Image above (a) Iron, image above (b) Cobalt and image under (c) Nickel.
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Figure S8: emission spectra of MOF-5 modified with Ni, Fe and Co at 77 K with Agx. = 345 nm.
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Scanning electron microscopy (SEM) and The Energy Dispersive X-

ray mapping (EDX):
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Figure $10: (a) EDX mapping of the sample 3.7% Mn@MOF-5, (b) 1%Mn@Mg-CPO-27
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4. Conclusion:

This dissertation has explored the synthesis, structural design, and photophysical behavior of
luminescent porous materials—specifically metal-organic frameworks (MOFs) and covalent
triazine frameworks (CTFs)—with an emphasis on their potential in sensing and functional
applications. Through the integration of luminescent chromophores and strategic framework
engineering, this work provides deeper insight into the interplay between porosity, structure,
and optical performance. The aluminum-based MOF AI-BP-Naph was successfully
synthesized and characterized as a luminescent sensor for Fe** ions. Its naphthylamino-
functionalized linker endowed the material with strong intrinsic photoluminescence, high
surface area, and excellent selectivity toward Fe®** through a rapid fluorescence quenching
mechanism. The quenching effect was attributed to a competitive absorption process rather
than static or dynamic quenching, enabling sensitive detection down to micromolar
concentrations. The low detection limit and short response time highlight Al-BP-Naph as a
highly efficient and practical luminescent probe for iron sensing in liquid media. Furthermore,
the incorporation of thermally activated delayed fluorescence (TADF) emitters into covalent
triazine frameworks demonstrated the capacity of CTFs to act as robust, porous hosts for
advanced adsorptive behaviour. Their high surface area, tunable porosity, and stability enabled
the investigation of structure—property relationships in CO,/CH, adsorption and separation.
The study of isosteric heats of adsorption and IAST selectivity provided valuable insight into
the adsorption behavior of these frameworks, confirming their versatility for both photophysical
and gas sorption applications. Although preliminary, the exploration of Mn-doped Mg-CPO-27
revealed the potential of transition-metal modification to induce phosphorescence in MOFs.
The observed temperature-dependent emission intensity and lifetime variations suggest that
these systems may serve as promising candidates for luminescent thermometry upon further

optimization.

Collectively, these findings underscore the importance of structural tunability in governing the
optical and functional properties of porous materials. By coupling luminescent linkers,
framework rigidity, and controlled porosity, it is possible to design materials that exhibit high
selectivity, stability, and sensitivity across multiple application domains—from chemical
sensing and environmental monitoring to energy conversion and optical devices. Future work
should focus on enhancing the crystallinity of CTFs, exploring multivariate MOF systems for
ratiometric sensing, and extending phosphorescence-based studies toward hybrid organic—
inorganic materials with prolonged afterglow emission. The continued convergence of
framework chemistry and photophysics will undoubtedly lead to the next generation of
multifunctional porous materials, bridging the gap between fundamental design principles and

real-world applications.
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