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AN ABSTRACT OF THE THESIS OF

Rawan lyad Al Natour for Master of Science
Major: Chemistry

Title: New Luminescent Metal Organic Frameworks (MOFs) Incorporating Heterotopic
Linkers as Chemical Sensors

Metal-organic frameworks, known as MOFs, are hybrid robust materials constructed
from metal centers and organic linkers. The topicity of linkers used plays an important
role in the predetermination of the structural attributes, properties and functionalities of
MOFs. The earliest MOFs reported are composed of homotopic linkers, mainly
attributed to their high symmetry and identical functional groups, which enables
uniformity and homogeneity within the framework. On the other hand, the incorporation
of heterotopic linkers (i.e. linkers containing more than one type of coordinating group)
has long been an ongoing challenge. Apart from being non-symmetric, the uncertain
coordination of all functional groups is the main obstacle faced in integrating
heterotopic linkers in MOFs. However, it is more common that the different
coordination groups incorporated tend to serve different limitations upon their
incorporation within the MOFs structure. For instance, one coordinating unit acts to
direct the geometry, structure and binding confinement; while other types of
coordinating units act to complement functional assets of the framework.

This thesis explores the integration of heterotopic linkers within two different and novel
MOF structures having two different chelating groups; carboxylate and pyridine
functional units and investigates its effects on its ability of luminescent sensing. The
preparation, characterization methods and the MOF-guest interactions resulting in
luminescent sensing are covered.

The first structure integrates a rather simple heterotopic linker, 1,4-pyridinecarboxylic
acid, known as isonicotinic acid (having one pyridine and one carboxylate functional
units) and Cu(ll) metal center to yield a 2-dimensional (2D) layered metal-organic
framework that is subsequently exfoliated into its complementary nanosheets and
subjected cation and solvent sensing applications.

The second structure assimilates a more complex heterotopic linker, 2,2":6',2"-
terpyridine-4'-carboxylic acid, which includes terpyridine and one carboxylate
functional units, in coordination with Cu(ll) metal center to yield a new 1-dimensional
(1D) framework.
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CHAPTER |

RETICULAR CHEMISTRY- STRUCTURE, PROPERTIES
AND APPLICATIONS OF METAL-ORGANIC
FRAMEWORKS

Overview

The chemistry of linking molecular building blocks by strong bonds to make
crystalline open frameworks, also known as reticular chemistry, has significantly taken
a high toll in expanding the scope of chemical compounds and materials.” In essence,
reticular synthesis is known for the judicious geometry assembly of rigid molecular
building blocks into strongly bonded predetermined ordered networks.” There are two
basic aspects that define the core of reticular chemistry, which impacts the linking route
of molecular building units by strong bonds to make large crystalline and extended
structures. The first is concerned with the directionality and type of interactions readily
existing within linkages, and the second pertains to the geometry of the molecular
building units which plays an important role in guiding the length, size and angles to a
specific structure.? Specifically, metal-organic frameworks (MOFs) exemplify the
means by which this chemistry is practiced and controlled at molecular level. MOFs are
typically constructed from metal nodes adjoined by organic linkers through strong
bonds; where the variation of the combination of metal ions and organic linkers
achieves a wide spectrum of desired structures and compositions.’® Nevertheless, with
the immense diversity that can be created, it remains an ongoing challenge to control the
spatial arrangement of ligands’ geometry around the metal nodes. Although the

synthesis of new materials has long been referred to by critics as “shake and bake” or



“heat and beat”, it mostly remains more of an art than science, in which the urgency to

design materials exhibiting highly specific functions is elevating.

A. Emergence of metal-organic frameworks

The field of coordination chemistry as it is practiced today has been known to be the
origin of synthetic metal—-organic chemistry.* Little known about their structure and
composition, early examples of transition metals were discovered by chance centuries
ago.* Swiss chemist, Alfred Werner, laid the conceptual foundation for modern
coordination chemistry for transition metals in 1893, in which he contradicted the
theory of constant valence and proposed that transition metals can withhold different
geometries according to their different coordination numbers and oxidation states.”
Furthermore, Werner’s work inspired Karl A. Hoffman in 1897 to extend the practice of
coordination chemistry from the molecular regime (0D) into higher structural
dimensions, specifically 2D and 3D extensions.® Commonly referred to as Hoffman’s
clathrate, the slow diffusion of CgHg into an NHj solution of Ni(CN), demonstrates an
early example of coordination compound having an extended 2D structure with a
crystalline composition. A variety of subsequent Hoffman clathrate compounds
demonstrating extended structures have been reported, in which the substitution of
ammonium ligands with alkylamines have been employed.” The introduction of
alkylamines between the adjacent 2D layers of Hoffman clathrate facilitated the fixation
of the interlayer distance and enhanced its properties, thus extending it into a 3D
coordination compound. The next logical progression to incorporate organic linkers
entirely to metal ions to form various metrics of extended structures of coordination
networks was reported by Richard Robson.? The linkage of metal centers through

organic struts lead to the formation of frameworks encompassing open space where

2



weak interactions including hydrogen bonds, halogen bonds, m-interactions, and Van der
Waals forces existed between individual molecules, thus contributing in the
arrangement within the crystal. It is however worthy of note that at this point, the
geometric design and level of synthetic control principles were largely unknown.

The past few decades withheld a myriad of solids being characterized by having
metal ions linked by molecular species termed as hybrid organic—inorganic materials,
organic zeolite analogues and porous coordination polymers (PCPs).>*° Although each
term carries its own connotation with regards to the compound it encompasses and its
composition; the term metal-organic framework (MOF) was originally used by Omar
M. Yaghi and co-workers in 1995 who reported the solvothermal synthesis of
[Cu(BIPY)15](NO3) (BIPY = bipyridine] to describe the over-all composition (metal ion
and organic counterpart)*’. In more recent years, additional structural attributes
(rigidity) and properties (porosity) were meaningfully employed to describe MOFs. In
2016, according to The Cambridge Crystallographic Data Center (CCDC) the estimated
number of MOFs discovered with diverse topologies exceeded 70,000 out of the
850,000+ structures reported in the Cambridge Structural Database (CSD) in the past 40
years (Fig. 1.1).*? Hence, for a solid to be considered a metal-organic framework, it
should exhibit a strong bonding strength yet flexible and dynamic, geometrically well-
defined topology, presence of accessible pores for guest molecules, highly crystalline
structure and capability for post modification via organic syntheses*®. The conceptual
approach adopted by MOFs relies on the network connectivity of its building units that
largely determines its properties, which include the definition of the size of available
porous channels or the inclusion of chiral centers or reactive sites within the open

framework.*®
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Figure 1.1 Progression of the MOF entries in the Cambridge Structural Database from 1972 to 2016.
Inset: Scheme depicting the constructive process of MOFs from secondary building units (red) and
organic linkers (blue).*

B. Structural components of metal-organic frameworks

In order to determine the assembly route of MOFs based on underlying nets
constructed via linked vertices or edges, its’ structure has to be deconstructed into
individual building units. Such building blocks are dissected into inorganic and organic
components, which are commonly referred to secondary building units (SBUs) and
linkers, respectively.* Linkers bear binding groups such as carboxylates, phosphates,
pyrazolates, tetrazolates, catecholates, and imidazolates to form extended framework
structures with various properties; however, carboxylate functionalized MOFs comprise
by far the largest group owing to their chelating nature, which favours the formation of
polynuclear metal—carboxylate SBUs. Such SBUs, provide strong bonding between

constituents, directionality and high mechanical, architectural and chemical stability.*



1. Secondary Building Units

Secondary building units (SBUs), also known as polynuclear cluster nodes, are
molecular complexes in which multidentate linkers such as carboxylates are utilized to
aggregate metal ions into M—O-C clusters.™ Such SBUs are considered to be
sufficiently rigid due to the carboxylates’ ability to “lock” the metal ions into their
respective positions via strong covalent directional bonds.*® The concept of secondary
building units (SBUs) as structure entities were adopted in order to aid the process of
structure prediction.’’ For instance, defined by simple geometric figures of the inorganic
clusters or coordination spheres, SBUs exhibit branching points that are commonly
encountered in metal—carboxylate MOFs. The latter polynuclear cluster nodes are linked
by organic ligands from their respective extension points to form the product
framework. As it can be seen in Figure 1.2, metal-oxygen forming the inorganic cluster
unit are denoted by the blue polyhedra. The carboxylate carbon atoms adjoining the
inorganic moieties (denoted by black) form the points of extension that link one or more
organic ligands yielding various structural frameworks. It is worthy to note that these
complex SBUs are not commonly introduced directly as molecular species, but are
rather formed in situ under specific synthetic conditions, where the metal ions and
linkers are mixed solvo- or hydro-thermally (one-pot synthesis strategy), which allows
for the slow and irreversible assembly of the overall frameworks and consequently leads
to the formation of highly crystalline frameworks.'*° In contrast, by varying synthesis
conditions, SBUSs, such as Zirconium clusters, have been reported to be isolated prior its
assembly with organic linkers, allowing for diversity of clusters, hence topology

predetermination.?®#



Inorganic Units SBUs Organic Units SBUs

a ) 1 *aéo*/l\

Figure 1.2 Different examples of SBUs formed via carboxylate functionalized MOFs. The inorganic
units representing metal-oxygen polyhedra are blue, and the polyhedron defined by carboxylate carbon
atoms are red. The organic counterparts represented by polygons indicating the direction through which
linkers are extended are shown in green. Oxygen (red); Nitrogen (green); Carbon (black). 2

Adjoining a network of organic linkers at large rigid vertices instead of having it at one
metal ion vertex, SBUs have the advantage to produce extended frameworks of high
structural, chemical and thermal stability. In contrast to single metal nodes, the diverse
geometries and increased connectivity of such SBUs make them ideal building units for
accessing a substantial variety of framework structures with predictable functionalities.

By analyzing specific synthesis and reaction conditions toward SBU production, it is



important to understand the coordination chemistry of R—-COO-M in order to target a
degree of certainty toward the final SBU geometry. In the SBU structures of
carboxylate-based MOFs, the binding nature of carboxylates to metal centers vary from
ionic bonds, unidentate, symmetric and asymmetric chelating and bridging modes
(Figure 1.3). Such binding modes strongly depend on the nature of the metal favouring
its coordination; nevertheless, the predominant coordination relies within chelating and

bridging modes as they favour the formation of polynuclear clusters.?*

0
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Bridging (syn-syn)  Bridging (monoatomic)

Figure 1.3 Binding modes of R—-COO- to metal centers

2. Organic linkers

In the mid-1990s, bipyridines and nitriles were initially used as neutral donor linkers to
prepare coordination networks.® Nevertheless, such materials were thermally and
chemically nonstable due to their monodentate coordination nature. Additionally,
knowing that neutral pyridine ligands tend to form positively charged frameworks, its
drawback relies in having counter ions occupying the pore space in MOFs, thus limiting
their utility and functionality. In contrast, carboxylate-based linkers, having a charged
binding group, later replaced such linkers due to their advantageous properties over

neutral donor linkers which include:**%



I. Their ability to neutralize positive charges present on the metal ion clusters
without the need of counterions, thus forming neutral frameworks

i. Their chelating nature that provides structural stability, rigidity and
directionality due to the metal-oxygen—carbon clusters (SBUSs)

iii. Their distinct functional group favour the formation of polynuclear clusters
(SBUs) with fixed connectivity and coordination geometry due to the
carboxylate carbons which act as points from where the MOF will extend

Iv. Their strong bonding strength toward the metal centers of the SBUs result in

MOFs having higher thermal, chemical and mechanical stability

Coordinating groups other than carboxylates were also investigated by researchers
with success. Expanding the scope of linkers which bear varying types of functional
coordinating groups remains a valuable endeavour in determining the structural
properties, stability and functionality of MOFs. For instance, the variation of linkers
with different coordination groups with the same metal ion source and the same reaction
conditions yields various SBUs.? As it can be seen in Figure 1.4, the reaction of Zn?*
with pyrazole linker yields a chain-like SBU while its reaction with carboxylate linker
having roughly equal length produces the well-known octahedral cluster Zn,O(-COO)s
present in MOF-5. These coordinating functionalities exhibit differences in charge,
basicity or acidity, flexibility and chelating ability which either affect the coordination
environment around the metal cluster or the adopted geometry of the coordination

sphere.



Zn,0(BDC),

Zn(BPZ)

Zn(CeHeNy)2

N——NH

Bipyrazole

Figure 1.4 Organic linkers of similar lengths bearing different coordinating groups yield two different
secondary building units leading to different framework structures (BDC = 1,4-benzene dicarboxylic
acid; BPZ = bipyrazole).

On the other hand, using the same metal ion source and organic linker under different
reaction conditions also serves the variation in the structural attributes of MOFs.?’ In the
case of employing terephthalic acid (BDC) as a main organic linker and zinc nitrate as
main metal ion source, two different secondary building units are formed, yielding two
different framework structures. In particular, MOF-2 was reported in 1998 and initially
synthesized from a mixture of DMF (dimethylformamide) and H,O, having the formula
Zn(BDC)(H,0) (BDC= 1,4-benzenedicarboxylate).”® The MOF structure is composed
of Zn,(COO0), paddlewheel SBU interlinked by BDC linkers, resulting in a 2D
microporous layered network (Fig. 1.5). Interestingly, under different reaction
conditions (DMF), a different SBU resulted as it is observed in the case of MOF-5;
whereby the well-known represented cluster entity is composed of a tetrahedral central

oxide unit surrounded by four different Zn** jons and coordinated by a total of six



bridging —~COO groups.?® Unlike the structure of MOF-2, the resulting framework

represents a cubic 3D coordination network.

Y

Zn,(COO),

Zn,0(CO0),

MOF-5 MOF-2
Zn,0(BDC), Zn(BDC)(H,0)

Figure 1.5 Coordination of same organic linker (BDC= 1,4-benzenedicarboxylate) and zinc nitrate under
different reaction conditions yield two different secondary building units with two different framework
structures. Zinc (blue), Oxygen (red), Carbon (black).

C. Multi-component metal-organic frameworks

1. Isoreticular metal-organic frameworks
The determination of topology and porosity of MOFs is exclusively correlated to the
metrics and functionality of such solid-state materials, specifically their sorption

properties. It is still a challenge to obtain MOFs with a predetermined pore size;
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nevertheless, it is a greater challenge to synthesize MOFs with various pore sizes
without modifying the topology of the parent framework. Hence, the elongation or
functionalization of organic linkers under similar synthetic conditions with the same
coordination environment of SBUs results in an isoreticular (IR) series of MOFs. One
of the first successful implementations of IR-series is demonstrated via MOF-5
topology (Fig. 1.6) where the expansion and functionalization of ditopic carboxylate
linkers, specifically BDC, reticulated with Zn,O(COO)s cluster yielded MOFs having

the same cubic topology, yet with various pore sizes or functionalities.*

et
IRMOF-3

Yook

IRMOF-10

IRMOF-16

IRMOF-14

Figure 1.6 Single crystal structures of IRMOF-n (n=2, 3, 4, 10, 14 and 16) obtained by combining Zn,O
cluster with different ditopic linkers. Zn cluster (blue polyhedron), Carbon (black), Oxygen (red), porous
voids (large yellow spheres)
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For instance, as it can be seen in IRMOF-2 through -7, incorporating functionalized
BDC links with bromo, amino, n-propoxy, n-pentoxy, cyclobutyl, and fused benzene
functional groups result in the same MOF-5 skeleton; however, with the various
functional groups pointing towards the voids, hence adding various functional
properties to the framework. Consequently, illustrations of IRMOF-8 through -16 show
the successive expansion of the parent framework by using progressively extended
links, by which aperture sizes of isostructural MOFs ranged from 3.8 to 19 A. Such
modifications remain rarely seen in crystalline solid state and porous materials research.
On the other hand, undergoing the expansion of MOFs from the microporous (pore
diameter < 2 nm) to the mesoporous (pore diameter > 2 nm) regime with higher pore
diameters is advantageous in large-molecule applications. Nevertheless, such
expansions subject the modified pores either to lose significant accessible surface areas
during solvent removal/exchange resulting in distortion of the MOF’s structure or
collapse of the framework upon activation.®** Therefore, recent advances have resorted
towards a solution which allows the hybridization of guest polymers with MOFs to
enhance the framework’s mechanical stability and maintain its porosity upon harsh
activation conditions.***" For instance, the insertion of small polymer guests such as
polydopamine into the mesoporous channels as pillars have been recently reported,
which act to pin the mesoporous channels open during subsequent harsh activation
process, thus preventing the pores from collapsing and leaving them accessible to gas

molecule applications.®

2. Heterogeneity in homotopic linkers
On another note, a large number of linkers employed during the synthesis of MOFs

possess relatively high symmetries mainly due to their identical connectivity of the
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functional groups to the rigid unsaturated hydrocarbon fragment. The basic geometries
of organic linkers predetermine the points of extensions that will be connected within
the SBUSs, ranging from 2, 3, 4, 6, 8 to 12.%° Points of extensions are the points that
connect one SBU to another via organic linkers. Consequently, the terminologies used
to describe them: ditopic, tritopic, tetratopic and so on emerge. Depending on the
binding modes, the linkage of such organic linkers with the metal clusters results in a
one-, two- or three-dimensional crystalline network. In one-dimensional (1D) MOFs,
coordination bonds extend in one direction, while in two- and three-dimensional (2D,
3D) MOFs, bonds extend in two and three dimensions respectively. The choice of
linkers; however, whether being homotopic (same type of coordination sites) or
heterotopic (different type of coordination sites), results in variations within the linkage
of the MOF’s components. For instance, incorporating homotopic organic linkers
facilitates crystallization due to its high symmetry ends and identical coordination sites,
which in return enables uniformity of a coordinating group.*® Without regards to the
type of coordinating group incorporated, nearly most MOFs are composed of homotopic
linkers. Heterotopic linkers bearing at most two different types of coordinating groups
are rarely reported.**

Heterogeneity in the design of MOFs can also be achieved by integrating two or more
non-identical organic linkers with similar or multiple coordination groups, whether
being homotopic, heterotopic or both, with the goal of producing a single extended
hybrid structure.** Nearly all examples of hetero-MOFs reported are synthesized from
two linkers, each having a different coordinating group, originally carboxylates mixed
with bipyridines or pyrazines. However, the generation of SBUs and the directionality
of the structure is mainly served by the carboxylate linkers. Nevertheless, the

incorporation of two or more linkers together often fails either due to its segregation
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into separate phases to form two different MOFs or due to the incorporation of only one
linker without the other. In contrast, upon the combination of ditopic and tritopic

linkers, the synthesis of such complex topologies was reported in 2008.

As it can be seen in Figure 1.7, UMCM-1 [(Zn;O(COQ0)e)3(BDC)4(BTB),]
(BDC = 1,4-benzenedicarboxylate, BTB = 4,4’,4°"-benzene-1,3,5-triyl-tribenzoate) is
one example of incorporating ditopic and tritopic linkers to form a highly porous and
open MOF structure. Upon extending the lengths of the ditopic and tritopic linkers, an
even more porous framework, such as MOF-210 [(Zn,O(COOQ)g)s- (BPDC)3(BTE)4]
(BPDC= Biphenyl-4,4’-dicarboxylate, BTE = 4,4’ ,4’’-(benzene-1,3,5-triyl-tris(ethyne-
2,1-diyl))tribenzoate), was obtained. Additionally, MOFs integrating three different
carboxylate linkers, containing a tritopic linker and two ditopic linkers of different
lengths, has also been reported such as UMCM-12 [(Zn;O(COQ)g),-
(TPA)2(BDC)(TMTPDC),] (TPA = 4,4’ 4 -nitrilotribenzoate, BDC= 1,4-benzene
dicarboxylate, TMTPDC = 2°,3’,5’,6’-tertramethylterphenyl-4,4"’- dicarboxylate). Such
materials have been shown to have some of the highest surface areas and pore volumes
reported, which highlights the advantageous mixed linker strategy used in synthesizing

MOFs.*
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Figure 1.7. Crystal structures of (a) UMCM-1 (b) MOF-210 and (c) UMCM-12 which are composed of
di- and tri-topic linkers connected to a Zn,O(COQO)s SBU. Zn,O(COO); (blue polyhedron); Oxygen (red);
Carbon (Eglack). The large yellow and orange spheres represent the different voids occupying the cavities
of MOFs

3. Heterogeneity in heterotopic linkers

Expanding the scope of organic ligand coordination to integrate multiple heterotopic
linkers within the MOF’s structure is still a challenge; due to the uncertain coordination
of the metal centers to all the functionalized ligand types. However, due to the presence
of two or more coordinating sites in heterotopic linkers, one coordinating unit directs
the formation of structure, porosity, flexibility or rigidity, directional binding and SBUs
predetermination; while other types of coordinating units complement functional
properties which include conductivity, chemical or thermal stability, nature of porosity
(hydrophilic/hydrophobic), susceptibility for post-modification or availability of open
metal sites.***® Moreover, bearing various binding groups, such linkers may favour the
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formation of different types of SBUs within the same MOF framework.*’ For instance,
in 2017, Tu et. al reported the formation of two MOFs coordinating H,PyC = 4-
pyrazolecarboxylic acid as linker with unprecedented topologies, namely FDM-4 and
FDM-5.%® In FDM-4, the first trinuclear SBU is formed via the coordination of Cu(ll)
ions with the pyrazolate end of the linker, while the Zn(lIl) ions coordinate octahedrally
with all the carboxylate ends and partially via additional pyrazolates causing different
variations within the Zn,O(COQ)s cluster (Fig. 1.8). Moreover, FDM-5 demonstrates,
in addition to triangular Cu(Il) SBU, triangular Zn,(COQO); and trigonal-bipyramidal
Zn,(CO0O)4(NN) clusters. Despite the short linker used, such MOFs feature micropores
and mesopores with Brunauer—Emmett—Teller (BET) surface areas as high as 3728
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Figure 1.8 Incorporation of heterotopic linker (H,PyC = 4-pyrazolecarboxylic acid) yields different
SBUs producing multi-component MOFs of different topologies. Copper (yellow); Zinc (aqua), Nitrogen
(blue), Oxygen (red); Carbon (black). The large yellow and orange spheres represent the different voids
occupying the cavities of MOFs.
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4. Multivariate metal-organic frameworks
Another scenario in the design of heterogenous MOFs may arise upon the
introduction of two different functionalized linkers having the same backbone but are
chemically distinct, or multiple metal ions forming the same type of SBU, to achieve
further heterogeneity in frameworks known as multivariate (MTV) MOFs.*®
Interestingly, such defects incorporated to form MTV-MOFs exhibit the same overall
topology as the parent framework; however, with additional properties or

functionalities.

I. Multi-Metal MTV-MOF

The first multivariate MOF to be reported having a variety of BDC derivatives is
MTV-MOF-5.>° The implementation of a mixture of BDC linkers having different
functional groups, BDC-X where X = -H, -NH,, -Br, -(Cl),, -NO, -(CHz3),, -C4Hy, -
(OC3Hs),, and -(OC;Hj7),, resulted in the synthesis of a single MOF containing up to 8
distinct functionalities in one phase, rather than mixed phases (Figure 1.9). The strategy
of assembling different functional groups covalently linked to the same organic link
(BDC), whose length and connectivity is unchanged, results in multivariate isostructural
MOF, similar in crystallinity, topology and porosity of MOF-5. Intriguingly, an
enhancement in CO, uptake capacity up to 400 % in MTV-MOF-5 in contrast to MOF-
5 was observed due to an increased number of adsorption sites present in the pores of

the multivariate system.

ii. Multi-Metal MTV-MOFs

In contrast to MTV-MOFs containing multiple organic linkers with different

functionalities, the introduction of various metals within the same coordination
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environment of SBUs is another extensive approach to achieve heterogeneity within
MOF structures. The latter is either achieved via one-pot reaction synthesis or via post-
synthetic metal exchange reactions. Co-doped MOF-5 have been recently reported by
which 8% of the Zn incorporated SBUs have been exchanged with Co respectively.*
Nonetheless, detailed examination of the structure analysis reveal that the precise
location of these doped Cobalt ions is still not clear. Additionally, a more recent work
explores the incorporation of 10 different kinds of divalent metal ions including Mg, Ca,
Sr, Ba, Mn, Fe, Co, Ni, Zn, and Cd into the same SBU of MOF-74 [Zn,(DOT)] (DOT=
dioxidoterephthalate) framework in a one-pot reaction synthesis (Fig. 1.9).°*® This
approach allows the distribution of metal ions to be incorporated within a single SBU
resulting in a single phase MOF. Although the spatial distribution of these metal ions is
not uniform, it is an advantageous method in heterogeneity as these ions could not be
employed individually in the synthesis of pure phase MOFs. The developed mixed
metal systems demonstrated an enhancement in the MOF’s gas adsorption performance,

in addition to improved catalytic activities.
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(M = Mg, Ca, Sr, Ba,
Mn, Fe, Co, Ni,
Zn, Cd)
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MTV-MOF-5 M10M-MOF-74

Figure 1.9 MTV-MOF-5 with various functionalized organic linkers incorporated within the same
structure (left), MTV-MOF-74 of different metal ions SBUs (right)*®

D. Luminescent metal-organic frameworks

The development of metal-organic frameworks and the presence of a vast library of
organic links and SBUs allows the tunability and structure diversity of various
framework structures, which provides an advantageous contribution in a wide array of
applications including gas storage, drug delivery, adsorption/extraction, catalysis and
chemical sensing.>**® Among these various applications, luminescent MOFs have
attracted remarkable attention in recent years due to their low cost, high sensitivity,
materials stability, reusability and short response time to guest molecules.®* This is
mainly due to the ability of MOFs to entrap guest molecules of interest within their
pores and keep them in close proximity to its luminescent centers, resulting in
accumulated concentration of analytes, which act to either enhance (increase light

emission), quench (decrease light emission) or exhibit a ratiometric (change in intensity
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ratio at two different wavelengths) luminescence depending on its interaction with the
inorganic centers and coordination compounds.®*®® Adding to that, many external
factors are of interest with regards to changes in the photoluminescent intensity which
include the introduction of particular guest molecules, temperature, pH and even
humidity.®*® Subsequently, the potential selectivity of different classes of analytes
based on the MOF’s apertures is yet important, wherein molecules smaller than the
MOF’s porous channels are absorbed, excluding larger molecules.®® Such concept based
on size exclusion, also known as molecular sieving, is directly controlled via the design
of topology, nodes and organic links of MOFs; however, to date these systems have not
been highly developed. Hence, the pore sizes and topologies of MOFs in addition to the
presence of different exposed functional sites such as —NH;, —OH, and pyridine sites act
to enhance the MOF’s ability to recognize different metal ions.”"* Although the weak
intermolecular forces present between the organic linkers undoubtably play a role in
inducing luminescence functionality, the inorganic and organic moieties of the MOFs
provide a more powerful role to provide luminescence through metal-to-ligand charge
transfer (MLCT) or ligand-to-metal charge transfer (LMCT).”*"® Nevertheless, due to
the variety of mechanisms proposed, the exact route involving guest-host interactions,
electron charge transfer, or ionic vibrational processes remains a challenge. To this end,
the hybrid nature of MOFs, enables a wide range of proposed emissive modes which act

to generate luminescence as illustrated in Figure 1.10, which include:

1. Linker-based emission
Linker-based luminescence is common due to the typically conjugated ligands
incorporated within the MOF’s framework, especially with largely electronically inert

d'® metal ions such as Zn(11) and Cd(l1), that absorb in the visible or ultraviolet
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spectrum. Emission may correspond to be directly emitted from the linker, or due to
the involvement of charge transfer with the coordinated metal ions/clusters. Another
approach reported to achieve luminescent MOFs is interlocking rather non-emissive
linkers into the framework of MOFs in order to activate and enhance the luminescence
properties of such linkers. Recently, the photostability of porphyrin has shown a
remarkable enhancement upon locking it in a Zr-based MOF-525."*"> Additionally, the
introduction of functionalized organic linkers into MOFs structures is demonstrated by
ligand exchange or post synthetic modification as another powerful tool to fabricate
luminescent MOFs. For instance, emission maxima have been reported to change from
borderline ultraviolet to visible emission upon the incorporation of 1,1,2,2-

tetraphenylethylene in bio-MOF-101 upon irradiation with ultraviolet light.”

2. Framework metal ions

Metal-centered emission is primarily seen in lanthanoid ions as nodes which
comprise the f-block of the periodic table. Most transition metal elements containing
unpaired electrons in their d-orbitals are often selected as efficient quenchers (electron
acceptors), with the exception of d*° metal ion centers due to their unique
configuration.”” In contrast, lanthanoid ions are known to emit sharp yet weak
luminescence as most suffer from weak light absorption and low quantum yields.
Thus, in most cases, highly conjugated struts coordinated to the nodes of lanthanoid
ions or the proximity of an organic fluorophore within the framework act as antennas
to amplify the luminescence emission, wherein light is absorbed by the organic
counterparts to later transfer to lanthanoid ions, hence generate luminescence.
However, the method of tuning luminescent properties by the exchange of metal ions

present in the nodes of MOFs have been also reported. One example relies in the
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exchange of Zn(ll) ions in Zn3L,(DABCO) (HsL = [1,17:3°,1”-terphenyl]-4,4”,5’-
tricarboxylic acid and DABCO = 1,4-diazabicyclo[2.2.2]octane) with Cu(ll) ions to
obtain Zn,Cu-MOF and ZnCu,-MOF.”® Remarkably, these MOFs exhibit distinct
photoluminescence properties, especially in contrast to Cuz-MOF which demonstrates
non-emissive properties, where the incorporation of Zn(Il) within the framework to

obtain Cu,Zn-MOF also demonstrates a strong emissive response.

3. Encapsulated luminophores

The presence of pores in MOFs provides a powerful platform to entrap fluorophores
and other luminescent molecules to induce emission in an otherwise non-emissive
MOF. Alterations in the design of MOFs by tuning their hydrophilicity/ hydropho-
bicity, polarizability, size or chemical structure (functional groups) increase the control
and selectivity of the sensing analytes.”® Previous work have reported the enhancement
of photoluminescence by the introduction of aromatic guest species, where the
guantum yield was proven to increase upon the absorption of benzene and toluene, in
contrast to the empty framework where minimal luminescence was observed.®®
Furthermore, the in-situ encapsulation of fluorophores to generate white light from a
blue light source have been reported by Jing Li et. al.® It has been shown that using
ZIF-8 and UiO-66 frameworks to encapsulate yellow dye molecules as a host-guest
composites, emit white light that is initially excited by blue light with an increased
quantum yield, making it compatible with the recent commercial LED technology by

simple coating of LED lamp.
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Figure 1.10 Scheme depicting emission possibilities in a MOF structure

Consequently, potential signal transduction from luminescent MOFs adopt several
mechanisms. One of which is the solvochromatic effect, by which a wavelength shift in
the absorption band, thus in luminescence emission spectra is observed upon change in
in polarity of solvent.2* Nonetheless, knowing that MOFs are robust and do not dissolve
in common solvents, the effect is observed in the solid-state where the dispersion of
crystals in solvents of different polarities results in a change in polarity of the absorbed
guest molecules within the pores of MOFs, indicating the magnitude of solvent-MOF
interactions. Secondly, alteration of the electronic structure via changes in the
coordination spheres of MOFs affects the luminescence spectrum substantially. For
instance, having large coordination spheres (coordination numbers up to 12 are known),
Ln(I11) ions present as nodes in MOFs have the ability to bind and interact with guest

molecules directly, while being coordinated to the framework, to either increase or
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decrease the luminescence intensity.® The third is the most common form of signal
transduction which is photo-induced by absorption of guest molecules resulting in
guenching (turn-off), enhancement (turn-on) or occasionally a ratiometric probe. The
nature of these guest molecules indicates the relevant interactions with the structure
framework, whether they are electron donors or acceptors, thereby inhibiting or
enhancing the emitted signal.2>® Nonetheless, several drawbacks result in the latter
detection in luminescent MOFs, due to the effect of analyte concentration, coordination
environment and excitation wavelength, which results in low accuracy recognition.?’
Therefore, ratiometric sensing probes act to eliminate such shortcomings of a single
fluorescent signal by being independent of the above interfering factors; due to the
presence of multiple, self-calibrated and dual emission intensity signals that achieve
increased levels of detection.® This technique is commonly accompanied by
colorimetric changes as it mainly relies on the changes of the intensity of two or more
emission peaks that are induced by specific analytes, which in return provides an
internal standard and self-reference that results in a more accurate and sensitive
detection of analytes, disregarding any external interference from the environment.
Lastly, formation of an exciplex is yet another signal transduction mechanism where n-n
interactions between adjacent conjugated organic linkers or between an absorbed guest
molecule with a framework strut produces an excited complex upon absorption of a
photon, resulting in a unique and broad emission band. The orientation of the
component molecules, in addition to their separation distance is significant in this

emission state.
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OBJECTIVES

This thesis outlines a strategy for making novel MOFs from heterotopic linkers to
enhance and develop its performance in luminescent sensing applications. Such a
construct can be achieved by using linkers that have two or more different chelating
functionalities, in order to prepare a set of new materials with unprecedented chemical,
topological and photophysical properties, which will be explored for various
applications, mainly chemical sensing. In this thesis, the first primary focus is based on
4-pyridinecarboxylic acid linker (1) which incorporates carboxylate and pyridine
coordination sites. Secondly, another focus relies on integrating a more complex
heterotopic linker such as 2,2":6',2"-terpyridine-4'-carboxylic acid (cterpy) (2) which
incorporates three pyridine and one carboxylate coordination sites. The use of such
linkers resulted in the formation of two new MOFs having Cu(ll) as a metal center,
which are mainly employed to explore the concept of heterogeneity within order and its

various applications in chemical sensing.

(1) (2)

OH
]
N _~
4-pyridinecarboxylic acid 2,2".6',2"-terpyridine-4'-carboxylic acid
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CHAPTER II

MATERIALS AND METHODS

All reagents and chemicals were commercially available from Sigma-Aldrich and used

without any further purification.

A. Synthesis of AUBM-6

Cu(NO3),-3H,0 (0.4095 mmol, 98.94 mg) and isonicotinic acid (INA, 0.0819 mmol, 10
mg) were dissolved in a mixture of 2 mL N-methyl-2-pyrrolidone (NMP) and 1 mL
deionized water in a 4 mL vial. After being sonicated for 10 min, the subsequent
solution was heated at 100 °C for 84 hours. The resulting blue single crystals (Scheme
2.1) were left to cool down at room temperature then washed three times with NMP and
three times with methanol to obtain 83% yield based on INA. The fabrication of
AUBM-6 nanosheets (AUBM-6-NS) was done via top-down liquid ultrasonication
exfoliation method, by which 10 mg of the crystals were placed in 10 mL acetonitrile
and ultrasonicated for 10 hours at room temperature. A blue colloidal suspension was

obtained and centrifuged at 10 000 rpm for 1 hour to get the AUBM-6-NS nanosheet

materials.
OH
NMP [/ water
| N O 4+ Cu(NO;),3H,0 .
100°C / 84 hours
N _~

AUBM-6 crystals

Scheme 2.1 Synthesis route of AUBM-6 crystals starting from INA ligand.
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B. Synthesis of 2,2":6",2""-terpyridine-4'-carboxylic acid (cterpy) ligand

This compound is not commercially available and was provided by Dr. Tarek
Ghaddar’s research group. A mixture of 4 -(2-furyl)-2,2 :6 ,2- terpyridine (0.2991 g, 1
mmol) and KMnO4 (2.0544 g, 13 mmol) was added to 1:1 ratio THF/H2O and stirred
at room temperature for 24 hours. Then the suspension was filtered and washed with
water and ethanol then recrystallized from DMF to give 2,2 :6 ,2-terpyridine-4 -
carboxylic acid. All physical and spectroscopic properties were identical to previously

reported data for this compound.®

C. Synthesis of AUBM-7

ZrOCl;,-8H,0 (0.139 mmol, 25 mg) and benzoic acid ( 4.09 mmol, 0.5 g) were initially
dissolved in 2 mL N-dimethylformamide (DMF) and heated at 100 °C for 1 hour. After
the solution was removed and left to cool down at room temperature, Cu(NO3),-3H,0
(0.028 mmol, 7 mg), 2,2":6',2"-terpyridine-4'-carboxylic acid (cterpy) (0.036 mmol, 10
mg) and 20 pul of formic acid were added to the solution and sonicated for 10 min then
placed in the oven at 120 °C for 24 hours. The resulting green octahedral shaped
crystals (Scheme 2.2) were left to cool down at room temperature then washed with
DMF 3 times followed by acetone for 3 times to obtain 93% percentage yield based on

cterpy linker.

2 mL DMF
+ Formic Acid 20 pl
120°C/ 24 hours

ZrOCl,-8H,0,

Cu(NO,),'3H,0  +

AUBM-7 crystals

Scheme 2.2 Synthesis route of AUBM-7 crystals starting from cterpy ligand.

27



D. FT-IR measurements

The Infrared (IR) spectra were recorded on a FT-IR spectrometer Thermo-Nicolet

working in the transmittance mode, in the 450-3950 cm™ range.

E. Thermogravimetric analysis

Thermogravimetric Analysis (TGA) was performed with Netzsch TG 209 F1 Libra

apparatus within the ranges of 30°C and 1000°C.

F. Single Crystal X-ray Diffraction
Single crystal X-ray data were collected using Bruker Kappa APEX 1l diffractometer
with Mo-Ka (A = 0.71073 A), the data were corrected for Lorentz and polarisation and
a multi-scan absorption correction was applied using the APEX 111 suite. The structure
was solved using the direct method and refined using least square method incorporated
in SHELXTL package. Since the AUBM-6 crystals were twinned due to the stacking of
the plates, one phenyl ring was partially disordered while the solvent molecules were

completely disordered.

G. Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) patterns were collected using a Bruker D8 advance
X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40 mA (1600
W) using Cu-Ka radiation (A = 1.5418 A). The PXRD patterns were collected via 260

from 5°to 50°and a step size of 0.01°overnight.

28



H. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed using a MIRA3 Tescan electron
microscope, where the samples were first coated with a thin layer of platinum at an

acceleration voltage of 5-15 kV.

I. Brunauer-Emmett-Teller (BET) surface area measurement

The Brunauer—-Emmett—Teller (BET) surface area was measured using a Quantachrome-
NOVA 2200e-Surface Area and pore size analyser. The sample crystals were degassed

under Nitrogen at a temperature of 150 °C for 12 hours.

J. UV-Vis spectroscopy

The absorption spectra were recorded at room temperature using JASCOV-570 UV-vis-
NIR spectrophotometer. The sample crystals were initially dispersed in acetonitrile and

UV-Vis measurement was performed.

K. Fluorescence spectroscopy

The steady state fluorescence measurements were recorded with resolution increment of
1 nm, slit 5 using a HORIBA Jobin Yvon Fluorolog-3. The excitation source was 100 W
xenon lamp, and the detector used was an R-928 operating at a voltage of 950V. To

regulate the temperature, a thermostat was coupled with the sample holder.
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L. Solvent titrations

Suspensions of AUBM-6-NS were initially prepared by dispersing 5.00 mg in 10 mL
acetonitrile (CH3CN) solution for 10 min. Microvolumes (10 to 1000 pl) of 2% by
volume of acetone, chloroform, dichloromethane (DCM), dimethylformamide (DMF),
dimethylacetamide (DMA), tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP),
methanol, 1-butanol and 2-propanol in addition to pure deionized water were gradually
sensed against 3 mL standard emulsion of AUBM-6-NS. Intensity enhancement and a

bathochromic shift demonstrating a ratiometric probe was only observed for acetone.

M. Metal ions titrations

The nitrate metal salts used for luminescence sensing at room temperature are M"™ :
[Fe3+, Fe2+, A|3+, AS3+, Mgz+, C02+, Cd2+, Ni2+, Cu2+, Cu*, Mn2+, ng+’ Zn2+, Cr3+, Ca2+,
Pd** and Ag'] . AUBM-6 (5.00 mg) and AUBM-6-NS (5.00 mg) were dispersed and
ultrasonicated separately in 10 mL acetone for 10 min where the colloidal suspension
was obtained for each. The sensing measurements of 3 mL standard emulsions of
AUBM-6 and AUBM-6-NS were performed by adding gradual volumes of the metal
cation solutions having 2.5 ppm initial concentrations. Each titration measurement was
performed twice for reproducibility. No shift in the main absorbance band of the MOF
was observed; however, only intensity quenching was noted in the emission spectra

during titrations.
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CHAPTER 111

SYNTHESIS, CHARACTERIZATION AND APPLICATION
OF TWO-DIMENSIONAL METAL-ORGANIC
FRAMEWORK AUBM-6

A. Introduction

The synthesis of metal-organic frameworks, with various porous voids that are
self-assembled from metal ions/cluster and multitopic organic linkers have attracted
considerable amount of interest during the past decade, due to their promising
applications in gas storage/separation, sensing, molecular sieving and catalysis.**°
Current research on MOF luminescent sensing probes focus on the design of 3-
dimensional bulk-sized MOFs that in return limits their up-close interactions with
targeted metal ions.”®®" In order to synthesize an effective MOF sensor, binding sites,
powerful luminophore and a stable morphology are needed. Adding to that, using -
conjugated organic molecules also play a significant role in providing adequate binding
sites for different metal ions.***® For instance, 4-pyridinecarboxylic acid, also known
as isonicotinic acid (INA), having a whole n-conjugated backbone, tends to afford n-n

interactions either between adjacent conjugated ligands or adjacent guest molecules

upon its incorporation within the MOF’s framework.

It is still a great challenge to obtain 2D MOFs with atomic or molecular thickness in
high yields; nevertheless, previous methods have reported the exfoliation of 3D layered
MOFs into their complementary 2D nanosheets, hence retaining their structure and

topology.'®% Such exfoliation process is mainly based on delaminating these
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frameworks that are held together by weak interactions including van der Waals or
hydrogen bonding. Moreover, having relatively increased surface areas and ultrathin
thickness, the exfoliated 2D nanosheets exhibit more accessible active sites.'® As a
result, the complementary luminescent sensing properties either increase in sensitivity,

rate, activity or efficiency.

The development of sensitive and selective luminescent diagnostics towards late and
heavy transition metals is of immense and elevating interest, due to their various
cytotoxic effects and environmental and health complexities.® On one hand, a rare
transition metal, palladium (Pd"), is known to have a wide spectrum of hazardous
health effects even in minimal concentrations, which include skin and eye allergies,
perturbations of cellular processes and various environmental hazards.***%" For
instance, previous investigations have indicated that Pd®* jons can bind to DNA,

proteins, or other macromolecules such as vitamin B6'%

. Apart from this, it is well
established that several environmental agencies restrict the maximum dietary intake of
palladium to less than 1.5 -15 pg per day per person; in addition to its threshold in

drugs to be 5-10 ppm*%*°,

On the other hand, acetone, being a common solvent that plays a vital role in the
chemical industry, is known to be volatile, by which it irritates the eyes, skin and
respiratory tract upon too much exposure™*. Recently, luminescent MOFs have attracted
remarkable attention due to their advantageous ability to entrap guest molecules of
interest within their pores and keep them in close proximity to their active centers''?. To
date, there exist several MOFs previously reported for acetone sensing; however, most
of these MOFs exhibit lanthanide based-metal centres and only a few transition-metal
113-114 It iS

centres demonstrate unique selectivity towards detection of acetone molecule.

worthy to note that most of the latter reported MOFs exhibit a “turn-off” luminescent
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sensor; none of which exhibit a ratiometric characteristic probe. Up until recently,
ratiometric detection has taken a high toll in being successful methods in addressing

hybrid systems or organic fluorophores.'*

In this chapter, we report the synthesis and characterization of a chemically stable (in
common solvents) 2D-layered MOF, namely AUBM-6 (AUBM= American University
of Beirut Materials) and the fabrication of its layered structure into its complementary
2D thin nanosheets via top-down liquid ultrasonication exfoliation method. While the
copper-based MOF was investigated for photo-luminescence (PL) sensing towards
different metal ions and solvents, it was concluded that AUBM-6 is selective towards
Pd*" and acetone specifically having a “turn-off” and ratiometric diagnostic probes
respectively. To the best of our knowledge, there isn’t a reported transition metal-based

MOF exhibiting a ratiometric mechanism towards acetone detection.

B. Results and Discussion
1. Description of Crystal Structure

AUBM-6 crystals feature a 2D rectangular prism shape with multi-layered structure
topology as it can be seen in Fig. 3.1. Single-crystal X-ray diffraction analysis reveals
that the compound crystallizes in the orthorhombic, non-centrosymmetric space group
Pca2; with the lattice parameters of a = 23.8349(6) A b = 5.80370(10) A ¢ = 13.1873(3)
A and cell volume 1824.21(7) A® (Table 3.1). All the atoms are located at the general
Wyckoff position 4a. The asymmetric unit cell contains one Cu(ll) ion, two
crystallographically independent INA ligands, one water molecule and one NMP
solvent. The obtained formula of the structure is C;7H;7CuN30g. In order to verify that

the geometry of the penta-coordinated Cu(ll) in the MOF structure is square pyramidal,
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the structural parameter (ts= %L) is investigated by which its value was found to be

15.8 % where o (N-Cu-N) = 168.9°and p (O-Cu-O) = 178.5° represent the two basal
angles. Hence, in ideal square pyramidal geometry, s = 0 %, oo = 180" and 3 = 180° are
reported."®™’ The obtained 5 demonstrates a very small deviation of 15.8 % due to the
distortions in INA ligand. The Cu(Il) ion is coordinated to 4 INA ligands bonded
through alternating carboxylate and nitrogen ends to form one mononuclear heterotopic
secondary building unit (SBU) and also connected to water oxygen with bond distances:
Cu-O (carboxylate) around 1.94 A, Cu-N 2.02 A and 2.04 A and Cu-O (water) around
2.24 A. The coordination of water oxygen to Cu(ll) center orients perpendicularly to the
square planar INA ligands, forming the square pyramidal geometry; nevertheless, this
oxygen was omitted for structure clarity purposes. The Cu-INA ligands are bridging
through the N and O to form 2D-multi layers as shown in Fig. 3.1. The carboxylate and
pyridine units attached to Cu(ll) are in trans positions, hence two of the uncoordinated
oxygen atoms point either towards or away from the subsequent layer. There exist one-
dimensional porous channels centered around the distorted squared Cus(INA), units
with the Cu-Cu distances of 8.85 A and 8.93 A and the Cu-Cu diagonal distances of
11.93 A and 13.19 A. The distance between these layers is the size of the b-axis and it is
around 5.80 A taking the Cu-ions as reference. The layers are weakly connected to each
other through hydrogen bonds between water and nitrogen and carboxylate groups.
These interactions present between the layers are critical for delamination to occur by

ultrasonic exfoliation.
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Table 3.1 Crystal data and structure refinement of AUBM-6

AUBM-6
Empirical formula C17H17CuN3O4
Formula weight 413.80
Temperature, K 296(2)
0.71073

Wavelength, A

Crystal system Orthorhombic

Space group Pca2;
a A 23.8349(6)
b, A 5.80370(10)
c, A 13.1873(3)
a, deg 90°
P, deg 90°
v, deg 90°
Volume, A3 1824.21(7)
z 4
Density (calculated), Mg/m3 1.507
Absorption coefficient, mm1 1.235
832

F(000)

Crystal size, mm3 0.150 x 0.150 x 0.150

Theta range for data collection 3.419 to 25.997°.

Index ranges -25<=h<=29, -7<=k<=6, -16<=I<=15

Reflections collected 9627

Independent reflections 3523 [R(int) = 0.0369]

Completeness to theta = 25.242° 99.7%

Absorption correction Semi-empirical from equivalents

Max./min. transmission 0.7460 and 0.7111

Refinement method Full-matrix least-squares on F2
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Data / restraints / parameters 3523/31/235

Goodness-of-fit on F2 1.371
Final R indices [1 >20(1)] R; = 0.0540, wR, = 0.1364
R indices (all data) R;=0.0573, wR, = 0.1380
Absolute structure parameter 0.099(11)
Extinction coefficient N/A
Largest diff. peak and hole eA3 0.869 and -0.620

Figure 3.1 (A) Multi-layer view of the 1D channels of AUBM-6 (C;;H;;CuN3Og). (B) Coordination
mode dimensions of AUBM-6. (C) Coordination environment of the Cu®" ion in AUBM-6. (D)(E) 2D
multi-layer side view of AUBM-6. Copper (gold); Oxygen (red); Nitrogen (green), Carbon (black).
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2. PXRD Patterns and Thermogravimetric Analysis

The phase purity of the synthesized 2D AUBM-6 and AUBM-6-NS was verified by
PXRD by comparing the simulated and experimental patterns. The experimental
diffraction peaks are shown to be in good agreement with the simulated one as shown in
Fig. 3.2.A This verifies the crystalline identity and the purity of AUBM-6 and AUBM-
6-NS samples. The thermostability of AUBM-6 was studied by thermogravimetric
analysis (TGA) (Fig. 3.2.B) at the temperature range of 30-700°C. The TGA curve
represented a two-steps weight degradation within this temperature range. The first step
is demonstrated from 30 to 100 °C with an estimate of 3.71% weight loss attributed to
the escape of water molecules from the framework. The second 53.13% weight loss is
represented by a steep declination at 250 °C establishing a correlation with the

decomposition of the MOF structure and discharge of the organic ligands.
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Figure 3.2 (A) Simulated and experimental PXRD patterns of AUBM-6 and AUBM-6-NS before and
after acetone and Pd** sensing (B) Thermogravimetric analysis of AUBM-6

3. FT-IR spectrum analysis and BET surface area measurement

Analysis of the FT-IR spectrum of INA shows one weak band between 3000 cm™
and 3250 cm™ indicating the stretching vibrations of N-H secondary amine group (Fig.
3.3). The downfield shift of peaks at 1608.1 cm™ and 1384.6 cm™ in AUBM-6 towards
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lower wavenumbers from the original peaks of INA present at 1409.7 cm™ and 1712.5
cm’ thus to lower energies favour the coordination of the metal cations to the organic
linkers. The absence of the -OH stretching band at 2429.3 cm™ in AUBM-6 verifies the

carboxylate coordination group in INA to Cu?".

AUBM-6
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Figure 3.3 FT-IR spectrum of INA ligand and AUBM-6.

The N3 sorption isotherm of AUBM-6 at 77 K shows a reversibility adsorption
behaviour characterizing the layered microporous material (Fig. 3.4). BET surface area

was calculated to be 233 m*.g™.
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Figure 3.4 BET surface area measurement curve of AUBM-6.

4. Effect of exfoliation on PL-spectra of AUBM-6

The ultrasonic exfoliation of AUBM-6 resulted in few-layer nanosheets. To further
confirm the delamination procedure, scanning electron microscopy (SEM) was carried
out to investigate the morphologies of the exfoliated and non-exfoliated crystals. As
shown in Fig. 3.5, SEM images of AUBM-6 reveal bulk rectangular crystals with a
multi-layered structure having lateral dimensions up to 50 um. In contrast, SEM images
of the exfoliated AUBM-6-NS show a significant decrease in the lateral dimensions that
varies to less than 200 nm. This demonstrates that the multi-layered structure of
AUBM-6 withstands a strongly bonded intralayer assembly and exhibits weakly bonded
interlayer interactions, which allow it to be readily delaminated into few-layer
nanosheets, hence preserving its initial parent topology as evidenced by the PXRD

pattern of the crystals performed after sonication (Fig. 3.2.A).
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100 pm

Figure 3.5 SEM images of (A) Bulk crystals of AUBM-6 (B) Single crystal of AUBM-6 (C)(D) Layered
morphology of AUBM-6 (E)(F) Exfoliated few layer nanosheets of AUBM-6-NS

One reasonable explanation of the retention of topology between the 2D bulk and
exfoliated materials is that ultrasonic waves generate shear forces or cavitation bubbles
upon the layered species, generating high energies that result from the collapse of
bubbles. Thus, such voids lead to break up the weak bonds between the layered species
into their complementary single or multi-layered nanosheets without interfering in the
intralayer structure of the MOF. The PL properties of the free INA ligand, AUBM-6 and
AUBM-6-NS crystals were investigated at room temperature. As shown in Fig. 3.6.A,
there is no overlap between the absorption spectrum of acetone and the excitation band
of AUBM-6-NS, which confirms that acetone has no competitive energy absorption
within the MOF’s framework. As a result, this shows that acetone molecules may

enhance ligand-to-metal charge transfer efficiency from INA ligand to Cu®* centres.
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Figure 3.6 (A) UV adsorption spectrum of blank acetone (blue) and excitation spectrum of AUBM-6
(black) (B) UV-Vis Spectrum of INA ligand and AUBM-6 in acetonitrile CH3;CN.

Upon excitation at 285 nm (Fig. 3.6.B), AUBM-6 shows a broad emission peak at 409
nm, which may be attributed to n-7* or n-z* transitions (Fig. 3.7). Moreover, having the
same emission band as INA, AUBM-6 is observed to have an induced ligand centred
emission. It is noteworthy that the emission intensity of AUBM-6-NS is shown to be up
to 3-folds greater than that of the bulk AUBM-6. Hence, it is proposed that the PL-
spectra of the bulk AUBM-6 may exhibit a self-quenching mechanism, upon which their
respective delamination into ultrathin nanosheets is observed to activate the MOF into

its PL properties.
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Figure 3.7 PL-spectra of INA, AUBM-6 and AUBM-6-NS in acetone at A, = 285 nm
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5. Ratiometric selectivity towards acetone

AUBM-6-NS crystals were initially dispersed in acetonitrile CH3CN solution at an
excitation wavelength 285 nm. The PL-spectra gave a characteristic emission band at
317 nm as shown in Fig. 3.8 Upon gradual titrations of different organic solvents, in
addition to deionized water, the resultant peak emissions showed no significant change
at 317 nm, except for acetone, where a red shift to 409 nm was observed. The most
interesting feature is that upon the addition of increasing volumes of acetone, the
luminescent intensity at 317 nm substantially decreased and a broad new emission peak
at 409 nm gradually appeared. The addition of only 0.0067% of acetone initiates
guenching of the initial parent intensity thus, the addition of 0.5% of acetone can
completely quench the band centered at 317 nm (l3;7) and generate a completely red
shifted peak centered at 409 nm (l409). Such a significant bathochromic shift not only
enables the accurate sensing of acetone, but also induces an accurate measurement of
the two emission intensities generated by a large ratiometric value variation. In fact, as
the volume of acetone is increased, the emission intensity ratio (l409/l317) IS found to be
linearly proportional to the content of acetone added between the range of 0.0067-
0.50%. The proposed mechanism behind the observed quenching effect of the parent
peak may be attributed to minor interactions between the MOF’s structure and acetone,
by which upon excitation, energy is transferred from the INA ligands to acetone
molecules resulting in a significant ratiometric effect. It is also suggested that the
acetonitrile molecules that are weakly coordinated to the open metal sites of Cu®* are
gradually replaced by the acetone molecules, leading to their significant signal

diminishing and peak shifting effects.

42



w
o
Ll
o

—1-butanol
——2-propanc|

-
o
i

El

@ 2.5 — Acetone
‘o —— Chloroform
= ——DCM
220 =

g Methanol
£ 1.51 ——NMP

= ——THF

8 —H,0

c

@

o

a

g

o

=

w

Fluorescence Intensity (x10° a.u)

v T b T i T — _l - . T T T T T T T T
300 350 400 450 500 550 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 3.8 (A) PL-spectra of AUBM-6-NS upon addition of different organic solvents (2.0 vol%) at 1000
pl. (B) Ratiometric probe of AUBM-6-NS initially dispersed in CH3CN upon gradual titration with
acetone at (1) O pl and (2) 1000 pl. Inset: Intensity ratio at 409 nm and 317 nm PL emission of AUBM-6-
NS upon addition of different amounts of acetone (at Aex = 285 nm)

Unlike most lanthanide and transition metal-based MOFs that require pre-activation
before performing the PL-spectra due to the hindrance effect of other solvent molecules
present in their voids, the activation of AUBM-6-NS prior acetone detection is by-
passed due to its ratiometric characteristic probe. Furthermore, as shown in Table 3.2, it
is important to note that previously reported MOFs exhibit a “turn-off” mechanism
towards acetone sensing, unlike AUBM-6-NS which interestingly demonstrates a

ratiometric detection.
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Table 3.2 Literature survey about previously reported MOFs towards acetone sensing. LOD: Limit of
detection.

Luminescent Materials Detection Method LODnmin (v0I%) Ref.
Eu(BTC)(H20),5 turn-off 0.31 ]
Eu(BTB)(H20), turn-off 0.010 M

Thy(e-L)2(1-HCOO) (Us-OH)s (13-
turn-off 0.20 ™4

0)(DMF),(H,0),
[Cds(tib),(BTB),(DEF)3]4(H,0)s turn-off 0.075 [
Cds(tib),(BTB),(DMA),(H20), turn-off 0.085 [
Yb(BPT)(H,0)(DMF) 5(H20); 55 turn-off 0.50 i
Th(BTC)(H20)s turn-off 0.28 ]
Cds(L)(H,0),(DMF),](DMF)s turn-off 0.10 |
Cds(dib)(L)](H20)3(DMA)s turn-off 0.20 [
AUBM-6-NS ratiometric 0.0067 This work

The PXRD pattern of AUBM-6-NS after acetone detection (Fig. 3.2.A) proves to be
consistent with original sample, thus ruling out the collapse of the framework. The
photostability of AUBM-6-NS in acetone was also examined as shown in Fig. 3.9. It is
noteworthy that upon continuous excitation at 285 nm and collection of emission
intensity at 409 nm for 60 min, only a 7% decrease in PL intensity was observed, hence
it is believed that the dispersion of AUBM-6-NS in acetone is concluded to be stable

and far from significantly inducing photodegradation.
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Figure 3.9 Fluorescence intensity versus time trajectories of AUBM-6-NS upon continuous excitation at
Aex = 285 nm

Moreover, the reversibility potential of the newly originated peak at 409 nm upon
gradual increase in temperature was examined. Impressively, upon increasing the
temperature from 25 °C to 30 °C, a noticeable decrease in 1409 and an increase in lz;7 is
observed as shown in Fig. 3.10.A. Upon further increase in temperature, a continuous
decrease in 149 is noticed until T =50 °C, where a complete quenching resulted and a
complete regeneration of I3;7 occurred. The gradual evaporation of acetone molecules
resulted in the blue shift of intensity to its original parent peak (ls17), proving the
AUMB-6-NS selectivity towards acetone. Moreover, to check the recyclability of the
latter process, acetone was re-added, and the effect of temperature increase on the
ratiometric process was studied. Remarkably, the regeneration of the peak at 317 nm
and disappearance of the peak at 409 nm was achieved up to 5 times with no significant
change in the peak intensities as shown in Fig. 3.10.B. Colorimetric changes
corresponding to the ratiometric changes were also examined. Hence, exposing the
dispersed AUBM-6-NS in acetonitrile to ultraviolet radiation exhibits no visible

emission (ls17), in contrast to that of acetone where a pale violet color is observed
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Figure 3.10 (A) Reversibility of ratiometric peaks upon gradual increase in temperature from (1) 25 C
(2) 30°C (3) 35°C (4) 40 °'C (5) 45 'C (6) 50 'C at A = 285 nm. Inset: Colorimetric changes of AUBM-6-
NS in (i) acetone under visible light (ii) acetonitrile under ultraviolet light (iii) acetone under ultraviolet
light. (B) Recyclability of the ratiometric peaks of AUBM-6-NS after temperature increase (pink: 13;7)
and (blue: 1499)

6. PL-spectra of AUBM-6-NS “turn-off” towards Pd**

Considering the open carboxylate sites present on the INA ligand coordinated
within the MOF’s framework, we examined its potential for sensing different metal
cations in water. After the dispersion of AUBM-6-NS in acetone, different metal cations
having initial concentrations of 2.5 ppm were individually and gradually titrated upon
its standard emulsion. As shown in Fig. 3.11, most metals examined either had no or a
slight significant effect on the PL intensity, except for Pd®*, by which a substantial
quenching, up to 90% occurred. Initially, the quenching interaction began upon the
addition of 0.02 ppm of Pd**, upon which the gradual increase in its concentration
resulted in a decrease in its PL intensity reaching a maximum quenching at 0.8 ppm
(Fig. 3.11.C). Colorimetric changes upon titration of different metal cations at 0.8 ppm
was also observed (Fig. 3.11.D). Upon the addition of Pd*" ion, the pale violet color

disappeared under ultraviolet light illumination as it can be clearly observed by the
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naked eye. In contrast, upon the addition of other metal analytes, no considerable

change in the color of the solution was noticed.
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Figure 3.11 (A-B) PL quenching intensities of different metal cations upon addition of 0.8 ppm at Ag, =
285 nm. (C) PL spectra of AUBM-6 upon gradual titrations at (1) 0 ppm and (2) 0.8 ppm of Pd** ions at
ex = 285 nm. Inset: Stern-Volmer plot demonstrating gradual Pd?* titrations (D) Colorimetric changes of
AUBM-6-NS is solution upon addition of 0.8 ppm of different metal cations

Analysis of the steady state emission data using the Stern-\Volmer plots between Fo/F
and [Pd*"] was employed to determine its K, value. Consequently, the K, value
obtained upon the gradual addition of Pd** was determined to be 1.6 x10* M indicating
higher levels of quenching, thus higher levels of sensitivity and binding interactions

towards AUBM-6-NS. The obtained K, values are found to be comparable to other

suspension based Pd?* sensors as shown in Table 3.3.
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Table 3.3 Literature survey about previously reported chemo-sensors towards Pd®* sensing. PA: Picric
acid; NA: Not applicable; LOD: Limit of detection

Chemo-
Selectivity Sensing method | LODyin (ppb) | Ky, value (M™) Ref.

sensor
Zn-MOF | Fe** and Pd** turn-off 35 4.2 x10* 1
Cd-MOF | Fe** and Pd** turn-off 18 7.9 x10* 1
Zn-MOF | Pd* and PA turn-off 30 3.6 x 10* 7]
Eu-MOF Pd** turn-off 44 7.8 x 10° [
RPd4 Pd** turn-on 50 NA ']

AUBM-6-NS Pd** turn-off 20 1.6 x10* This work

Moreover, the effect of exfoliation on the sensing properties of the MOF was further
studied. As shown in Fig. 3.12, gradual titrations on emulsions of AUBM-6 showed
minimal quenching properties in addition to its relatively lower luminescence intensity
compared to that of AUBM-6-NS. This proposes that upon exfoliation, more open
binding sites are exposed, which attract more Pd** ions into the MOF’s pores and keep
them in close proximity to the conjugated ring present in INA linker, hence causes a
perturbation within its electronic structure. Such perturbation causes an alteration in the
excited state of the INA linker, which in return inhibits LMCT charge transfer, inducing

quenching.
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Figure 3.12 Effect of exfoliation on sensing Pd** at 0.8 ppm of AUBM-6-NS and AUBM-6

In order to understand the selective quenching behaviour of Pd** towards AUBM-6-NS
in the presence of other metal ions, competition experiments were performed as shown
in Fig. 3.13. Upon the addition of different metal ions at increasing concentrations, none
or a slight quenching was observed up to a saturation limit, by which following the
addition of Pd**, the PL intensity was completely quenched, hence verifying its

remarkable selectivity.
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Figure 3.13 The change in fluorescence intensity of AUBM-6-NS in acetone upon addition of (A) As**
(B) Fe** (C) Zn*" (D) Cr*" followed by 0.8 ppm Pd?* solution.

Furthermore, the effect of pH on the quenching response of AUBM-6-NS towards Pd*
was studied at pH =4, 6 and 10 (Fig. 3.14). Results show that as pH decreases the
guenching efficiency was enhanced, where at pH = 4, a 100 % quenching was observed
upon addition of 0.57 ppm of Pd®* compared to that of 0.8 ppm at neutral pH. In
contrast, as the medium turns basic, quenching efficiency was recorded to decrease.
Interestingly, the control experiments demonstrate that the PL of AUBM-6-NS is pH
independent, where no change in intensity was observed upon changing the pH value.
However, the observed slight decrease in PL intensity of AUBM-6-NS in the latter pH is
due to dilution effects (upon addition of 700 pl). In order to explain this enhancement in
the quenching behaviour, we investigated the distribution curve of Pd** species in

aqueous solution at different pH.'?®
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Figure 3.14 (A)(B)(C) Control experiments upon the addition of 700 pl pure solutions without Pd**ions
(D)(E)(F) Quenching experiments having Pd** ions in corresponding pH solutions upon addition of (1) 0
pl (2) 700 pl.

It can be seen that at high pH (> 8), the hydroxylated species of Pd** are predominant.
Hence, it is concluded that the non-hydroxylated versions have higher affinities towards
AUBM-6-NS which resulted in a complete quenching of the PL intensity at pH = 4 at
lower concentrations. This shows that Pd** ion detection is not only sensitive in neutral
mediums, but also in acidic environments as well. The sensitivity of AUBM-6-NS
towards Pd** is demonstrated to be among the lowest detected, by which its detection
limit was found to be 0.02 ppm which is much beneath the permissible limit set by
World Health Organization (WHO) for Pd?* in drug chemicals (5-10 ppm)*®. Moreover,
since the Stern-Volmer plot represents a straight line, the presence of dynamic
(collisional) quenching is concluded to deactivate the fluorescent excited state of
AUBM-6-NS, thus decreasing its luminescent intensity. The proposed mechanism of
such quenching relies behind the 7-philic nature of Pd®* which may coordinate with the
unsaturated alkene moieties (-CH=CH-) present in INA ligand through (n-d) transitions

(Scheme 3.1).
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Scheme 3.1 Proposed pathway of the quenching mechanism of AUBM-6-NS upon the addition of Pd®*
ions. Copper (gold); Oxygen (red); Nitrogen (green), Carbon (black).

Moreover, according to the Pearson acid-base (HSAB) concept, the pyridine functional
group in INA ligand, being a borderline base (electron pair donor) may act to enhance
the electron transfer to Pd** ions that are known to be soft acids (electron pair

124 which in return may explain its high quenching selectivity. The stability

acceptors)
of AUBM-6-NS was also studied, by which PXRD pattern of MOF crystals after
sensing Pd** (Fig. 3.2.A) was shown to be in agreement with that of the original sample,

thus inferring the framework’s stability after sensing.

C. Conclusions

A new metal organic framework (AUBM-6) structure is successfully synthesized and

fully characterized. The synthesized MOF exhibits a 2D-layered topology that is
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activated into its luminescence sensing properties via top down liquid ultrasonication
exfoliation of its bulk topology into a few-layer nanosheets. PL investigations of
AUBM-6-NS exhibits a ratiometric response towards acetone and a selective and highly
sensitive turn-off quenching mechanism towards Pd?* at trace concentrations, even in
the presence of competing metal ions. The mutual existence of a ratiometic and turn-off
probe suggests the presence of electron transfer mechanisms which demonstrated
AUBM-6-NS selectivity towards acetone and Pd** respectively. The detection of Pd**
was among the lowest reported, which is also below the permissible limits set by WHO.
Moreover, the present work may be of great potential demonstrating a dual sensing
fluorescent MOF as acetone sensor for medical diagnostics and monitoring, as well as
Pd* ion detection present in reaction vessels thus preventing hazardous environmental

and health concerns.
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CHAPTER IV

SYNTHESIS AND CHARACTERIZATION OF NEW ONE-
DIMENSIONAL METAL-ORGANIC FRAMEWORK AUBM-7

A. Introduction

In this chapter, the successful incorporation of a heterotopic ligand, 2,2".6',2"-
terpyridine-4'-carboxylic acid within a new metal organic framework is investigated.
Terpyridine ligands have been extensively used in organometallic chemistry, due to their
strong impact on coordination chemistry (Fig. 4.1).® Having intrinsic lone pairs and
low LUMO, nitrogen atoms play a crucial role in providing a strong platform for
coordination sites with various metal cations in a nearly planar geometry.****%° As an
NNN-type Pincer ligand, terpyridine provides tight monodentate chelation via each
nitrogen with various metal ions including Ru**, Os®*, Fe®* or Cd*. Carboxylates, on
the other hand, may act as monodentate or bidentate bridging chelating ligands.**® The
presence of both functionalities within the same ligand enhances the formation of
different and unprecedented complexes with various metal ions as is the case with
2,2".6',2"-terpyridine-4'-carboxylic acid (Fig. 4.1). Moreover, due to the presence of
extended aromatic system within the ligand, intermolecular interactions originating
from the delocalization phenomena leads to n—=r stacking, which could be relatively
strong interactions, consequently exploiting its arrangement from a rather 1D

coordination toward 2D or 3D array.**!
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Figure 4.1 2,2":6',2"-terpyridine (left) 2,2":6',2"-terpyridine-4'-carboxylic acid (right).

With the vast library of different complexes reported, it is worthy to note that the
incorporation of heterotopic terpyridine linkers within metal-organic frameworks is still
a challenge. In 2019, our research group reported the successful incorporation of
photoactive bis(4'-(4-carboxyphenyl)-terpyridine)ruthenium(l1) linked by Zr atoms that
are octahedrally coordinated with O atoms into robust metal-organic framework
AUBM-4, as an efficient photocatalyst for carbon dioxide reduction to formate ions
under visible light irradiation.*® The incorporation of the terpyridine based complexes
into the MOF’s structure resulted in an enhanced photoactive material in comparison
with its Ru(terpyridine) complex and its derivatives.*® in addition to its photocatalytic
applications, terpyridine-based MOFs have exhibited promising applications in the
fields of catalysis, gas adsorption, C-H activation, lanthanide separation and
luminescence.’****" In this chapter, we report the synthesis and characterization of a
novel MOF, incorporating 2,2".6',2"-terpyridine-4'-carboxylic acid as a linker
coordinated with Cu(ll) ion to form a 1D network extended via n—= stacking to form 3D
octahedrally shaped crystals. The resulting green crystals were characterized by single
X-ray diffraction analysis, PXRD, TGA, SEM and uv-vis and fluorescence

spectroscopy.
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B. Results and Discussion

1. Description of Crystal Structure

AUBM-7 crystals exhibit a 1D coordination mode with multi-layered structure
topology similar to AUBM-6. As it can be seen in Fig. 4.2, single-crystal X-ray
diffraction analysis demonstrates that the compound crystallizes in the monoclinic,
centrosymmetric space group P21/n with lattice parameters of (a = 8.1981(7) A, b =
14.6320(12) A, ¢ =11.5208(9) A, 0. =90°, p = 92.297°, y = 90° and cell volume
1380.86 A%). The symmetric unit cell contains two Cu(ll) ions, one crystallographically
independent 2,2":6',2"-terpyridine-4'-carboxylic acid (cterpy) and one chloride ion. The
acquired molecular formula of the structure is C15H10CuN3O,Cl. The geometry of the
Cu(Il) coordination sphere in the MOF structure forms a square pyramidal, where
Cu(ll) is coordinated to 3 nitrogen atoms of the terpyridine unit and 1 chloride ion
forming the square base. The coordination of an oxygen atom from the carboxylate end
of a second cterpy ligand orients perpendicularly to the square base forming the square
pyramidal geometry. The bond distances of the respective latter coordination ranges for
Cu-N 2.051 A, Cu-0 2.157 A and Cu-Cl 2.254 A. The [Cu-cterpy], are bridging
through the terpyridine and oxygen atoms in a trans and one-dimensional manner
alternatively and extended parallel to the b-axis forming a zigzag-like structure. The
subsequent uni-dimensional layers orient in the opposite direction than the previous
layer forming the multi-layer structure topology, which are held together by weak
intermolecular forces, mainly n—= stacking. The layers directed along the a-axis and the
distance between consecutive layers ranges between 3.337 A and 3.342 A taking N-C

atoms as reference.
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Figure 4.2 (A) Crystal 1-dimensional structure of AUBM-7 (B) Coordination environment and reverse
orientation of subsequent multi-layers of AUBM-7. (C) One-dimensional coordination route of AUBM-7
along b-axis (D) Multi-layer view of AUBM-7 (E) n—n stacking of AUBM-7. Copper (gold); Oxygen
(red); Nitrogen (green); Carbon (black); Chlorine (yellow).

Table 4.1 Crystal data and structure refinement of AUBM-7

AUBM-7
Empirical formula C16H10CuN;0,Cl
Formula weight 375.26
Temperature, K 100
Wavelength, A 0.71073
Crystal system Monoclinic
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Space group P2./n

a A 8.1981(7)
b, A 14.6320(12)
c, A 11.5208(9)
a, deg 90°
B, deg 92.297(3)°
7, deg 90°
Volume, A3 1380.9(2)
z 4
Density (calculated), g/cm3 1.805
Absorption coefficient, mm-1 1.788
F(000) 756
Index ranges -14<=h<=14, -26<=k<=26, -20<=I<=20
Reflections collected 8656
Independent reflections 7876 [R(int) = 0.0315]
Completeness to theta = 25.242° 99.0 %
Absorption correction Multi-scan
Max. and min. transmission 0.748 and 0.700
Refinement method Full-matrix least-squares on F2
Goodness-of-fit on F2 1.109
Extinction coefficient N/A

2. Powder X-ray Diffraction and Thermogravimetric Analysis

The phase purity of the synthesized AUBM-7 was verified via PXRD by comparing
the simulated and experimental patterns. It is noteworthy that the experimental
diffraction peaks are shown to be in good agreement with the simulated one (Fig.
4.3.A). This verifies the crystalline identity and phase purity of AUBM-7 sample. The

thermostability of AUBM-7 was studied by TGA (Fig. 4.3.B) within the temperature
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range of 30-1000 °C. The TGA curve represents a one-step weight degradation within
this temperature range. At 300 °C, there is estimate of 40 % weight loss attributed to the

decomposition of organic ligands and the MOF structure.
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Figure 4.3 (A) PXRD patterns of simulated and as-synthesized samples of AUBM-7. (B) TGA of
AUBM-7 between temperature range 30-1000°C.

3. Scanning Electron Microscopy of AUBM-7

AUBM-7 crystals feature polyhedral like shape obtained by stacking of multilayers
of [terpy-Cu] as it is demonstrated in Fig. 4.4. In contrast to AUBM-6, ultrasonic
assisted exfoliation of the bulk layers into few-layer nanosheets could not be carried out
under the same experimental conditions. This can be explained by the fact that the
displacement of the aromatic rings on top of each other (= 3 A) through the strong n—=
interactions, stabilize the bulk crystals.*® Thus, upon subjecting the crystals to

ultrasonication, the breakdown of crystals is observed rather than their exfoliation.
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Figure 4.4 SEM images of (A) single crystal of AUBM-7; (B) top view of AUBM-7 single crystal; (C)
and (D) multilayers topology of AUBM-7.

4. Uv-vis and Fluorescence Spectroscopy
The PL of AUBM-7 was investigated at room temperature. The Uv-vis spectrum
of AUBM-6 shows two distinct absorption bands at 250 nm and at 350 nm. At an
excitation wavelength of 250 nm, AUBM-7 is shown to have two overlapping shoulder
peak emission bands at at 310 nm and 365 nm which are independent from the
excitation wavelength, resulting in blue emission. It is concluded that the PL emission
spectrum is a partial ligand-based emission due to n—r* transitions as it can be seen in

Fig. 4.5.
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Figure 4.5 Absorption spectrum of AUBM-7 and emission spectra of AUBM-7 and free cterpy ligand at
Aex =270 nm.

C. Conclusions

AUBM-7 was successfully synthesized from 2,2":6',2"-terpyridine-4'-carboxylic
acid linker to obtain a 1-dimensional multilayered metal-organic framework.
Nevertheless, AUBM-7 have displayed strong intermolecular interactions demonstrated
by m—n stacking, yielding a 3-dimensional extended network which prevented their
separation into few or multi-layer nanosheets. As shown by single crystal X-ray
diffraction, the aromatic rings in the cterpy linker coordinated within the framework are
oriented and displaced in a parallel manner with very low separation distance which
reinforced such interactions greatly. Potential solvent sensing and metal cation sensing
experiments are to be investigated and compared due to the more complex structure of

the cterpy linker in comparison to INA ligand.
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CHAPTER V

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

This thesis has covered two projects based on the synthesis and characterization
of two novel and Cu(ll)-based metal-organic frameworks AUBM-6 and AUBM-7
incorporating heterotopic linkers for chemical sensing applications.

The first portion (Chapter I111) demonstrated the successful incorporation of INA linker
resulting in a layered 2-dimensional MOF. The four INA linkers were incorporated
alternatively via N and O coordinating units, hence utilizing both chelating counterparts
of the heterotopic linker within the structural framework. Each layer adopted weakly
intermolecular forces held together by hydrogen bonds via the open O site,
corresponding to the carboxylate functional group, and water molecules present within
the interlayers of the framework. The delamination of the bulk layered AUBM-6 into its
ultrathin few layer nanosheets proved to have a successful outcome on enhancing the
detection threshold towards ratiometric and turn-off sensing of acetone and Pd(l1)
respectively. It has also proved to be selective to Pd(ll) sensing in the presence of
competing metal cations and at acidic pH levels. Up to our knowledge, there has not
been a reported transition metal-based MOF exhibiting a ratiometric sensing probe of
acetone that is highly sensitive and provides real time monitoring of acetone levels.

In the second part (Chapter 1V), we explored the incorporation of a more complex
heterotopic linker (cterpy) into the framework, resulting in the formation of a 1-
dimensional MOF; where Cu(ll) ion is linked to cterpy linker on the terpyridine end of
one linker and the carboxylate end of the other correspondingly. The coordination is

oriented along the b-axis in a zig-zag kind of manner, allowing the n—r stacking of the
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phenyl rings between consecutive layers, yielding a 3D extended network. On the
contrary to AUBM-6, AUBM-7 did not exhibit similar intermolecular interactions, by
which the delamination of the sequential layers could not be performed. The PL
properties of AUBM-7 open new doors for the investigation of different chemical
sensing applications as an initial attempt to understand further and investigate the
proposed mechanisms including the MOF-guest interaction analysis that were present in
AUBM-6.

As of future perspectives, since AUBM-6 and AUBM-7 have a square planar base, the
incorporation of Pt(I1) and Pd(Il) is to be inspected by metal exchange reaction or via
in-situ synthesis. Such a construct opens new pathways for research applications, by
which multivariate systems may act to either enhance or add new functional properties,
specifically catalysis. Moreover, the expansion of these frameworks will also be
considered, where extended versions of the ligands integrating an additional phenyl ring
will be employed to inspect their respective possible pore extension in AUBM-6 and
AUBM-7.

Another scenario may arise upon the isolation of different molecular complexes
incorporating INA or cterpy and their assimilation within MOFs resulting in a mixed

metal system.




For example, isolating cterpy with Ru(l11) in a 2:1 ratio (1) gives rise to the possibility
of integrating another metal on the carboxylate open end of the complex. Similarly,
since AUBM-6 exhibits a square planar base geometry, the substitution of Pd(Il) or
Pt(11) and its isolation into a complex (2) may initiate the probability of the
incorporation of a different metal forming a mixed metal framework yielding various

topological structures.
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