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AN ABSTRACT OF THE THESIS

Mahmoud Khaled Elcheikh Mahmoud for Master of Science
Major: Chemistry

Title: Synthesis and characterization of new metal-organic frameworks (MOFs) for
sensing and catalysis applications.

Metal organic frameworks (MOFs) are an emerging class of porous materials that
have earned a significant amount of attention due to their design flexibility from their
building blocks of organic linkers and inorganic clusters. In order to enhance the
performance and to develop novel applications using MOFs, we outline here the design
and synthesis of new kind of MOFs using new type of linkers. From the proposed linkers,
we will be able to prepare a set of new materials with unprecedented electrical, chemical,
and topological properties for applications including sensing and catalysis. In our
proposed research work, we aimed to synthesize new type of MOFs to be used in sensing
and photocatalysis. To this end, a new series of Lanthanides Metal Organic Frameworks
(LnMOFs) was synthesized via solvothermal reaction. The four new luminescent MOFs
synthesized by mating LnNO3s.6H20 where Ln is (La and Ce) cations with 1,5 dihydroxy-
2,6-naphthalenedicarboxylic and 2,6-naphthalenedicarboxylic acid. In this project,
AUBM-2(Ce) and AUBM-3(Ce) were selected for sensing the heavy toxic metals (Pb(ll),
Cr(1V), As(I11), Cd(I1), Hg(11)) and for paraquat. The hydroxyl-functionalized structures
have shown to be promising luminescent sensory materials with high selectivity and
sensitivity towards the detection of mercury. In a second part of our research work, our
focus was on the development of new MOFs for photocatalysis applications. We report
the successful incorporation of the photo-active bis(4-(4-carboxyphenyl)-
terpyridine)Ruthenium(l1) (Ru(cptpy)2 strut into a robust metal organic framework,
AUBM-4. The single crystal X-ray analysis revealed the formation of a new one-
dimensional structure of Ru(cptpy). complexes linked together by Zr atoms that are eight
coordinated with O atoms. The chemically stable MOF structure was employed as an
efficient photocatalyst for carbon dioxide conversion to formate under visible light
irradiation. To the best of our knowledge, the obtained conversion rate was among the
highest reported in the literature for similar systems. Our strategy of using the Ru(cptpy)2
complex as a linker to construct the MOF catalyst appears to be very promising in
artificial photosynthesis.
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CHAPTER |

INTRODUCTION

1. Preamble

Metal organic frameworks (MOFs) are a novel class of crystalline materials
comprised of metal nodes and organic linkers connected via coordination bonds. These
materials are organized in a 1D, 2D, or 3D extended network so that pores of regular
sizes are obtained . MOFs constitute an active research topic for the past twenty years
due to their rich chemistry and unique characteristics such as high surface area exceeding
10000 m?/g,>1° relatively high mechanical and thermal stabilities**'?, along with the
possibility of being adjusted while conserving the functional sites*®. MOFs showed great
potential applications in several fields including catalysis'4, gas storage®®, magnetism®®,
sensing, adsorption®” and luminescence!®, in addition to drug delivery®®, biomedical
imaging?°, antimicrobial activity?!, dye sensitized solar cells??, storage and encapsulation
of dyes and pH sensitive molecules?®-2*. Moreover, synthesis of MOFs is directed under
mild conditions. Where many kinds of functional groups can be incorporated directly into
their structure, which is sometimes problematic for zeolites and carbon-based porous
materials. Interestingly the pore shape, pore size, surface functionalities, and network
topology can be tuned systematically by altering the metal clusters and /or the organic
linkers. Therefore, the structures and properties of MOFs can be designed to fit the needs
of specific applications. MOFs are very attractive because of their tunability and
remarkable degree of diversity in the inorganic and organic units they can possess in their

structures, a feature that make MOF chemistry as one of the most developed field in



material science®. In this chapter, the development of MOFs is reviewed, and their

applications in sensing and catalysis will be discussed.
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Figure 1.1. Number of metal-organic frameworks (MOFs) structures reported in the
Cambridge Structural Database (CSD) from 1978 through 2006. The bar graph illustrates

the recent dramatic increase in the number of reports.

2. Overview of History

Coordination compounds were studied for the first time by Alfred Werner(1866—
1919),.Werner-type complexes were based on using metal centers and nitrogen organic
linkers with ageneral formula of MX,Ls. Where M is consigned to divalent metal in an
octahedral geometry (e.g. Zn, Cu), X is assigned to an anionic ligand (e.g. NCO", CN-,

NO3’), and L is consigned to pyridine coordinated molecule (Figure 1.2).



Figure 2.1. Part of a Werner complex, Ni(SCN)2(4-methylpyridine) crystal structure.
Color code : Ni: green, C: grey, S: yellow, and N: blue?.

At the era of 1960s, other illustrations that involved compounds of Hofmann-type
clathrate were discovered and fully investigated by Iwamoto and co-workers, and these
compounds were extracted from an original one that had the formula

Ni(NHz3)2(CN)4(CsHs) and was discovered by K.A. Hofmann (Figure 1.3).

Figure 2.2. Example of Hofmann clathrate structure®.



In the early 1970, another type of compounds, known as Prussian blue, were

synthesized, consisting of mixed valence Fe ions bridged via cyano-entity, and identified

by X-ray technique (Figure 1.4).

=19__ B *« _‘]

Figure 2.3. Example of Prussian blue crystal structure®.

In 1956, the first natural Zeolites were discovered by Axel Frederik Cronstedt,
namely Stilbite. Since then, research on this class of porous materials has increased
significantly. Moreover, in 1990, functional microporouss materials started to appear
when Robson and co-workers reported porous coordination polymers which exhibited ion
exchange properties®. In the meantime, Omar M. Yaghi and co-workers synthesized an
innovator compound (MOF-5) that has been reported to be the first robust and highly
porous hybrid material, as compared to zeolite and activated carbon®. MOF-5 is
synthesized from zinc acetate building block and 1,4-dicarboxylic acid, having a pcu-

topology (Figure 1.5).



Figure 2.4. Crystal structure of MOF-5%. C: black, red: oxygen and yellow ball
describes the pore in the network.

From 1990s, MOFs have become one of the hottest topics in material chemistry,
which have worldly-wise unique growth. The variability in the potential geometry, size,
permanent porosity, adjusted pore size, and functionality has opened the way for more

than 20,000 various MOFs to be created and characterized over the past few decades®®.

3. Design and Synthesis of Metal-Organic Frameworks

Metal-organic frameworks (MOFs) are composed of metal nodes and organic
linkers connected via strong bonds organized in 1D, 2D or 3D networks (Figure 1.6).
Technically, an extensive variety of structural, electrical, optical, and catalytic properties

can be incorporated into the frameworks by coherent design.
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The inorganic components of MOFs are usually transition metal ions. Importantly
many different metal ions are known to favor different coordination numbers and
geometries, which include tetrahedral, linear, square-planer, octahedral, trigonal-
bipyramidal, T-shaped, and square-planer. For instance, Cu(ll) ions that are known to
have d® electronic configurations favor the square-planer geometries; however, it can also
exist with other coordination numbers, contingent on the choice of organic solvents and
ligands?. Moreover lanthanide ions are also used to create and design novel network

topologies due to their large coordination numbers (up to 10)%".

For the organic part of the MOFs, there are extensive diversity of selections as
well. Ligands with rigid backbones are frequently chosen, because these types of linkers
facilitate to predict the network geometry prior synthesis. In addition, the rigidity plays
an important role in sustaining the open pore structure of the MOF after the removal of
the included solvents. The organic linkers used in MOFs can be classified into three
groups anionic, or cationic linkers, and electrically neutral organic linkers (Figure 1.7).
The mostly used anionic linkers are carboxylates? since they have the ability to aggregate
metal ions into clusters in this manner forming more stable frameworks. Cationic organic
linkers are little used because of their low attractions for cationic metal ion?=°,
Interestingly the most regularly used neutral organics linkers are pyrazine and 4,4’-
bipyridine (bpy)®32. These linkers are particularly suitable as pillars in the creation of

pillared layer in 3D network33-34,
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Figure 3.2. Examples of organic linkers®.

Metal Organic frameworks (MOFs) are usually synthesized via solvothermal
techniques, where the reactions are accomplished in an organic solvent or in water at high

temperatures in a closed system. However, these methods demand long reaction times,
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from some hours up to several days, depending upon the desired MOF and the reaction
solvent, concentration, temperature, and other conditions. Alternative synthetic strategies
have been developed based on exploiting conventional electric or microwave heating,
electrochemistry, mechanochemistry, and ultrasonication. =7, These techniques can also
regulate the crystal size from millimeter down to micrometer by varying the concentration
and the temperature of the reactants in the solution. One of the main advantages of MOFs
is the ability to incorporate complex functionalities into the frameworks backbones.
However , it is difficult sometimes to introduce functional groups during MOFs
synthesis, nevertheless integrating the functionality may be accomplished through post
synthetic modification (PSM), which is the chemical derivatization of MOFs after their
formation® (Figure 1.8). MOFs can be post synthetically modified by different methods,
where new functional groups are incorporated using covalent 2% non-covalent 24!, or
coordinative interactions*?*3, Some of the common reactions to accomplish PSM are
postmetallation®**° and protonation. Interestingly, PSM method can incorporate a broad
range of functional groups to create a series of functionally within the MOF structures

without altering the topology.
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Figure 3.3. A general scheme for the post synthetic modification (PSM) of MOFs (top).
Example of post-synthetic modification reactions performed with IRMOF-3(bottom) #7.

The conspicuous interest in MOFs does not rely back on their high surface areas
only, but also on the immense number of metal salts and organic linkers that could be
incorporated in the synthesis processes*® (Figure 1.9). This variety in the choice of metal
ions and organic linkers leads to a diversity of MOFs having different structures with
altered properties and targeted for various applications including gas storage, separations
and catalysis. In some cases, neither the crystal structure nor the properties of the MOF
change upon varying the functionalities of the organic linkers, such types are called

isoreticular MOFs (IRMOFs)* as shown in (Figure 1.10).
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Figure 3.4. The prominent diversity of (A) metal clusters, (B) organic linkers
incorporated in the synthesis of MOFs.
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Figure 3.5. Crystal Structure of a series of IRMOFs and their corresponding
functionalized ligand derivatives. R1= -H, Ro= -Br, R3= -NH>, R4= -O-CH,-CH2-CHs,
Rs=-O-CH2-CH2-CH2-CH2-CH3, Re= -Cs4H2, R7= -CgHa.

4. Metal-Organic Frameworks for Gas Storage and Separation

Metal-organic frameworks (MOFs) are porous materials made from the
coordinative bonding between inorganic clusters (metal ions) and organic linkers. These
materials are considered as a unique adsorbent due to many extraordinary properties. One
of these, is the diversity in the functionality of metal ions and linkers that provide a great
improvement in gas adsorption/selectivity properties. Moreover, since the pores of these
materials are homogenous in size and cohesive in their function, a non-hysteretic
recyclability in the uptake and release of gases was reported. Additionally, compared to

other porous materials, the pores in MOFs have no walls, which in turn can provide a
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facile uptake and release of carbon dioxide (several orders of magnitude faster than in
zeolites and porous carbon materials).Most importantly, what characterizes MOFs is that
they are made from a readily available highly scalable starting materials (from grams to
multi-ton quantities) in addition to their high thermal stability in air (up to 400-500 °C)
as well as a high chemical stability (boiling water, organic solvents). Therefore, the
flexibility with which these materials can be tailored on the molecular level for many
applications including gas storage and separation has led to the highest uptakes ever

reported for many gases including hydrogen, methane, and carbon dioxide.

Recently, the energy needs of the world are gradually increasing, which is leading
to a depletion in the fossil fuel reserves. Therefore, renewable ways to generate, store,
and deliver energy are being investigated. Interestingly, Hydrogen has been considered
as a near-ideal clean energy material due to its zero-carbon content, and its high
gravimetric energy density, which can nearly triple that of gasoline. Besides, hydrogen
can be generated from an almost inexhaustible resource water. However, one of the
biggest bottlenecks in achieving a hydrogen economy, is the lack of a safe, efficient, and
economical on-board hydrogen storage system., the US department of Energy (DOE) has
set certain standards for a hydrogen storage system which are 0.075 kg/kg and 0.070 kg/L
for gravimetric and volumetric storage, respectively. By 2012, Those capacities reached
0.055 kg/kg for the gravimetric and 0.040 kg/L for the volumetric systems. In addition,
these storage systems should be able to operate between -40 and 85 °C, at pressures less

than 100 bar, and tolerate 1000 use-cycles by 2010 and 1500 use-cycles by 2015

MOF-5, which is called IRMOF-1 or Zn4O(BDC)3 (BDC = 1,4-benzenedicarboxylate),
was one of the first MOFs examined for hydrogen storage due to its high porosity, high

surface area (4400 m2/g), and stable structure in the absence of guest molecules®. The

18



measured sorption isotherm for Hz at 78 K reveals type | behaviour, in which saturation
is reached at low pressures followed by a pseudo-plateau at higher pressures. At 78 K and
1 bar, the H> uptake of IRMOF-1 is 4.5 wt%, which corresponds to 17.2 H, per
Zn40(BDC)3 formula unit. However, at room temperature, the uptake of H> by IRMOF-
1 increases linearly with pressure reaching 1.0 wt % at 20 bars. Researchers further
realized that the H, uptake capacity of IRMOF-1 varies according to the method used

to prepare and activate it>,

According to several computational studies, MOFs at room temperature adsorb
little hydrogen even under high pressures. This is due to the low interaction energy
between the framework and physiosorbed H.... To overcome this problem, researchers
synthesized new MOFs containing unsaturated metal centers, which are able to
chemisorb H; either as intact molecules or by oxidative addition®"°. This method has

been shown to enhance the Hz adsorption enthalpies.

Recently, Yaghi and his research team synthesized a new MOF namely MOF-
210 with ultra-high surface area®®,(6240 m?/g) .The team found that the H2 uptake of this
newly MOF (86 mg g!), was higher than the H, uptake of MOF-5, MOF-177, UMCM-
2, and NOTT-112.%12 Additionally, the calculated total hydrogen uptake in MOF-210
(176 mg g?) exceeds that of typical alternative fuels (methanol and ethanol and
hydrocarbons (pentane and hexane)). Moreover, MOF-210 also showed large total
hydrogen uptake (163 mg g%, which was higher than that of MOF-177)5%.Unfortunately,
there is currently no material that demonstrates promising hydrogen uptake at room
temperature (RT). This could be due to the weak adsorbent-adsorbate interaction caused

by insufficient binding sites. As a result, novel materials having high micro-porosity must
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be developed in order to realize a compact fuel tank. Noting that, MOF-210 is reported

to have the highest hydrogen uptake of 2.7 wt% at RT.

4.1 Methane storage in MOFs

As an alternative fuel, methane is also an important candidate®?%4. Methane is the
primary component of natural gas, is cleaner than petrol, provides more energy because
of its higher hydrogen to carbon ratio, and produces lower carbon emissions. Methane is
abundant and inexpensive compared with conventional fossil fuels, such as gasoline and
diesel. However, in order to produce compact automobiles with a driving range of several
hundred miles, an effective and safe on-board storage system must be achieved. The
current storage target set by the DOE is 180 cm® cm (standard condition for temperature
and pressure (STP)) at 35 bars, which is comparable to the energy density of compressed
natural gas at 250 bar?®. For a porous framework to achieve the DOE targets, it must
satisfy the following requirements: significant adsorption capacity, efficient
charge/discharge rate, high hydrophobicity, moderate adsorption enthalpy and high heat

capacity®®.

The gravimetric uptake of methane is generally proportional to the BET surface
area of porous solids. Furthermore, most conventional inorganic materials with BET
surface areas of 1000 m? g do not take up large amounts of methane at 35 bar; for
example zeolites (31-82 mg g™)®-%° and mesoporous silicas (14-65 mg g™)2. However,
if the BET surface area reaches more than 2000 m? g%, we can expect a large amount of
methane uptake; this is the case for activated carbons and MOFs with methane uptake of

160mg g*.23 One of the best performing MOFs takes up 253 mg g™ of methane at 290
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K, which is even greater than the uptake of high-surface-area carbons (211 mg g™ for
Maxsorb and 250 mg g for chemically activated anthracite taken at 293 K)’*"2. On the
other hand, methane uptake by MOFs with ultra-high surface area was also measured at
298 K. The calculated total uptakes for MOF-200, 205 and 210 were 446, 394, and 476
mg g-1 respectively which were 50% greater than those of the anthracene-based MOFs.
, Porous Coordination Network-14 (PCN-14)°. It is worth noting that the corresponding
volumetric methane densities in the present MOFs are 2, 3, and 2.5 times greater than
volumetric bulk density (g L) of methane at the same temperature and pressure. More
importantly, the isotherms are nearly linear up to 80 bars, so that these materials can

deliver most of the sorbet methane in the pressure range of 10-100 bar.
4.2. Carbon dioxide capture and separation

To stabilize atmospheric CO> levels, it is necessary to develop CO> capture and
sequestration technologies (i.e. short- and long-term CO> storage as well as selective CO2
separation”® "4, The capture and separation of CO, can be achieved by using solvents,
cryogenic techniques, and solid sorbents’™. To date, most of the processes in large-scale
operations are performed by amine-based wet scrubbing systems (i.e. post-combustion
CO2 capture by chemisorption)’®"’, because the low CO; partial pressure and high flue
gas temperature (50-120 °C) require strong interaction with CO..”®> However, these
processes suffer from high regeneration energy, large equipment size, solvent degradation
and equipment corrosion’. Therefore, adsorption separation is considered a more
promising method for cost-effective CO> recovery. Recently, two novel technological
pathways were proposed for CO capture systems: pre-combustion capture and oxy-
combustion’®77. Since CO, concentrations in these gas streams are much higher than in

the flue gas streams in post-combustion capture, many limitations of the state-of-the-art
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amine-based systems may be resolved by using these technological pathways in

combination with highly porous solids.

The saturation CO- uptake in porous solids is again proportional to the porosity
of the materials. High surface area MOFs such as MOF-177 and MIL-101 show good
CO; uptakes (1490 and 1760 mg g)®"®, which are greater than those of MOF-5 (970
mg g1), carbon materials (420 and 370 mg g™ for Norit RB2 and BPL carbon) and zeolites
(220-350 mg g*) 8%, The high CO; storage capacity is a requirement for short-term CO;
storage and transport of CO». More recently, the CO» uptake capacity of the ultra-high
surface area MOFs were tested. Owing to the large storage volumes, the CO uptake value

of 2,400 cm® gt in both MOF-200 and 210 exceeds those of any other porous materials.

Regarding CO- separation, strong binding energy is relatively more important than large
storage space. The materials presently used for separation applications are amine
solutions, zeolites, and porous membranes. MOFs have been shown to exhibit exceptional
CO; storage capacity under equilibrium conditions when pure COz is introduced into the
pores®-8¢ However, their capacities are dramatically reduced when exposed to mixtures
of gases under dynamic conditions, as would be the case in power plant flue gas and
methane mining applications. Recently, it is reported that a MOF replete with open
magnesium sites (Mg-MOF-74) has excellent selectivity, facile regeneration, and among
the highest dynamic capacities reported for CO in porous materials. Through separation
experiments, the metal environment in the framework can drastically change the gas
selectivities if these metals are coordinatively unsaturated’® & Therefore, the
incorporation of heterogeneity into the MOF system plays a key role in improving the

selective gas capture.
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5. Metal-Organic Frameworks for Chemical Sensing.

Luminescence quenching is a significant method to detect small amount of analyte
in a solution®. Luminescence can be divided into three essential types. The first one is
fluorescence; which spin is allowed and has numerous lifetimes values in nanoseconds.
The second type is phosphorescence, which spin is prohibited and has some lifetime
values that can be as long as numerous seconds. While the third type is scintillation, which
is a light emission stimulated by exposition to ionizing radiation®. Scintillation also has

lifetimes in the order of nanoseconds.

There are several routes to synthesize luminescent MOFs (Figure 5.1). The most
common way is to combine luminescence inorganic metal clusters. The best choices for
these materials are lanthanide ions, particularly La(lll) and Ce(lll), due to the robust
visible luminescence of these ions in the red and green regions. Moreover, the electronic
transitions of lanthanide ions are prohibited according to Laporte selection rules, which
leads to low quantum yields and weak absorbance, the prohibition can be exceeded by
mating a strongly absorbing element called a lumiphore into the MOF framework. When
exposed to irradiation, lumiphores can easily transfer energy from their triplet excited
state to the lanthanides emitting states, in condition that there is a robust vibronic
connection between the lumiphore and the cluster (Figure 5.2). This phenomenon, called
the antenna effect, is responsible for a great increase in luminescence production by the
lanthanide ion. Decent organic lumiphores are molecules with large conjugate pi systems.
In the solid state, if lumiphores are in near immediacy, electronic interaction, ligand to

ligand charge transfer, can influence, the luminescence®.
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Numerous detection methods have been projected to use luminescent MOFs as
prospective sensors. One of these ways is wavelength shift. For instance, the fluorescence
emission wavelength of ZnsO(NTB)2-3DEF-EtOH (HaNTB is 4,4°,4°’-nitrilotrisbenzoic
acid) shifts depend on the existence of the guest molecules in the MOF framework. The
desolvation of this MOF result into a blue shift in the luminescence maximum by the

reason of the absence of r-x interactions between the interpenetrated networks.

Another detection method engages intensity changes. For example, Eu(BTC)
MOF shows an expressive quenching and enhancement of it photoluminescence when
exposed to acetone and DMF, respectively®®. Also, the Eu(PDC) and Tb(BTC) MOFs
have the ability to sense and detect anions and metal ions, which bind to nitrogen atoms
and O-H groups in the MOF, respectively®®, Moreover, Li and co-workers used
luminescence quenching of MOFs in the detection of explosives®. They created a Zn-
MOF that includes 4,4’-biphenyldicarboxylate and 1,2-bipyridylethene linkers. The MOF
fluorescence shows a clear quenching by 2,3-dimethyl-2,3-dinitrobutane (DMNB) and

2,4-dinitrotoluene (DNT)%.
6. Metal-Organic Frameworks for Catalysis.

MOFs are used as rigid platforms for physical interactions such as gas storage and
separation, as well as chemical reactions such as catalysis. MOFs not only have the same
catalytic features of zeolites such as porosity, diversity in pore sizes and shapes, but also
contain functionalizable organic linkers. These features make the materials great
candidates as heterogeneous catalysts, which can have liquid-like diffusion properties, a
variety of chemical functionalities, and can be tuneable®>¢. Most catalytic applications

have been explored by using parts of the structure as the catalytic function, either through
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the metal moiety or the organic linker molecules. It has been shown that the introduction
of open metal centers into MOFs can offer a promising tool in catalysis because of the
regular arrangement of metal centers in the pore channels that induces regioselectivity or
shape or size selectivity®. Catalytically active coordinately unsaturated metal sites can
be introduced into MOFs in two ways, either as metal connecting points or as part of the

linker®® (Figure 6.1).

MOFs can be used as heterogenous catalysts, which offer many potential
advantages in photocatalytic process, due to the fact that: (i) their band-gap values can be
tuned to absorb visible light efficiently; (ii) their high surface area results in good contact
with CO; and water; it is expected that MOFs will have a high affinity towards CO>
molecules,*® thus increasing the interaction between the photocatalyst and the reactant,
and increasing the efficiency of photocatalytic reactions;'% (iii) their particles can be
easily synthesized with different sizes; (iv) their synthesis is very cost effective; (v) the
crystals are stable and can be easily dispersed in water (Zr, Al, and Cu versions); (vi) their
electrical properties can be tuned upon incorporation of different metal cations into their
SBUs!% and (vii) only very few MOFs have been explored as photocatalysts for carbon
dioxide reduction, water splitting, and their application towards solar fuels production.
Because of the strong chemical bonding and higher coordination number, the Zr-based
SBU, Zrs04(OH)4(CO2)12, found in Ui0-66% (Zrs04(OH)4(BDC)s; BDC =
terephthalate) is one of most stable inorganic clusters.'® Thus, this inorganic SBU
appears as a notable platform to construct the thermally and chemically stable MOFs that

are critical for practical applications.
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Figure 6.1. (a) Coordinatively unsaturated metal connecting points as active catalytic
sites. (b) Incorporation of active catalytic sites into the bridging ligands of MOFs%,

6.1. Photocatalytic CO2 by metal organic framework (MOFs)

Due to the redundant emission of carbon dioxide (CO3) that has greatly affected
the global environment., effective capture and transformation of CO> has become a top
priority from the point of sustainable development. Among several methods, one of the
particularly attractive solutions is the photocatalytic reduction of CO; into useful and high
value-added industrial chemicals such as formic acid, formaldehyde, methanol or
methane!®-1%, The photocatalytic reduction of CO can progress at a normal operation
temperature and pressure. The development of efficient photocatalysts is of great
importance. Traditional inorganic semiconductor materials, like TiO2, have shown a
certain photocatalytic activity for CO, reduction, while some of them are active under
only UV light or display a high recombination rate of photoinduced electron—hole pairs,
hence hinder the promotion of catalytic efficiency’®’1%°. Thus, the design and

development of a new photocatalyst is a promising method to realize efficient
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photochemical transformation. The use of metal organic frameworks (MOFs) as new
functional hybrid materials have shown excellent performance in the field of gas
adsorption/separation, luminescence, sensing and catalysis due to their flexible structures
and tunable porosity!*. Photoactive MOFs have made outstanding progress in the field
of photocatalysis, especially for CO> reduction'112, By presenting appropriate optical
functional organic or inorganic components, MOFs can adjust their own photochemical
properties and realize light harvesting. The integration of new structures and
functionalities makes MOFs tunable porous photocatalysts for CO> reduction. Among
numerous MOFs, zirconium based MOFs have attracted general attention because of their
high thermal and chemical stability where their robust nature could deal with complicated
and harsh catalytic conditions!*3. Through the excited ligand to Zr clusters charge transfer
process (LMCT) or the catalytic role of the ligand itself, Zr-MOFs show selective
catalytic reduction of CO.*45, Moreover, due to the large band gap of Zr clusters, the
visible light response of Zr-MOFs mainly depends on the functional ligand. Some
strategies such as utilizing a precious metal complex ligand or highly conjugated ligand
have been investigated while taking advantage of an amino group functionalized ligand,

which is an easy and effective strategy to extend the light absorption of MOFs6,

The possibility of functionally altering MOFs, by post-synthetic modification
(PSM), leads to the formation of advanced MOF materials that are suitable for more
specialized applications'’*%, Following this route, free functional groups in a polytopic
ligand constituting the MOF, can be modified after the MOF synthesis and isolation. An
example of PSM is the work done by Farrusseng and his team that aimed at converting
the amino group in MIL-53(Al)-NH; into isocyanate through a multiple-step process*?:.

On the other hand, Cohen and his team managed to perform several approaches to utilize
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the free functional group for catalysis; as in the case of post metalation of UIO-67-bpydc
(a zirconium-based MOF) with manganese, thus achieving a photocatalyst for CO>
reduction. In addition, Lin and coworkers have incorporated light-harvesting molecules,
such as Ru(bpy)s?*, into the backbones of MOFs to study the exciton transport in
molecular solids and catalysis of light-driven organic transformations. Moreover, they
included water oxidation and proton/carbon dioxide reduction catalysts into MOF
structures to catalyze water oxidation and proton/CO. reduction half reactions,

respectively!?212,

While the reported studies on Carbon dioxide reduction are interesting and
informative, these works have raised a number of questions and produced a collection of
uncertainties and confusions, relating to the difficulty of quantitatively analyzing and
comparing the performance metrics of different kinds of photocatalysts. The concomitant
challenge of evaluating and distinguishing a real effect from artifacts associated with
adventitious carbon contamination pervasive on the surface of these photocatalysts can
provide false positives of their real performance metrics. Indeed, integrated *C and 2H
isotope tracer capability to probe mechanistic details of photoactivity should be used in

routine analysis.

Our work will focus on the design and synthesis of new MOF photocatalysts by
combining molecular complexes linkers and zirconium-based clusters into highly stable

frameworks.
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CHAPTER II

A. Sensing properties of two lanthanides-based metal organic frameworks.

In this work, we targeted the development of new sensors based on MOF
structures. For an efficient and successful MOFs sensor, the ligands should have both a
binding site and possess luminescent properties. Our metals of choice were lanthanides
due to their interesting binding and fluorescence properties. When synthesizing Ln-
MOFs, the organic linkers are important for the structure because of the antenna effect
that may occur in such structures.?® Thereby, in agreement with the hard-soft acid base
model, carboxylated ligands are convenient in building lanthanides MOFs. This is
because lanthanide ions are hard acceptors, favoring the coordination with hard
carboxylate oxygen. Moreover, the luminescence of the lanthanides can be enhanced and
intensified upon choosing aromatic carboxylic groups, the latter being a fine luminescent
chromophore.?” Thus to obtain an effective lanthanides MOFs sensor,'?® the best
approach is to select a conjugated aromatic organic linker with Lewis base sites where

the luminescence can be improved along with a potential metal ion binding site.*?°

In this part 2,6-Naphthalenedicarboxylic and 1,5dihydroxy 2,6-
Naphthalenedicarboxylic were selected to react with Lanthanides cations where
lanthanides are (La, Ce). After varying many experimental conditions such as reagent
concentrations, solvent mixtures, temperature and pHs, we succeeded in synthesizing two
sets of new lanthanides MOFs namely AUBM-2 and AUBM-3 using both linkers (NP

and DNP). The synthesis and full characterization (e.g. SXRD analysis,
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thermogravimetric analysis, and Fluorescence) of the MOFs are reported, in addition to
their applications for heavy metal sensing and paraquat were investigated. The results of
this work are presented in the form of a research paper published in the Solid-State

Chemistry Journal in 2020.
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Two set of lanthanides-based metal organic framework structures incorporating 2,6-naphthalenedicarboxylic
acids and 1,5 dihydroxy-2,6-naphthalenedicarboxylic have been successfully synthesized and fully character-
ized. Interestingly, when 1,5 dihydroxy-2,6-naphthalenedicarboxylic was employed as organic linker, the hy-
droxyl groups were not involved in the coordination to the lanthanide clusters and therefore hydroxyl-
functionalized lanthanides MOFs (AUBM-3) were obtained. The photophysical properties of both set of MOFs
were studied and their sensing properties for toxic elements Pb(II), Cr(III), As(III), Cd(1I), and Hg(I) and for

paraquat were investigated. The hydroxyl-functionalized structures have shown to be promising luminescent
sensory materials with high selectivity and sensitivity to mercury.

1. Introduction

Metal organic frameworks (MOFs), are a novel class of crystalline
materials comprised of metal containing nodes, either a metal cation or
metal clusters, and organic linkers connected via coordination bonds
organized in a 3D network with uniform pore size [1,2]. MOFs have been
an active area of research for the past two decades due to their rich
chemistry and unique characteristics, including high surface area [3,4]
which may exceed 10,000 m?/g, good mechanical and thermal stabilities
[5,6], along with their possibility of being post-modified to target special
applications [7]. MOFs offer great potential applications in several fields
including catalysis [8-10], gas storage [11], magnetism [12,13], sensing,
adsorption [14] and luminescence [15,16], production of metal nano-
particles [17], in addition to drug delivery [18], biomedical imaging
[19], antimicrobial activity [20], dye sensitized solar cells [21], storage,
encapsulation of dyes and polymer chains [22], also pH sensitive mole-
cules [23,24]. Among these applications, sensing is one that has not been
extensively investigated until recently. Consequently, available literature
on such applications have reported the use of MOFs as sensors for ex-
plosives [25], chemical vapors [26], ions and small organic molecules
[26]. Luminescent MOFs, particularly lanthanides MOFs (Ln-MOFs) can
be considered one of the promising group of materials designed for

* Corresponding author.
“* Corresponding author.

sensing. Ln-MOFs have distinctive luminescence properties, such as, high
color purity, long-lived emission, great luminescence quantum yield,
strident line emission and large stokes shift [27]. In addition to their
emissive property, Ln-MOFs are characterized by their tuned coordina-
tion geometry, stability and magnetic properties [28]. These features
qualify Ln-MOFs as efficient platform for sensing. For the development of
an efficient and successful MOF sensor, both a binding site and a strong
luminophore are required, thus, the importance of choosing a suitable
ligand. When designing Ln-MOF, the organic linker is important for the
structure, yet it can serve as antennae for the lanthanide ions [29].
Thereby, in agreement with the hard-soft acid base model, carboxylated
ligands are a good option in building Ln-MOFs since the lanthanide ions
are hard acceptors, thus, favoring the coordination with hard carboxylate
groups [30]. The luminescence of the lanthanides can be enhanced and
intensified upon choosing aromatic carboxylic groups, the latter being
fine luminescent chromophores. Therefore, to obtain an effective
Ln-MOF sensor, a promising approach is to select a conjugated aromatic
organic linker with Lewis base sites, where the luminescence can be
improved along with a potential metal ion binding site [19].

On the other hand, heavy metals are naturally occurring elements, and
exist in varying concentrations in all ecosystems. Their density is greater
than 5 gcm"3 [31]. Human activities (e.g. industrial processes, mining)
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have drastically altered the biochemical cycles and balance of some heavy
metals [32]. In low quantities, some heavy metals as iron, manganese,
zinc and copper are nutritional necessities for a better life. On the other
hand, heavy metals such as Cd, Pb, Cr, and Hg are poisonous and carci-
nogenic, even with trace amounts. Among various heavy metal ions,
mercury is a very dangerous heavy metal that can induce many rigorous
health problems such as damage to the nervous system and brain, kidney
and the immune system [33]. Mercury exposure can provoke biochemical
damage to tissues and genes via various mechanisms. It can interfere with
the intracellular calcium homeostasis, alter membrane potential, disrupt
protein synthesis, induce mitochondrial damage and cause lipid peroxi-
dation [34]. With the mentioned risks that are related to mercury, a
sensitive and selective detection of mercury can be considered as a pri-
ority. To detect mercury, several analytical techniques such as atomic
absorption spectrometry [35], inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) [36], gas chromatography-inductively
coupled plasma-mass spectrometry [37], and atomic fluorescence spec-
troscopy (AFS) [38] are applied, however, these methods are often limited
by the complex sample preparation, complicated devices and elevated
cost [39]. Thus, it is of an importance to develop a non-demanding, sen-
sitive and straightforward method for ng' detection.

In this study, 2,6-naphthalenedicarboxylic acid (NP) and 1,5
dihydroxy-2,6-naphthalenedicarboxylic (DNP) (Scheme 1) were selected
to react with lanthanides cations (La>* and Ce®") to produce new lan-
thanides MOF structures. After varying many experimental conditions
such as reagent concentrations, solvent mixtures, temperature and pHs,
we succeeded in synthesizing four lanthanides MOFs using both linkers
(NP and DNP). Herein, the synthesis, structural investigations, thermal
stability, luminescent and sensing properties of the four MOFs namely
(AUBM-2 (Ce) and AUBM-2(La) for MOFs with NP and AUBM-3(Ce) and
AUBM-3(La) for MOFs with DNP, were examined and reported. The two
sets of MOFs (AUBM-2 and AUBM-3) exhibited different fluorescent
properties that were greatly dependent upon the linker properties. The
linker did not channel the energy to excite the lanthanide metals, thus,
the fluorescence emission spectra didn’t show the lanthanide metals
bands. Having an iso-structural nature that was evident in their photo-
physical properties, Ce and La based MOFs were chosen to study their
sensing behavior for different metal ions. Interestingly, AUBM-2 and
AUBM-3 interacted with heavy metals and an intensive quenching of the
AUBM-2 (Ce) luminescence in the presence of mercury was detected (Ksv
value about 2000 M !). This high quenching effect was only evident in
the case of mercury, therefore, the Ce MOF can be considered as a sen-
sitive and selective detector for mercury ions.

2. Experimental section
2.1. Materials and methods

All reagents and solvents employed were commercially available

H O
™
DMF / H,O / ETOH
HO + Ln(NO3);.6H,0 -
(Ln=Ce/La) 70 °C
O H
NP
OH O
OH
HO
O OH + Ln(NO3);.6H,0 DMF / H,0 / ETOH
DNP (Ln=Ce/La)

50°C
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from Sigma-Aldrich and SUGAI chemical industry and used without
further purification. The Infrared (IR) spectra were recorded on a FT-IR
spectrometer Thermo-Nicolet working in the transmittance mode, in
the 450-3950 cm ! range. Thermogravimetric Analysis (TGA) was per-
formed with Netzsch TG 209 F1 Libra apparatus. Powder X-ray diffrac-
tion (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 (k =1.5418 A). The absorption spectra
were recorded at room temperature using JASCOV-570 UV-vis-NIR
spectrophotometer. The steady state fluorescence measurements were
recorded with resolution increment of 1 nm, slit 5 using a HORIBA Jobin
Yvon Fluorolog-3 and the fluorescence program. The excitation source
was 100 W xenon lamp, and the detector used was an R-928 operating at
avoltage of 950 V. In order to regulate the temperature, a thermostat was
coupled with the sample holder.

2.2. Synthesis of AUBM-2 and AUBM-3

Two novel Lanthanide MOFs were solvo-thermally synthesized by
mixing 10 mg NP and 22 mg Ln(NO3)3-6H,0 (Ln = La and Ce) in a mixed
solvent system DMF/H,0/ETOH (10:1:1) at 70 “C in a closed cap vial for
72h, large crystals were obtained (yield 76% based on NP ligand).
Taking the DNP organic linker as a starting material along with the same
previously mentioned metal salts, additional two new lanthanide MOFs
were prepared in the same solvent mixture in an open cap at 50° for 3
days (yield 80% based on DNP ligand). The single crystals obtained were
insoluble in DMF and acetone. Elemental analysis: calculated (%):
[AUBM-2(Ce)]; C 46.67; H 3.39; Ce 24.20; N 3.63; O 22.10; [AUBM-
2(La)] C 46.77; H 3.40; La 24.04; N 3.64; O 22.15; found (%): [AUBM-
2(Ce)]; C 46.98; H 3.32; Ce 24.05; N 3.41; O 22.83; [AUBM-2(La)] C
47.47; H 3.42; la 24.36; N 3.78; O 23.42. FT-IR (KBr, v = 3500-
500 cm-): 3425(w), 1560(m), 1398(s), 1199(w), 1103(w), 800(m),
439(w). [AUBM-3(Ce)]; C 45.65; H 4.35; Ce 16.14; N 8.07; O 25.80;
[AUBM-2(La)]; C 44.26; H 3.10; La 21.33; N 4.30; O 27.02; found (%):
[AUBM-3(Ce)]; C 45.98; H 4.02; Ce 17.15; N 7.87; O 25.94; [AUBM-
3(La)] C 45.25; H 3.31; La 22.14; N 4.13; O 26.42. FT-IR (KBr,
v =3500-500 cnr’): 2939(w), 1597(m), 1413(s), 1272(s), 1191(m),
889(w), 793(s), 668(w), 432(w).

3. Results and discussion
3.1. Description of crystal structures

Analysis of X-ray diffraction data: Single X ray diffraction data
collected from the single crystals obtained from the NP revealed that the
two AUBM-2 are isostructural frameworks, these MOFs crystallize in a
triclinic P-1 space group and cell parameters of (a=12.524(6) A
b=12570(6) A ¢=16.507(7) A; «a=81.716(9) A p=76.618(8) A
¥ =60.47(2) A) with empirical formulas C45 H3g Ces N3 O16 and Cys Hg

AUBM-2(Ce)

AUBM-2(La)

AUBM-3(La)

Scheme 1. Synthesis scheme of AUBM-2 and AUBM-3.
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Lay N3 Oy for AUBM-2(Ce) and AUBM-3(La) respectively. Each metal
(Ce and La) is coordinated to 5 NP ligands and each of the ligands is
coordinated to 2 metal centers to form an extended porous framework.
The lanthanides cations are nine-coordinated to oxygen atoms to form a
distorted monocapped square antiprism. The two adjacents metal centers
are sharing one of the edges. In the coordination sphere, two of the 9
oxygens are from solvent molecules (DMF and water), the rest are five
monodentate carboxylate groups, one chelating carboxylate group and
one monodentate carboxylate group of NP ligand (Fig. 1). The M - O
bond lengths and O-M-O bond angles for the coordination spheres are
within the ranges of 2.381-2.659 A and 68.35-147.6° respectively. (See
supporting information for more details Tables S1-54). The structure
represent 1D pore channels with dimension of about 8 x 10 A2 which is
defined by the distances of the binuclear unit viewed along z axis.
Nevertheless, the solvent molecules coordinated to the lanthanides
centre limit the accessibility to these pores. Finally, it can be seen that
adjacents NP linkers represent n-n interactions with distances of around
3.6A (see Fig. 1).

To introduce new coordination units within the organic backbone and
to decrease the number of coordinating solvent on the metal clusters, the
DNP linker was employed for the MOF synthesis. This linker incorporates
OH groups in ortho positions that could potentially participate in the
coordination of the lanthanides and hence the chemical stability of the
framework would be enhanced. Crystals with different shapes and colors
were obtained for Ce and La. SXRD analysis of the two crystals showed 2
isostructural MOFs namely (AUBM-3) with the same topology but
different from (AUBM-2). Interestingly, the OH groups in DNP, were not
involved in the coordination of the Lanthanide cations. The obtained
MOFs crystallize in a triclinic P-1 space group and cell parameters of
(a=12.4869(15) A, b=125950(15) A c¢=13.7583(17) A,
a=112.060(2) A, f=104.848(2) A y=102.417(2) A with empirical
formulas C66 H75 CEz NIO 028 and C24 Hzo La N2 011 for AUBM-?)(CE) and
AUBM-3(La) respectively. The cluster is composed of 2 cations that are
coordinated to 6 ligands to form the network. The lanthanides cations are
nine coordinated to O atoms to form monocapped square antiprisme that
are sharing one of the edges. 2 solvents molecules (DMF and water) are
also involved in the coordination spheres of the cations, the remaining
are from the DNP linkers. The M — O bond lengths and O-M-O bond
angles for the coordination spheres are within the ranges of 2.46-2.57 A
and 51.168-145.6°. The structure of AUBM-3 represent an open frame-
work with pore aperture of about 12 x 23 A? which represents M-M
distance across the diagonal of the pore along a direction (Fig. 1). Again,
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these MOFs were stable in DMF and acetone but not in aqueous solution.
Due to the low number of ligands coordinating to the metals, the thermal
stability of this set of MOFs (AUBM-3) was even lower than the AUBM-2
as evidenced by the TGA plots recorded for these two MOFs. The hy-
droxyl groups are free and not involved in the coordination of lanthanide
which leave them available to interact with guest molecules and ions (see
Fig. 1 and Fig. S1). In order to assess this porosity, the N, isotherm was
performed on the activated for AUBM-2(Ce) and AUBM-3(Ce) and the
Brunauer—Emmett—Teller (BET) surface area was determined to be 82
mz/g and 190 mz/g respectively (Fig. 52).

3.2. Powder X-ray diffraction and thermal gravimetric analyses

To verify the phase purity of the newly synthesized MOFs, the powder
X-ray diffraction (PXRD) patterns were recorded and compared to the
simulated patterns. As shown in Fig. S3 the diffraction peaks of the as-
synthesized AUBM-2 and AUBM-3 are in agreement with the simulated
data confirming the phase purity of the MOFs.

Thermal gravimetric analyses (TGA) of both series of lanthanide
MOFs were carried between 30 and 1000 °C. The thermal profiles cor-
responding to AUBM-3(Ce) and AUBM-3(La) were analogous due to the
isostructural character. A weight loss of 10% was obtained in the range of
77-140 °C corresponding to the loss of DMF molecules. The major mass
loss of 30% occurred at 200 °C and is attributed to the decomposition of
the organic framework and the discharge of the organic linker. The
remaining residues are mainly the corresponding metal oxides. Similarly,
the weight loss of AUBM-2 of both Ce and La-MOF was alike as a result of
the isostructural nature. Compared to AUBM-3 MOFs this set showed a
better thermal stability with the major weight loss (35%) corresponding
to the burning of the framework occurred at 552 °C. Between 111 and
200 °C there is a 20% weight loss that is linked to the loss of the coor-
dinated DMF molecules. The final residues are that of respective metal
oxides Fig. S4.

3.3. FTIR spectral analysis

The FTIR spectrum of the synthesized AUBM-2 is shown in Fig. S5A.
The spectrum indicates an up-field shift in the carbonyl stretches 1682 to
1682, 1659, 1650 and 1661 cm™ for AUBM-2(La) and AUBM-2(Ce).
Regarding AUBM-3, the two C=0O groups for the ligand displays an up-
field shifts from 1599 and 1656 to 1596 and 1653cm ™! respectively
for AUBM-3(La). Similar up-field shifts were observed for AUBM-3(Ce).

Fig. 1. Crystal structures of AUBM-2(Ce) (A), coordination mode in the cluster of AUBM-2 (B), space filling representation of AUBM-2 (C). Crystal structure of AUBM-
3(Ce) (D), The coordination mode in AUBM-3 (E), space filling representation of AUBM-3 (F). Where Ce: yellow, O: red, N: blue, C: grey. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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The characteristic broad band of the hydroxyl group within the solids
were detected between 3200 and 3550 cm ! designating the retention of
the free OH groups as shown in Fig. S5B.

3.4. Photophysical properties

Luminescence in MOFs is usually dependent on the building compo-
nents: the organic linker mainly conjugated one, metal ions or cluster and
in few cases a result of adsorbed guest molecules that include to the
emission. Organic linkers characterized by a rigid molecular backbone
along with aromatic parts or extended n systems are commonly used in
building MOFs. Luminescence generated mainly by the = electrons of the
organic linker can be either linker based fluorescence or ligand-to-ligand
charge transfer (LLCT) [28]. The photophysical properties of the linker
are affected by the later arrangement in the framework thus resulting in
different photoemission compared to that of the free form. In lanthanide
MOFs, metal centered luminescence is dominant when an efficient
intersystem crossing occurs between the organic linker and the metal.
Linkers that allow the delivery of the excitation energy from their triplet
excited states to the emissive states of the lanthanides result in the metal
sensitization and the characteristic emission of the lanthanide metal is
observed [28]. The photophysical properties of the synthesized MOFs
and their linkers were investigated using UV-visible and fluorescence
spectroscopy.

3.4.1. UV-vis spectroscopic measurements

The MOF crystals were washed and sonicated with DMF to have a
homogeneous suspension and absorbance spectra were measured at
room temperature. The isostructural property of AUBM-3 was reflected in
the UV absorbance. In Fig. S6B, the absorbance spectrum of the organic
linker shows an absorbance maximum at 346 nm in addition to another
absorption peak at 296 nm. This is similar to one expects for NP linker.
However, AUBM-2 shows an absorption maximum at 294 nm and a
relatively weak absorption band at 420 nm. The changes in the absorp-
tion spectrum of the linker can be linked to the coordination between the
organic linker and the metal ion in the framework. As for the DNP linker,
the maximum absorbance is observed at 370 nm, with two other minor
peaks similar to that of the NP linker at 314 and 297 nm. This red shift in
the absorption spectrum of the DNP linker is a result of the presence of
the hydroxyl groups which may further boost the conjugation in the
parent ligand molecule and possibly form hydrogen bond with solvent
molecules. The absorption spectra of AUBM-3 were similar with two
maxima recorded at 399 nm and 300 nm along with shoulder bands at
370-380 nm Fig. S6A. This further shift in the absorption spectra is
induced by the linker interaction in the organic framework. A deeper
study of the absorption spectra of the linkers along with the MOFs where

A ‘ 1
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the metal ions was cerium or lanthanum was performed. The UV-visible
spectra were measured at different concentrations of the latter species
Fig. S7 (A and B). Furthermore, it is clear from the figures that there was
no change in the shape of the spectrum of both MOFs and the linkers at
varying concentrations.

3.4.2. Fluorescence spectroscopic study

The washed MOFs and the dissolved linkers were excited at several
wavelengths and the fluorescence spectra were measured at various
concentrations in DMF at 298 K. As presented in Figs. S8A and S9A, at
first the DNP linker alone was excited at three different wavelengths,
such as at 300, 370 and 400 nm at various concentrations. When excited
at 370 and 400 nm, there is a significant red shift in the emission spectra
from 436 nm to 500 nm along with a change in the shape of the emission
spectra upon increasing the concentration of the linker. When excited at
300 nm, at higher concentration there is less red shift than the previously
noted with the emission maximum shifting from 436 to 460 nm. This
change at higher concentration is most likely caused by the formation of
dimmers or aggregates of the linkers. A similar outcome is also found for
the NP linker with a red shift from 377 nm to 400 nm when excited at 300
nm given in Fig. S8. Those changes that are also observed when excited at
370 nm and 400 nm are a result of the aggregation free linker molecules
at higher concentration.

The MOF crystals were diluted in DMF and the fluorescence spectra
were measured at three different excitation wavelengths with varying
concentrations of the MOFs in DMF. Asshown in Figs. S8C and S9C, when
excited at 300 nm, AUBM-3(Ce) gave a maximum fluorescence intensity
centered at 436 nm, with another emission peak at 358 nm. Upon an
excitation at 370 nm and 400 nm, AUBM-3(Ce) showed close emission
spectra with the maximum emission occurring in both excitation condi-
tions around 438 nm. Similar results were obtained for AUBM-3(La)
Figs. S8D and S9D thus, it can be concluded that the lanthanide metal
doesn’t affect the emission properties, at least the photophysical
behavior of the MOFs. However, when compared to the free linker, at
high concentrations the new species emitting at higher concentrations is
no longer evident when the linker is incorporated within the framework.
Thus, the interaction between the metal and the linker hinders the
interaction between the organic linker themselves. Moreover, when
excited at 300 nm, the linker does not show a peak at 358 nm thus this
outcome in the MOFs is an impact of the new arrangements and in-
teractions the organic linker undergoes within the MOF. The fluores-
cence spectrum of AUBM-2(Ce) exhibited a maximum emission at 375
nm when excited at 300 nm (Figs. S8 and S9). When excited at 370 nm,
this emission shifted to 415 nm. This suggests that there are two chro-
mophores, which absorb and emit in two different wavelength regions.
One of them primarily absorbs ~290-300 nm and emits at ~350-370 nm
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Fig. 2. Fluorescence spectra of the AUBM-3(Ce) excited at 300 nm (A) and 370 nm (B) in the presence of lead ions, where (1) [Pb**] =0.00pM, (2)
[Pb®"] =0.014 M, and (3) [Pb**] = 0.189 pM. Inset (A) and (B) fluorescence spectra of AUBM-3(Ce) at 300 nm, 370 nm respectively Where (1) [Pb**] =0.00 pM,

(2) [Pb?*] =0.009 pM.
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whereas the other species absorbs at ~360-400 nm and emits at
~400-450 nm. However, there is also possibility of energy transfer such
as FRET from species one to two, which influence the fluorescence
spectral behavior [40].

3.5. Metal sensing

To study the ability of the synthesized lanthanides MOFs (AUBM-2
and AUBM-3) to detect and sense heavy metal ions, the MOFs were
suspended in DMF and the heavy metal ion solution prepared in DMF
were added in increasing concentrations to the MOF sample. The sensing
potentials of the lanthanide’s MOFs were tested with five ions (e.g. lead,
cadmium, arsenic, mercury and chromium). From each set, samples were
excited at two different wavelengths, 300 and 370 nm aiming to target
two different fluorescent species present in MOFs. The outcome did not
differ when the metal (La or Ce) was changed, thus, the interaction and
sensing using cerium will only be reported and discussed here.

3.5.1. Interaction of lead ions with AUBM-2(Ce) and AUBM-3(Ce)

Fig. S10A and 2A show fluorescence spectra of AUBM-2(Ce) and
AUBM-3(Ce) respectively, with increasing concentrations of lead ion
upon exciting at 300 nm. For the AUBM-2(Ce), with increasing concen-
trations of the Pb>" ion, there is an increase in the fluorescence intensity
at 374 nm, whereas in case of AUBM-3(Ce) addition of 5 pL of the Pb ion
stock (8.3 uM) red shifted the emission maximum from 436 nm (in the
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absence of Pb>") to 452 nm with seven folds decrease in the fluorescence
intensity Fig. 2A. As it can be seen in the inset of Fig. 2A, this quenching
was monitored gradually by using a 5 times diluted stock solution of Pb
ions. Further increase in Pb?" concentration increased the fluorescence
intensity centered at 452 nm. Nevertheless, the overall fluorescence in-
tensity at 452 nm was still less than that in the absence of Pb%" ion. This
observation could be due to the fact that binding of Pb>* ion with hy-
droxyl group of the linker forms a completely new complex with an
emission peak at 452 nm and the population of this complex increased
with increase in concentration of Pb>" ion in solution, thus, boosting
fluorescence intensity at 452 nm. This indicates that at low concentration
of Pb%* ion (below 0.014 M), a quenching of the fluorescence peak at
452 was observed, however, at higher Pb®* concentrations, an
enhancement of the MOF fluorescence centered at the same peak was
obtained.

A minor emission peak at 365 nm is also relevantat 300 nm excitation
for AUBM-3(Ce), which was quenched with lead concentration. The
quenching rate was calculated from the Stern Volmer plot with a Ksv
value of 747 M~! Fig. S11. This quenching was absent in the AUBM-
2(Ce). When excited at 370 nm, as shown in Fig. S10B, the fluores-
cence of AUBM-2(Ce) at 436 nm decreased with increasing concentration
of lead ions. Similarly, for AUBM-3(Ce), the increase in the lead con-
centrations quenched the fluorescence emission at 451 nm along with a
red shift in the emission maximum, which was identical to that obtained
at 300 nm excitation. Similar data were obtained for the AUBM-3(La)
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Fig. 3. Fluorescence spectra of the AUBM-3(Ce) excited at 300 nm(A) and 370 nm, (B) in the presence of chromium, where (1) [Cr3"]=O.OOpM,

(2) [Cr**]=0.215pM.
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Fig. 4. Fluorescence spectra of the AUBM-2(Ce) excited at 300 nm (A) and 370 nm (B) in the presence of arsenic ions, where (1) [As3’] =0.00 uM,

(2) [As®*] =0.123 pM.
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when excited at 300 nm, with a higher Ksv value 908 ML Thus, the best
approach to estimate the presence of lead would be to monitor the
emission at 365 nm for the AUBM-3(Ce) excited at 300 nm.

3.5.2. Interaction of chromium ions with AUBM-2(Ce) and AUBM-3(Ce)
As shown in Fig. S12 (A and B), interaction between AUBM-2(Ce)
with increasing concentration of chromium ion resulted in an enhance-
ment in fluorescence intensity while exciting at 300 nm or 370 nm.
However, the emission maximum was affected to a small extent in the
presence of the chromium ions and the emission was more sensitive to
the chromium ions at 300 nm excitation than that induced when excited
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at 370 nm. In the case of AUBM-3(Ce) (see Fig. 3), enhancement of
fluorescence intensity was also observed with increasing concentrations
of the chromium ions except that a 30 nm red shift in the emission
maximum (from 437 to 467) was observed. Similar, results were ob-
tained at 370 nm. This indicates chromium may not specifically bind the
hydroxyl group of the ligand rather it gets buried /adsorbed on the MOFs
which influence the fluorescence properties of MOFs.

3.5.3. Interaction of arsenic and cadmium ions with AUBM-2(Ce) and
AUBM-3(Ce)
AUBM-2(Ce) and AUBM-3(Ce) were excited at 300 nm and 370 nm in
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Fig. 5. Fluorescence spectra of the AUBM-2(Ce)excited at 300 nm (A) and 370 nm (B) in the presence of mercury ions in addition to the spectra obtained for AUBM-
3(Ce)under same condition upon exciting at 300 nm (C) and 370 nm (D). Stern-volmer Plots for AUBM-3(Ce) in the presence of mercury ions (E), where (1)

[Hg?*] =0.00 pM, (2) [Hg>*] = 0.136 pM.
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the presence of increasing concentrations of metal ions (arsenic and
cadmium). As shown in Fig. 4 and S13, the increase in the concentration
of the arsenic ion resulted in mild enhancement in the fluorescence
emission without any changes or shifts in the spectrum as in the case of
the previously discussed metals. Similar results were also obtained with
cadmium (Fig. S14). Indeed, the strongest enhancement after the addi-
tion of Cd ions to a total concentration of 830 uM by a factor of 21 was
observed for AUBM-2(Ce) when excited at 370 nm compared to a 1.5-
fold of enhancement when excited at 300 nm. The fluorescence was
enhanced by 3 times when AUBM-3(Ce) was excited at 300 nm and about
2-fold increase in the emission when AUBM-3(Ce) was excited at 370 nm
(Fig. S14).

3.5.4. Interaction of mercury ions with AUBM-2(Ce) and AUBM-3(Ce)

The interaction between the cerium-based MOFs and the mercury
metal ions was the most interesting data among the five heavy metals.
When excited at 300 nm in the presence of increasing concentrations of
Hg ions, the emission intensity of the AUBM-2(Ce) at 375 nm was
enhanced. However, when excited at 370 nm under the same conditions,
the Hg ions induced a quenching effect with a gradual red shift in the
emission spectra (~30 nm red shift) with increasing concentrations of
mercury. In the case of AUBM-3(Ce), the fluorescence emission after
excitation at 300 nm was quenched with a small red shift of the emission
maximum at higher concentration of mercury ions (Fig. 5). The corre-
sponding Ksv value obtained from the Stern-volmer plot was remarkable,
~1899.6 M"’. Contrary to its behavior in the presence of lead, the
emission intensity at 364 nm was enhanced. When excited at 370 nm, the
maximum emission at 436 nm was quenched in addition to a red shift of
14 nm in the emission maximum. The Ksv value was estimated as
1192.6 M ! less than that was found when exciting at 300 nm. This
quenching is linked to the hydroxyl groups of the DNP. As shown from
the single XRD data, the OH groups are not involved in the coordination
the lanthanide clusters of AUBM-3 thus providing an interaction site with
metals. The recyclability of AUBM-3(Ce) was investigated by washing the
resulting MOF with acetone several times. Interestingly, the recovered
MOF crystals were efficiently used to detect and sense mercury ions with
no obvious change in the fluorescence spectrum (Fig. S15). Also, the
regeneration of the crystals doesn’t affect the crystallinity of the MOF
structure as evidenced in the PXRD pattern (Fig. S16).

Based on the reported experimental data, the newly fluorescent syn-
thesized MOFs showed interaction with heavy metals however, it showed
selective quenching for Hg at 436 nm after excitation at 300 nm and
selective quenching in the case of the lead metal ions in the 365 nm
emission after excitation at 300 nm. Similarly, the fluorescence of AUBM-
3(Ce) at 370 nm excitation was quenched only in the case of mercury
ions. The quenching effect induced by the mercury metals was appre-
ciable with Ksv values of 1899.6 and 1192.6 M! after exciting at 300 nm
and 370 nm respectively, a table of comparison of different luminescent
MOFs for detecting Hg(II) is given in the SI (Table S5). And shows that
the detection limit of Hg and the calculated Ksv are within the range of
the best reported MOF structures. Thus, we can say that the AUBM-3(Ce)
can be used as a selective sensor for mercury among 5 common heavy
metals. The selectivity towards metal ions of four different kinds of MOFs
under investigation is summarized in Fig. 6.

Two different trends were observed during luminescent titrations. As
found in the UV-visible absorption and fluorescence spectra, both the
MOFs (AUBM-2 and AUBM-3) have two absorbing/emitting species
depending on the excitation wavelengths (300 or 370 nm). In literature
where MOFs were employed in metal sensing applications [41], several
explanations regarding their luminescence behavior (quenching or
enhancement) have been investigated such as: (i) the ion exchange be-
tween the guest ions and the metal ions of the MOF clusters [42,43], (ii)
the resonance energy transfer [44], (iii) the collapse of the framework
upon addition of the metal ions [45] and (iv) the weak interactions be-
tween guest metal ions and the functional group within the organic
linkers of the MOFs [46]. In order to understand the mechanism behind
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Fluorescence Quenching
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Fig. 6. Influence of fluorescence change of different MOFs in the presence of
various metal ions during optical sensing. The concentrations of metal ions were
fixed at 8.33 mM. F;, and F are the fluorescence intensity in the absence and
presence of metal ion, respectively.

the spectral changes observed throughout the sensing studies in the
present case, several experiments were performed. The PXRD patterns of
the MOFs after sensing were recorded and showed that the crystallinity of
the frameworks was not affected (Fig. S16), which exclude the collapse of
the framework upon addition of the cations. Furthermore, no Pb, As, Cd
or Hg was observed in the SEM-EDX analysis performed on the MOFs
crystals after sensing (Fig. S17). Finally, UV-vis absorption spectra for
the metal ions and AUBM-3(Ce) were recorded, a spectral overlap be-
tween the absorption spectrum of Hg?* solution and the absorption peaks
of AUBM-3(Ce) was observed (Fig. S20) while other metal ion solutions
do not. This overlapping suggests that the fluorescence quenching by
ng " ion may be attributed to the absorption competition at the excita-
tion wavelength (300 and 370 nm) between Hg?' solution and
AUBM-3(Ce). Moreover, as shown from the single XRD data, the OH
groups are not involved in the coordination of the lanthanide clusters of
AUBM-3 which provides an interaction site for the metal ions during
sensing. A significant red shift (30 nm) was observed by increasing ng'
concentration for AUBM-2(Ce) at 370 nm, which may be caused by the
solvatochromism effect [47] suggesting a more polar environment for the
chromophore in the presence of Hg?". This can be possible only when
some exposed free carboxylate units from the organic linkers resulted
from the defects in the crystals (a very common phenomenon in MOFs
structures) or free OH group could be involved in the weak interactions
with the studied cations. Such adsorption enhances the fluorescence of
the MOFs, as observed for AUBM-2(Ce) at 300 nm and other metal ions.

3.6. Paraquat sensing

N.N-dimethyl-4,4-bipyridinium dichloride
/ \ cr
;HN‘\/\:/>_©NV B
cr —

Paraquat (Methyl viologen, MV) is a poisonous bipyridinium com-
pound used as contact herbicide. Paraquat binds strongly to soil particles
and tends to remain strongly bound for a long time in an inactive state,
although it can also desorb again and become biologically active. Half-
life in soil can be up to 20 years. Therefore, developing a sensing tech-
nique for such compound is particularly interesting. Since our AUBM-2
and AUBM-3 incorporate Naphthalene based linkers which are known
to be electron rich species, we believe that these MOFs could interact
with electron acceptor units such as viologen. Indeed, charge transfer
(CT)_ complexes have been reported based on the interaction between
DNP or NP units and MV2" [48].Interestingly, the fluorescence of
AUBM-2(La) and AUBM-2(Ce) were completely quenched (see Fig. 7)
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Fig. 7. Fluorescence spectra of the AUBM-2(La) (A) and AUBM-2(Ce) (B) excited at 300 nm, where (1) [MV?*] =0.0 mg/mL and (2) [MVZ‘L] =50 mg/mL at ambient

temperature.

upon addition of MV2t with K, values 21 M ! and 9 M ! respectively.
Especially, AUBM-2 (La) fluorescence was remarkably quenched as
shown in Fig. 7A. It can be noted that initially till 80 mM of MV2*, the
quenching rate for Fo/F of AUBM-3(La) vs. [MV2+] was linear as given in
inset of Fig. S18 and it obeys Stern-Volmer equation with a K, value
~21 M L. However, as the concentration increased, the trend showed an
upward curvature. Since AUBM-2(La) can form charge transfer complex
with MV2*, it is expected that initially the quenching rate follows a
dynamic quenching mechanism till ~20 mM and afterwards at higher
concertation of MV2*both static and dynamic quenching mechanisms
are operative giving an upward curvature in the Stern-Volmer plot. It was
found that this quenching trend of AUBM-2(La) by MV2*continued till
up to 50 mg/mL, thus, it can be useful for the determination of mMv2tin
environmental samples.

4. Conclusion

Four highly luminescent lanthanides-based metal-organic frame-
works were successfully synthesized using solvothermal processes. All
the four lanthanides-based MOFs were thoroughly characterized using
single crystal and powder X-ray diffraction, TGA, IR, UV-Vis, fluores-
cence studies. The luminescent properties of the all four MOFs were
explored and their ability for heavy metal sensing such as Pb (1I), Cr (I1I),
As (1II), Cd (II) and Hg (II) and paraquat were tested in solution. Among
the tested MOFs, cerium-based MOF (AUBM-3(Ce) was found to be
highly selective for mercury sensing in solution. Highly selective and
stable luminescent lanthanides design and synthesis using our current
knowledge for selective detective of heavy metal in aqueous solution is
underway in our laboratory.

The structural information of AUBM-2(La), AUBM-2(Ce), AUBM-
3(La) and AUBM-3(Ce) are available free of charge from the Cam-
bridge Crystallographic Data Centre under the reference numbers: CCDC
1,841,240, CCDC 1,841,235, CCDC 1,841,198 and CCDC 1,841,199,
respectively.
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Table S1: Crystallographic data and structural refinement summary for AUBM-2(Ce)

Compound

AUBM-2(Ce)

Empirical formula
Formula weight
Crystal system

Space group

o A

b/ A

o/ A

V/A3

T/K

Dc/Mg m-3

VA

m(Mo-Ka)/mm-1

No. unique data (Rint)
Final R indices [/ > 25({)]«
R indices (all data)

Cas5 H39 Ce2 N3 O16
1158.03
Triclinic
P -1
12.524(6)
12.570(6)
16.507(7)
2198.3(18)
173(2)
1.749
2
2.122
11904
R1=0.0680, wR2=0.1527
R1=0.0992, wR2 =0.1609
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Table S2: Crystallographic data and structural refinement summary for AUBM-2(La)

Compound

AUBM-2(La)

Empirical formula
Formula weight
Crystal system

Space group

a/ A

b/ A

o A

V/A3

T/K

Dc/Mg m-3

VA

m(Mo-Ka)/mm-1

No. unique data (Rint)
Final R indices [/ > 2s({)]a
R indices (all data)

Cas5 H39 La2 N3 O16
1155.61
Triclinic
P-1
12.55(1)
12.556(10)
16.571(13)
2200(3)
173
1.744
2
1.992
11084
R1=0.1103, wR2=0.1367
R1=0.0701, wR2=0.2093

Table S3: Crystallographic data and structural refinement summary for AUBM-3(Ce)

Compound

AUBM-3(Ce)

Empirical formula
Formula weight
Crystal system
Space group

o/ A

b/ A

oA

V/A3

TK

Dc/Mg m-3

VA

m(Mo-Ka)/mm-1

No. unique data (Rint)
Final R indices [/ > 2s(])]a
R indices (all data)

Ces H75 Ce2 N1o Oa2s
1736.37
Triclinic
P -1
12.4869(15)
12.5950(15)
13.7583(17)
1817.7(4)
100
1.586
1
1.327
9034
R1=0.0454, wR2=0.1205
R1=0.0510, wR2=0.1250
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Table S4: Crystallographic data and structural refinement summary for AUBM-3(La)

Compound AUBM-3(La)
Empirical formula C24 H20 LaN2On
Formula weight 615.33
Crystal system Triclinic
Space group P -1
a/ A 12.489(2)

b/ A 12.747(2)
o A 13.791(2)
V/As3 1881.5(5)
T/K 173
Dc/Mg m-3 1.150

VA 2
m(Mo-Ka)/mm-1 1.178
No. unique data (Rint) 9589

Final R indices [/ > 2s({)]a
R indices (all data)

R1=0.0454, wR2 = 0.1205
R1=0.0510, wR2=0.1250
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Figure S1. Crystal structures of AUBM-2(La) (top) and AUBM-3(La) (bottom), La: purple, O:
red, N: blue, C: grey.
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Figure S2. N2 uptake by AUBM-2(Ce) (A) and AUBM-3(Ce) (B), BET surface area are
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Figure S10. Florescence spectra of the AUBM-2(Ce) excited at 300nm (A) and 370nm (B) in the
presence of lead ions. Where (1) [Pb?*]=0.00 uM, (2) [Pb?*]= 0.014 uM, and (3) [Pb?*]=0.189 uM.
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Figure S11. Stern-Volmer plot for the quenching of the AUBM-3(Ce) with lead ions.
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Figure S12. Florescence spectra of the AUBM-2(Ce) excited at 300 nm (A) and 370 nm (B) in the presence
of chromium ions. Where (1) [Cr**]= 0.00 uM, (2) [Cr*]=0.215 pM.

_1.10x10° -

s 3 1.5x10
s s

2 z

3 ]

- H

£ E1.0x10°
Boisio g
255010 H

8 ]

» 'l

£ = ;
3 3 50x10' |
I w

0.00 00 L

500 500
Wavelength (nm) Wavelength (nm)

Figure S13. Florescence spectra of the AUBM-3(Ce) excited at 300nm (A) and 370nm (B) in the
presence of arsenic ions. Where (1) [As**]= 0.00 uM, (2) [As*]=0.123 uM.
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Figure S14. Fluorescence spectra of the AUBM-2(Ce) excited at 300 nm (A) and 370 nm (B) in
the presence of cadmium ions. Where (1) [Cd2+]= 0.00 uM, (2) [Cd2+]=0.014 uM, and (3)
[Cd2+]= 0.136 uM. Fluorescence spectra of the AUBM-3(Ce) excited at 300 nm (C) and 370 nm
(D) in the presence of cadmium ions. Where (1) [Cd2+] = 0.00 uM, (2) [Cd>+] = 0.136 uM.
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Figure S16: The Powder X-ray diffraction of AUBM-3(Ce) after three cycles.
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Table S5: A comparison between luminescent MOFss for the detection of Hg metal ions

Luminescent MOFs Analyte Detection Ksvvalue (M-1) Ref.
Limits (M)

[Zn(pu2-1Hade)( p2- Hg* 7X108 7700 (1]
S04)]

TbTATAB Hg2* 4.4 %X10° 4851 [2]
PCN-224 Hg?* 6 X107 640000 [3]
Uio-66 Hg?* 5.2 X100 - (4]
UiO0-66-NH2 Hg?* 1.76 X 108 - [5]
Bio-MOF-1 Hg?* 53 X101 - (6]
Eu/IPA Hg2* 2X10° . (7]
AUBM-3(Ce) Hg?* 1.8 X 10° 1899.6 This

work

56



Spectrum 2

Spectrum 1
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Spectrum 1
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Figure S17: SEM-EDX analysis for AUBM-3(Ce) after treatment with As(lll) (A), Hg(ll) (B), Pb(ll)
(€), Cr(l11) (D), and Cd(ll) (E).
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Figure S19. Stern-Volmer Plot for AUBM-2(Ce) in the presence of paraquat.
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CHAPTER 111

A. Metal Organic Framework-Photocatalyst Incorporating Bis(4’-(4-
Carboxyphenyl)-Terpyridine)Ruthenium(ll) for Visible Light-Driven Carbon
Dioxide Reduction.

In this part of our research work, our focus was on the development of new MOFs
for photocatalysis applications. Our new approach is to construct metal organic
frameworks (MOF) from multiple photoactive secondary building units (SBUSs) to be
used as photocatalysts. Initially, chemically and thermally stable molecular complexes
(Ru and Os based complexes) are synthesized using heterotopic linkers (Bis(4’-(4-
Carboxyphenyl)-Terpyridine)Ruthenium(ll)). This molecular complex incorporating a
secondary binding unit will be employed to construct the new photoactive MOFs. Finally,
the ability of the frameworks to act as photocatalysts will be tested. Notably, pre-
incorporation of the catalytic metal units into molecular building blocks (such as
inorganic coordination clusters) can significantly increase the number of gas molecules
on the surfaces of the frameworks without mitigating the specific surface area. As a proof
of concept, we synthesized Ru-terpyridine based complex with carboxylate ends to be
used as linkers for the MOFs synthesis. After trying different experimental conditions,
we finally succeeded in growing single crystals of the Zr-Ru-Ext-Terpy-MOFs.
Interestingly, the obtained structure is 1D structure namely (AUBM-4) with an unusual
Zr cluster that is composed of only one Zirconium atom coordinated to 2 linkers and the
rest of the coordination sphere is occupied by solvent molecules. Our strategy of using

the Ru-terpyridine based complex as a linker to construct the MOF catalyst appears to be
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very promising in artificial photosynthesis. The results of this work are presented in the
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ABSTRACT: In this study, we report the successful incorporation of
the photoactive bis(4’-(4-carboxyphenyl)-terpyridine)ruthenium(II)
(Ru(cptpy),) strut into a robust metal—organic framework (MOF),
AUBM-4. The single crystal X-ray analysis revealed the formation of a
new one-dimensional structure of Ru(cptpy), complexes linked
together by Zr atoms that are eight coordinated with O atoms. The
chemically stable MOF structure was employed as an efficient
photocatalyst for carbon dioxide conversion to formate under visible
light irradiation. To the best of our knowledge, the obtained
conversion rate is among the highest reported in the literature for
similar systems. Our strategy of using the Ru(cptpy), complex as a
linker to construct the MOF catalyst appears to be very promising in

artificial photosynthesis.

2 3
Time (h)

1. INTRODUCTION

Metal—organic frameworks (MOFs) are hybrid crystalline
structures' " that have recently emerged as promising
materials in artificial photosynthesis’ and photocatalysis.”
Their high versatility, attributed to their synthetic tunability
and exceptional structural properties, allows the incorporation
of photoactive components (organo or metal-organo com-
plexes) in the MOF’s structures to enhance their photo-
catalytic properties.” Moreover, MOFs have been tested as
photocatalysts for many applications, such as water oxida-
tion,*™"" hydrogen production,” carbon dioxide reduction,'”
and organic transformations,'> where specific parts of the
framework had been designed to be the catalytic center,
through the metal moiety, the organic linker, molecules or
both.'* Therefore, the selection of the organic linkers and
metal clusters is critical for the design and synthesis of MOF
photocatalysts.'® The integration of photoactive centers into
the MOF structures can be achieved either directly'”'® or via
post-synthetic modifications,'”'” in order to improve their
photocatalytic performance as compared with their homoge-
neous counterparts. By tuning the functionalities on the linker,
it should be possible to engineer the electronic structure of the
MOF photocatalysts.''® In addition, the use of MOFs in
photocatalysis have been proven to be advantageous over
traditional semiconductor photocatalysts due to their ability to
localize electrons on distinct constituents which limits the
electron—hole recombination rate.” Most of the reported

MOEF photocatalysts are based on Zr—O and Ti—-O

v ACS Pub”cations © 2019 American Chemical Society
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clusters® ™>* because of their high chemical stability, low

toxicity, and the variable redox states of the metal center (e.g.,
Ti(IV)/Ti(IlI), Zr(IV/Zr(1I1)). The Zr—O and Ti—O based
secondary building units (SBUs) appear as a robust platform
for the construction of thermally and chemically stable MOF-
based photocatalysts working under complicated and harsh
catalytic conditions. The charge transfer process (e.g, LMCT)
has been demonstrated for many of these MOF photocatalysts
through the charge transfer from the excited ligand to Zr- or
Ti-oxoclusters. In addition to metal clusters, functionalized
organic linkers have been shown to contribute to the
enhancement of the photocatalytic activity of the MOF
catalysts.””**** In fact, the amino-modified, electron-rich
conjugated, and photosensitizer-functionalized linkers have
been employed in the construction of highly active MOFs'”
such as MIL-125, NH,-UiO-66, and UiO-67 doped with
photoactive complexes and porphyrin-MOFs.**™** The choice
of these structures is due to their great visible light absorption,
excess electron density, and strong interaction with CO, and/
or water molecules. Particularly, the incorporation of Ru-
polypyridine complexes (e.g, Ru(5,5'-dcbpy and Ru(4,4'-
dcbpy)), in the backbone of the frameworks, has been shown
to be an effective strategy to enhance the photocatalytic
properties of the MOF structures®® due to their high oxidation
and reduction power and long lifetime of their excited
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states.”*™ Although the robust and highly photoactive Ru-
(terpyridine), complexes and their derivatives have been
widely used in homogeneous photocatalysis,”” their integration
into MOF structures to produce new photoactive materials is
not well exploited.'’ Herein, we report the first structure of a
photoactive Zr-MOF incorporating bis(4'-(4-carboxyphenyl)-
terpyridine)Ru(II) complex (Ru(cptpy),) in its backbone
(Scheme. 1). Interestingly, the obtained Zr cluster was based
on the simple ZrOg cluster and not the conventional
Zrs0,(0OH),(CO,),,, found in UiO-66 topology. The new
MOF structure was found to be highly stable and highly
efficient for the visible light driven conversion of CO, to
formate. '*CO, was used to confirm the origin of the formate
ions produced throughout the photochemical reaction. Finally,
a mechanism of the CO, photoreduction was discussed based
on the experimental analysis and the Density Functional
Theory (DFT) calculations.

Scheme 1. Synthesis of Ru(cptpy), Linker and AUBM-4
Crystals
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2. EXPERIMENTAL METHODS

2.1. Material and Methods. RuCl;-3H,0, 4-methoxycarbonyl-
benzaldehyde, 2-acethylpyridine, and all other chemicals and solvents
were purchased from Sigma-Aldrich and used without any further
purification. Infrared (IR) spectra were recorded on an FT-IR
spectrometer Thermo-Nicolet working in the transmittance mode, in
the 450—3950 cm™" range. Thermogravimetric Analysis (TGA) was
performed with Netzsch TG 209 F1 Libra apparatus. 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 (k =
1.5418 A). Absorption spectra were recorded at room temperature
using a JASCOV-570 UV—vis—NIR spectrophotometer. The steady
state fluorescence measurements were recorded with a resolution
increment of 1 nm, slit 5 using a HORIBA Jobin Yvon Fluorolog-3
and fluorescence program. The excitation source was a 100 W xenon
lamp, and the detector used was an R-928 operating at a voltage of
950 V. The formate ions were detected by 850 professional ion
chromatography (Metrohm) with a Metrosep A supp 7- 250/4.0
column. NMR spectra were acquired on an ACS00 Bruker
spectrometer (‘H and '*C NMR at 500 MHz). Chemical shifts
were recorded in delta (5) units and expressed as ppm values
relatively to the internal standard TMS.

2.2. Synthesis of (Ru(cptpy),). 4'-(4-Methoxycarbonylphenyl)-
2.2":6',2""terpyridine was synthesized according to a published
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procedure.” Synthesis of the [(4’-(4-carboxylphenyl)tgy)lRu](PFS)Z
was performed according to a modified procedure.”” RuCly;-3H,0
(130 mg, 0.5 mmol) and 4’-(4-Methoxycarbonylphenyl)-
2.2":6',2""terpyridine (366 mg, 0.99 mmol) were added to a mixture
of ethanol/water 1/1 (10 mL) in a round-bottom flask. The solution
was refluxed overnight under an argon pressure, and then KOH (190
mg) was added and the obtained mixture was refluxed for 2 h. After
cooling at room temperature, the solvents were evaporated. The crude
product was washed with acetone and dissolved in few milliliters of
DMEF, and then ammonium hexafluorophosphate solution was added
followed by HPF4 solution. The precipitate was filtered and washed
with water. Yield: 451.5 mg, 95%. Crystals of Ru(cptpy), were
produced by slow evaporation of a dimethylformamide solution of
Ru(cptpy), in the presence of urea. A summary of crystal data and
refinement results is given in Table S1.

2.3. Synthesis of AUBM-4. In a 4 mL scintillation vial, 10 mg
(0.01 mmol) of the complex (Ru(cptpy),) were dissolved in 2.5 mL
of DMF and sonicated for 5 min, and then ZrOCl,-H,0 (30 mg, 0.09
mmol) was added. After 10 min of further sonication, 700 uL of
formic acid were added and the reaction mixture was sonicated for a
couple of minutes. The mixture was placed in a preheated oven at 120
°C for 48 h. Red crystals of suitable size for single X-ray analysis were
obtained (yield 73% based on (Ru(cptpy),). The crystals were
washed with DMF for 2 d, and the solution was exchanged with fresh
DMF three times per day. This was followed by washing with
acetonitrile (MeCN) for 2 d, and the solvent was exchanged with
fresh MeCN three times per day. The crystals were collected and
dried under dynamic vacuum at 70 °C for 6 h.

2.4. Single X-ray Analysis. The single-crystal X-ray diffraction
study was performed using a Bruker Kappa Apex II CCD,"’ with Mo
Ka radiation at room temperature. Several red block-like single
crystals were tested, and they were heavily twinned. The best crystal
was chosen for data collection using the APEX II suite search strategy
by scanning w— and ¢ in different sets of frames for full data
coverage. The exposure time was 30 s per frame. The data were
corrected for Lorentz and polarization effects, and a multiscan
absorption correction was applied using the SADABS part of the
APEX 1I software. The structure solution was obtained by direct
method and refined using the least-square method incorporated into
the SHELXTL package.4 All the non-hydrogen atoms were refined
anisotropically, and all the hydrogen atoms were refined in the
idealized geometrically positions using a rigid model with C—H =
0.93 A and isotropic displacement parameters U,,,(H) = 1.2U,q (C).
At the end of the refinement, the SQUEEZE function part of
PLATON" program was used to check for a potential solvent
accessible void by removing the electron density from a highly
disordered solvent; the structure model was refined again and reached
a reasonable R-value. A summary of crystal data, experimental details,
and refinement results is given in Table S2.

2.5. Photocatalytic Reaction. 40 mL of acetonitrile (MeCN)
and 10 mL of triethanolamine (TEOA) previously purged with argon
gas were added into a 100 mL enclosed two-necked pear-shaped flask
containing 20 mg of AUBM-4, and then the mixture was purged again
with argon gas to remove dissolved oxygen. The mixture was placed at
20 cm irradiated with a 150 W xenon lamp through an AM 1.5 filter at
room temperature with continuous stirring. After the reaction, the
HCOO™ ions formed were detected by 850 professional ion
chromatography (Metrohm) instrument with a Metrosep A supp 7-
250/4.0 column. The eluent is a solution of 3.6 mM of Na,CO; and
2.5 mM HNO,,

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The synthesis of the
Ru(cptpy), and the subsequent preparation of AUBM-4
(AUBM = American University of Beirut Materials) crystals
employing this strut are summarized in Scheme 1 (NMR
spectra are shown in Figures S1 and S2). Dark red crystals of
Ru(cptpy), were obtained by slow evaporation of the DMF in
the presence of urea at 120 °C. The crystal structure is

DOL: 10.1021/jacs.9b01920
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Figure 1. Crystal structure of AUBM-4: view along x axis (A), selected adjacent chains showing the 7—7 interactions (B), the four chains are in
different colors (C), Zr—Ru—Zr chain of AUBM-4 (color scheme: Ru, gold; Zr, green; C, black; O, red; N, blue) (D), and side view of two of the
adjacent linear chains presented in cyan and turquoise (E). Hydrogen atoms are omitted for clarity.

presented in Figure S3, and the crystallographic parameters are
given in Table SI. It exhibits structural parameters related to
the Ru(tpy), core that are typical of such compounds and
shows that the Ru—N bonds are within the expected values
with slight distortion in the N—Ru—N angles from ideal
octahedral geometry. Mixing Ru(cptpy), and ZrOCl,-8H,0 in
DMEF in the presence of a small amount formic acid at 120 °C
in a capped vial for 48 h resulted in the formation of red
crystals of AUBM-4. The crystal structure of AUBM-4 adopts
the monoclinic space group C2/c with 8 molecules per unit
cell. All the atoms are located on general positions 8f except
for RulA and RulB which are at Wyckoft position 4e with
point symmetry 2. The crystal structure contains two
crystallographically independent molecules connected through
(RulA, Zr1A, and RulB) and (Ru2A, Zr2B, Ru2B, and Zr2C),
respectively (Figure S4 and Table S2). These molecules form
an infinite one-dimensional network along the large a-axis as
shown in Figure 1. These infinite chains could be described as
a link between the inorganic ZrOg secondary building units
(SBUs) and the two Ru(cptpy), complex struts, producing
one-dimensional chains of Zr—Ru(cptpy), running parallel to
one another. The coordination sphere around the Zr atoms is
completed by oxygen atoms from the solvent molecules to
form ZrOg polyhedra, which are one of the five to date known
Zr-based clusters in Zr-MOFs. Nevertheless, this coordination
was found only in two phenolic Zr-MOFs where the polyhedra
share edges to form rodlike SBUs.*’ The chains are linked
together through secondary interactions such as z—n
interactions and hydrogen bonds.

To verify the phase purity of the AUBM-4 crystals, the
powder X-ray diffraction (PXRD) pattern was recorded and
compared to the simulated pattern obtained from single crystal
data. As shown in Figure 2, the diffraction peaks of the as-
synthesized AUBM-4 are in agreement with the simulated data,
thus confirming the high crystallinity and phase purity of the
MOFEF. This was further confirmed by the scanning electron
microscopy (SEM) images and by energy-dispersive X-ray
(EDX) mapping analyses which were conducted on the
obtained crystals and revealed their homogeneity and the
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Figure 2. SEM image of AUBM-4 crystal and its mapping elements
(Zr and Ru) (A); powder X-ray diffraction patterns of simulated (1),
as synthesized AUBM-4 crystals (2), and after suspension in water for
1 week (3) (B).

coexistence of the elements Zr and Ru in all crystals (Figure 2
and Figure SSA). Chemical stability is of significant importance
for catalysis applications, since catalysts should remain robust
throughout the reaction and regeneration phases. Zr-based
MOFs incorporating the octahedral and cubic clusters are
reported to be highly stable; however, our AUBM-4 is
composed of simple ZrOg cores with only two bidentate
carboxylate groups and four O from the solvent, which could
potentially lead to a fragile framework. Thus, we tested the

DOI: 10.1021/jacs.9b01920
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framework structural stability by soaking the crystals in
aqueous solution and in organic solvents, for 1 week. PXRD
patterns of the samples were collected after the stability test. As
shown in Figure 2 and Figure SSB, the high crystallinity was
retained even after soaking them in these solutions for 1 week.
Although AUBM-4 is a one-dimensional structure, the packing
of the chains of Zr-Ru(cptpy), shows the existence of a porous
network. In order to assess this porosity, the N, isotherm was
performed on the activated MOF samples and the Brunauer—
Emmett—Teller (BET) surface area was determined to be S0
m?*/g (Figure S6A). The thermal stability was also investigated
by thermogravimetric analysis (TGA), and the weight loss
profile of the activated MOF revealed several steps for the
degradation of the framework starting at 300 °C where about
20% of the initial weight was lost rapidly. This was followed by
two small steps of weight loss between 300 and 750 °C to
reach 35% of weight loss, indicating the complete degradation
of the framework (Figure S6B).

3.2. Optical Properties. To quantify the light absorption
ability of AUBM-4 crystals, the diffuse reflectance of AUBM-4
powder was measured and the optical band gap was calculated
to be 1.88 eV using the Tauc plot (Figure S7A). The
absorption band could be attributed to the singlet metal-to-
ligand charge transfer ("MLCT) of ruthenium metalloligands
within the MOF structure (Figure S7B). This was further
observed in the luminescence spectra for both Ru(cptpy), and
AUBM-4 where the MLCT state luminescence of Ru**-based
complexes was detected (Figure 3). Furthermore, the

_ u AuBM4
3 . ot
3 4 4 Ru(c ution
s AUBM-4 1 ?
2
2 Ru(cptpy), -
- 2109 1
2 5
8 £
g E
5. %
5 Wy 4
i P
&
600 650 700 750 800 \1 ; ™
0 40 80 120

Wavelength (nm) Time (ns)
Figure 3. Photoluminescence spectra of Ru(cptpy), and AUBM-4
(A). Time resolved luminescence traces at 520 nm of AUBM-4
crystals suspended in acetonitrile (red) and for Ru(cptpy), suspended
in chloroform (black) or dissolved in acetonitrile (blue) (B).

luminescence decays for Ru(cptpy), and AUBM-4 show that
AUBM-4 has a longer lifetime [z = 3.6 ns (27%) and 54.1 ns
(63%)] when compared to the Ru(cptpy), complex [2.7 ns
(37%) and 18.4 ns (63%)] in their solid forms.

3.3. Photocatalytic CO, Reduction. To evaluate the
potential of AUBM-4 in photocatalytic applications, we
examined its photochemical properties by visible light driven
catalytic reduction of CO,. The CO, photoreduction reaction
was conducted using AUBM-4 crystals as a heterogeneous
photocatalyst with triethanolamine (TEOA) as a sacrificial
agent and acetonitrile (MeCN) as the solvent saturated with
CO,. The amount of the photocatalytic product (HCOO~
anion) was quantified by ion chromatography (IC) analysis of
the solution (Figure S8), and the obtained results are shown in
Figure 4. The formate production increases linearly with time
to reach 44 ymol in 6 h with an average formation rate of 7.3
pumol/h. Interestingly, the obtained rate was much higher than
those obtained using previously reported MOF catalysts such
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Figure 4. Amount of HCOO™ generated from CO, as a function of
the time of irradiation over AUBM-4, Ru(cptpy),, and in the absence
of CO, source (A), recyclability of AUBM-4 photocatalyst (B), *C
NMR showing the carbon source of the produced formate (C), and
PXRD patterns of the catalyst recorded before and after the reaction

(D).

as PCN-222, UIO-66-NH,, and MIL-125-NH, under similar
conditions (Table 1).'%3%4449

Table 1. Conversion Rates for CO, Reduction to Formate
Using Common MOF Photocatalysts under Similar
Experimental Conditions (MeCN/TEOA)

Irradiation
Rate of range (nm)
HCOO™ and Lamp
Catalyst [umol-g~"-h™"] intensity ref

PCN-222 60 420—-800 44
(300 W)

NH,-UIO-66(Zr) 264 420-800 32
(500 W)

NH,-MIL-53(Fe) 116.25 420-800 45
(300 W)

253-Ru(5,5"-debpy)(CO),Cl, 205.8 420-800 46
(300 W)

MIL-101(Fe) 147.5 420-800 45
(300 W)

Zr-SDCA-NH, 40.8 400—-600 47
(300 W)

NNU-28 52.8 420-800 25
(300 W)

Ir-CP 158.3 420-800 48
(500 W)

Eu-Ru(phen);-MOF 94 420—-800 12
(300 W)

AUBM-4 366 420-800 This
(150 W) work

The higher production rate was attributed to the integration
of photosensitizing and light harvesting complexes in the
backbone of the framework. Furthermore, a small amount of
formate was produced when the linker was used as a
homogeneous photocatalyst (2 umol), while no formate was
detected in the absence of catalyst, light, or CO,. It is
noteworthy that no significant amount of methane or other

DOL: 10.1021/jacs.9b01920
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hydrocarbon gas products were detected in the gas phase after
6 h of irradiation, as evidenced by the GC-MS analysis of the
product in the head space of the reactor under our
experimental conditions (Figure S9). In addition, we
performed the photocatalytic production of CO, over
AUBM-4 under a monochromatic 532 + S nm light irradiation
where only the ruthenium center absorbs, and again we
detected the formation of formate in the solution (Figure S10).
To investigate the photochemical stability of our photocatalyst,
AUBM-4 was recycled and reused for four consecutive cycles,
and the conversion of CO, to formate was monitored in each
cycle. As shown in Figure 4B, there is no significant change in
the amount of HCOO™ anions produced from one cycle to
another. Moreover, PXRD, SEM imaging, IR spectra, and BET
measurements of the recycled MOF catalyst have been
assessed and the results appear to be in good agreement
with those of the as-synthesized sample, which demonstrates
the high stability of the catalyst (Figure 4D and Figures S11—
§13). The previously reported studies are interesting and
informative considering the insight they provide regarding the
generation of solar fuels. Unfortunately, only a small fraction of
these studies have highlighted the effect of adventitious carbon
contamination pervasive on the surface and the pores of these
photocatalysts, which can provide false positives of their real
performance metrics. The control of the reaction using *CO,
as a reactant was performed to verify the source of the
obtained product HCOO™ in our reaction. After 6 h of
photocatalytic reaction, the H*COO™ produced was analyzed
by 3C NMR spectroscopy and a peak at 167.7 ppm was
observed and assigned to H*COO™ (Figure 4C and Figures
S14—S15), which clearly demonstrates that AUBM-4 is able to
convert CO, to HCOO™ through a photocatalytic reaction.
3.4. Density Functional Theory Calculations. In order
to gain some insight into the mechanism of this photocatalytic
reaction, we performed Density Functional Theory (DFT)
calculations using the B3LYP/6-311G(d,p) exchange correla-
tion functional with the Los Alamos effective core potential
LanL2DZ* as implemented in the Gaussian03 program
package.”’ We optimized the geometry of a small unit of
AUBM-4 (without fixing atoms) containing one ruthenium
and two zirconium centers in acetonitrile medium using the C-
PCM algorithm* (Figure S16). The HOMO, HOMO-1, and
HOMO-2 have a ruthenium t,; character and small
contribution from the 7-bonding orbitals of the cptpy ligand,
but with no contribution from the zirconium centers. Similarly,
the LUMO to LUMO+3 are 7* orbitals delocalized on the
cptpy ligands with no contribution from the zirconium units.
We also performed Time-Dependent DFT calculations (TD-
DFT) on the same unit in acetonitrile (Table S3 and Figures
$17—S18) and showed that all transitions in the visible region
(to the red of 350 nm) involve the above-mentioned molecular
orbitals. These results suggest that there is no electronic
transition from the ruthenium center to the zirconium ones
(MMCT) upon visible light excitation as expected due to the
high energy of the 4d orbitals of Zr. The lowest energy
calculated for an electronic transition that involves the 4d
orbitals of Zr is from the HOMO to LUMO+4, and it is
calculated to be at 330 nm. These results are consistent with
the emission data in Figure 3, where the emission lifetime of
AUBM-4 is longer than the linker alone and therefore the
MMCT is absent. These results in addition to the fact that the
Ru(cptpy), shows some CO, photoreduction suggest that the
photocatalytic reduction reaction most probably takes place at
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the cptpy center. We speculate that, upon photoexcitation and
the fast ruthenium-to-cptpy MLCT, the ruthenium center
becomes reduced by TEOA and the cptpy®™ radical anion
transfers the electron to CO, whether in its vicinity or
coordinated to the zirconium metal, since the latter has
exposed sites that can coordinate CO, (Scheme 2).

Scheme 2. Proposed Mechanism for CO, Photoreduction
over AUBM-4 under Visible Light Irradiation

co,

3)HY e

Finally, we attribute the high efficiency of this catalytic
photoreduction to the following facts: (i) the long emission
lifetime of the visible light harvesting Ru(cptpy), linker in
AUBM-4; (ii) the high surface that is accessible to CO, in
AUBM-4; and (iii) the possibility of CO, coordinating to the
zirconium center and thus facilitating the CT reaction from the
terpyridine radical anion to the coordinated carbon dioxide.
Even though dual mechanistic CO, photoreduction in MOFs
at ligand and metal sites has been reported previously,”*” we
speculate that the latter reaction is a direct reduction of
coordinated carbon dioxide on the metal center by the linker
radical anion rather than a reduction reaction by the metal
center.

4. CONCLUSIONS

In conclusion, we have successfully synthesized and fully
characterized a new chemically stable zirconium-based metal—
organic framework, namely AUBM-4 assembled from a Ru
metallo-ligand and ZrOyg cluster. The AUBM-4 crystals display
not only notable chemical stability but also high photostability
and were employed as a photocatalyst for the reduction of
carbon dioxide to formate under visible light irradiation. The
obtained conversion rate (366 ymol-g™"-h™") was among the
highest reported in the literature. Recyclability of the MOF
catalyst was further investigated and showed that our MOF
catalyst was highly stable and was successfully regenerated.
Finally, DFT calculations were performed and a mechanism for
CO, reduction over AUBM-4 was proposed.
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'H NMR (ds-dmso 500 MHz): 5 = 9.54 (s, 4H), 9.13-9.11 (d, J= 10 Hz, 4H), 8.59-8.57 (d, /= 10 Hz,
4H), 8.31-8.29 (d, J = 10 Hz, 4H), 8.08 (t, 4H), 7.56-7.57 (d, J = 10 Hz, 2H), 7.29 (t, 4H).

BC NMR (ds-dmso 500 MHz): 167, 158, 155, 152, 146, 140, 138, 132, 130, 128, 128, 125, 122.
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Figure S2: '3C NMR of (1) in d4-dmso at 500 MHz).
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Table S1. Crystallographic data and structural refinement summary for Ru(cptpy)».

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4
Density (calculated)

Absorption coefficient
F(000)
h, k, | max

Nier

Tmin, Tmax

Tmin

Data completeness
Theta (max)

R (reflections)
wR2 (reflections)

S

Cys Hag Ny O4 Ru.C Hy N, 0, 5H,0
805.79

200 K

0.71073 A

Triclinic

P-I

a=9.0259(4) A, b =13.1063(5) A, c = 17.2862(6)
y=178.761(3) A, f=76.926(3) A, 5=89.888(4) A
1951.79(14) A3

2

1371 g/em3

0.452 mm-!

820.0

11, 16,21

7251

0.685,0.746
0.964
0.945
26
0.0662 (4027)
0.1014 (7251)

1.099
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Figure S3. Crystal structure of Ru(cptpy)., (A) ball-and-stick, (B) space-filling representations. Color
scheme: Ru, gold; C, gray; O, red; N, blue. Hydrogen atoms are omitted for clarity.



Table S2. Crystallographic data and structural refinement summary for AUBM-4.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

CasH192N36072Ru6Zr6

6462.50

296(2) K

0.71073 A

Monoclinic

C2/c

a=52.5621(8) A, b=123.1563(4) A, c =
23.8286(4) A, f=95.3350(10) A.
28877.2(8) A3

4

1.486 g/cm3

0.598 mm-1

13008

0.150 x 0.110 x 0.040 mm3
0.778 to 28.000°.

-69<=h<=69, -30<=k<=30, 0<=I<=31
68270

34855 [R(int) = 0.1040]

100.0 %

Semi-empirical from equivalents
0.745986 and 0.645100
Full-matrix least-squares on F2
34855/0/ 1838

1.022

R1=0.0725, wR2 =0.1558
R1=0.2229, wR2=10.1791
1.032 and -0.692 e.A-3

Figure S4. Crystal structure of AUBM-4. The crystal structure contains two crystallographically
independent molecules connected through (RulA, ZrlA and RulB) and (Ru2A, Zr2B, Ru2B and
Zr2c) respectively.
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Figure S5. SEM images of AUBM-4 crystals (A), the Powder X-ray diffraction patterns of AUBM-4
after stability test (B).
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Figure S6. N, Adsorption-desorption of AUBM-4 (A), TGA analysis of AUBM-4 (B).
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Figure S7. Tauc Plot from diffuse reflectance of AUBM-4 powder showing a band gap of 1.88 eV

(A) and UV-visible absorbance spectrum of the suspended crystal in acetonitrile (B).
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100+ s 100+ 859
S 955
N==
03 ] %7 o
acetonitrile
85 855
80 803
754 L= N
" ] 0/\/ \/\0
triethanolamine
Le 657
o3 60
85 554
- 503
i H
3 i
®; o]
a9
* 2]
201 ne 7
579
= 25
409/
207 X 203
154 51
il
104
1o o 20
o] e 89 K “o oy 87.1 i
19 120 us| | ¥4 29 720
A 11460 539 579 680 790 838 910 842 159 180 [ “o 529 69
v T RARE: T Y T T T !
10 ) EY 0 6 ) 80 w0 10 Ml - “| |1 57'!.]71' CARIEIE T}
mz 0 2 % 4 S e 70 80 90 100
mz

Figure S9. GC-MS of the head space product, only acetonitrile and triethanolamine vapors were
detected under our experimental conditions.
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Figure S10. Photocatalytic production of CO, over AUBM-4 under a monochromatic light irradiation
of 532 nm.

Spectrums (o} Zr Ru Total %

1 31.85 32.58 35.57 100.00
2 37.77 31.41 30.82 100.00
3 21.19 37.86 40.94 100.00
4 24.36 37.75 40.89 100.00
5 28.22 33.16 38.62 100.00

Figure S11. SEM images and EDX of AUBM-4 after the photocatalytic reaction showing
homogenous metal compositions, indicating the stability of the catalysts throughout the
photoreduction reaction.
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Figure S12. Infra-red spectra of AUBM-4 before and after photocatalytic reaction.
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Figure S13. N, uptake by AUBM+4 crystals before (A) and after (B) the reaction, BET surface area
are calculated to be 50 and 40 m%g for AUBM-4 before and after photocatalytic reaction respectively.
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Figure S16. Molecular orbital energy diagram of AUBM-4 unit. The HOMO-LUMO gaps are reported in

eV. The isodensity plots shown are for the HOMO — 3, HOMO — 2, HOMO — 1, HOMO, LUMO, LUMO +
1, LUMO + 2, LUMO + 3 and LUMO + 4.
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Table S3: Calculated spectra of AUBM-4 above 350 nm.

E (nm) f Transition

492.2 0.0113 | HOMO-2->LUMO(+95%)

490.5 0.0115 | HOMO-2->LUMO+1(+96%)

463.8 0.4709 | HOMO->LUMO(+40%) HOMO-1->LUMO+1(+38%) HOMO->LUMO+1(+8%)
HOMO-1->LUMO(7%)

4321 0.0231 | HOMO->LUMO+2(+90%) HOMO-1->LUMO+2(+5%)

4318 0.0218 | HOMO-1->LUMO+2(+91%) HOMO->LUMO+2(5%)

427.5 0.0135 | HOMO->LUMO+3(+92%)

427.4 0.0155 | HOMO-1->LUMO+3(+92%)

425 0.2266 | HOMO-2->LUMO+2(+94%)
0.5
50
—04
40 —
m"::: 30 B
s
2
20| 02
10 - - 0.1
0 T T I 'I T T 00
200 300 400 500 600 700

Wavelength (nm)

Figure S17: The computed absorption spectrum of AUBM-4 unit.
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25
Energy (eV)

Figure S18: The derived Tauc Plot from the TD-DFT of the AUBM-4 unit showing a band gap of ~
2.3 eV.
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CHAPTER IV

CONCLUSION

This work demonstrated the design and synthesis of new kind of Metal Organic
Frameworks (MOFs) using new type of linkers. From the proposed linkers, we have
succeeded to prepare a set of new materials with unprecedented electrical, chemical, and

topological properties for sensing and photocatalysis applications.

In the first project, we succeeded to create a new set of luminescent MOFs, namely
AUBM-2 and AUBM-3. The single crystals of Lanthanides MOFs were obtained by the
solvothermal reaction of DNP and NP and LnNO3.6H,O where Ln is (La and Ce) in a
mixture of DMF/H2O/EtOH. All the four lanthanides-based MOFs were thoroughly
characterized using single crystal and powder X-ray diffraction, TGA, IR, UV-Vis,
fluorescence analysis. Their sensing properties were further investigated for toxic
elements (Pb(I1), Cr(1V), As(lll), Cd(I1), Hg(Il)) and paraquat. The quenching effect
induced by the mercury metals for AUBM-3(Ce) was great with Ksv values of 2061 M
and 1289 M after exciting at 300 nm and 370 nm respectively. Compared to the other
heavy metals tested, this quenching effect was only evident in the case of mercury thus

the AUBM-3(Ce) could be reported as a sensitive and selective detector for mercury ions.

In the second project, we report the first structure of a photoactive Zr-MOF
incorporating bis(4-(4-carboxyphenyl)-terpyridine)Ru(ll) complex (Ru(cptpy)z) in its
backbone. Interestingly, the obtained Zr cluster was based on the simple ZrOg cluster and

not the conventional ZrsO4(OH)4(COz2)12, found in UiO-66 topology. The crystal obtained
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structure is 1D structure with an unusual Zr cluster that is composed of only one
Zirconium atom coordinated to two linkers and the rest of the coordination sphere is
occupied by solvent molecules. The new MOF structure was found to be highly stable
and highly efficient for the visible light driven conversion of CO, to formate, the
conversion rate (366 pmol-g-h't) was among the highest reported in the literature.
Recyclability of the MOF catalyst was further investigated and showed that our MOF
catalyst was highly stable and was successfully regenerated. 13CO, was used to confirm
the origin of the formate ions produced throughout the photochemical reaction. Finally, a
mechanism of the CO, photoreduction was discussed based on the experimental analysis

and the Density Functional Theory (DFT) calculations.
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