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Synopsis:

The present work explores the design and syntheses of neutral nitrogen-donor linker-based MOFs
targeted as hosts for the selective recognition and sequestration of hazardous and toxic analytes. In this
respect, the rationale choice of utilizing MOFs built from neutral nitrogen donor linkers offered prospects
to impart peculiar functionalities viz. specific recognition sites, shape memory effect that propelled the
emergence of selectivity in these extended coordination compounds. In the first section of the work, the
development of neutral nitrogen linker-based MOFs was pursued for toxic analyte sensing such as volatile
organic compounds (VOCs), allyl alcohol which are categorized by the EPA in the category of priority
pollutants. While in the subsequent chapters, ionic MOFs were explored for the capture of toxic
oxoanions of arsenic and selenium.

In chapter 2, an interpenetrated luminescent MOF was designed that served as a molecular
decoder toward hazardous volatile organic compounds (VOCs). The material afforded soft-dynamism
with its reversible nature that led to formulation of distinct photoluminescent response in synergism with
the exciplex formation between the host-guest systems. The experiments revealed that the energetics of
the host-guest complex were perturbed via multiple factor’s including the electronic nature as well as the
ionization potential of the analytes. In addition to this photoluminescence response, a colorimetric
response was also observed specifically for dimethylaniline which was attributed to the formation of
radical cations within the voids of MOF. LCP-100 serves as a striking example of MOF’s ability to
stabilize radicals within the voids of the channels. (Scheme 1) (Inorg. Chem. 2017, 56, 6864-6869)
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Scheme 1: Schematic representation showing analyte responsive dynamic host coordination polymer.

Further in the next chapter 3, efforts were dedicated towards developing a sensor for highly toxic
and flammable allyl alcohol. In this regard, we rationally designed two neutral MOF appended with
functional sites viz. metal-chloride along the porous channels of the network. The solids were screened as
a sensor for alcohols and the materials showed a distinct response towards allyl alcohol as compared to

congener alcohols. The selective recognition was ascribed to the multiple factors including the m-n



interaction, similar LUMO energy levels of the coordination polymers with the allyl alcohol. The
properties were investigated thoroughly in detail. Notably, this is the first MOF explored towards the
detection of allyl alcohol and this will propel the design of MOFs for this application. (Scheme 2) (Mol.
Syst. Des. Eng. 2020, 5, 469-476.)

Trap & 3
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Scheme 2: Schematic highlighting the design strategy in a functionalized MOF for allyl alcohol sensing.

In the next section of the work, the focus was towards the development of cationic MOFs as scavengers
for the sequestration of oxoanions of arsenic and selenium which has not been previously explored in
literature. The interesting feature of these oxoanions include weak binding affinity as well as high
solubility in water that renders their sequestration very arduous in nature. In chapter 4, the solution to
this problem was approach through a rationale choice of a water stable ionic MOF, iMOF-1C, owing to
the presence exchangeable SO4* anions that imparted the shape memory effect. The material was
thoroughly investigated in detail for its behaviour to sequester oxoanions of Se(VI) and As(V) in terms of
kinetics, uptake capacity as well as for recyclability and the results obtained were quite promising. The
selective uptake was rationalized on the basis of shape memory effect offered by SO4* anions as well as

the hydration energy difference between the oxoanions and framework.

lonic MOF for Trapping of
Toxic Inorganic Pollutants -

Scheme 3: Schematic design illustrating the utilizing of ionic MOFs as scavenger towards oxoanions of

arsenic and selenium.
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Further, the ion-exchange mechanism was confirmed by single crystal diffraction analysis that also
revealed variable modes of binding of oxoanions of arsenic and selenium as well as crucial role of
hydrogen bonding interaction in the stabilization of these weakly bound oxoanions. This study served as
the first example of ionic MOF explored for this application. (Scheme 3) (4dngew. Chem. Int. Ed., 2020,
59, 7788-7792)

Learning from the previous study, the development of cationic MOF for the capture of oxoanions of
arsenic and selenium was pushed via rationally designing a novel cationic MOF, iMOF-3C in chapter 5.
The cationic network wad knitted with features such as shape template effect, chemical stability in water

as well as basic media along with the presence of one-dimensional porous channels that facilitated the
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ion-exchange. (Scheme 4)
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Scheme 4: Schematic representing rapid capture of oxoanions of arsenic and selenium by a cationic
network.

As a consequence, the material exhibited a rapid and selective uptake behaviour towards oxoanions of
Se(IV), Se(VI) and As(V) with one the highest maximum uptake capacity. In detail analysis revealed the
corresponding distribution coefficient values as the highest in the field of MOFs. Moreover, iMOF-3C
was able to reduce the concentrations of arsenic and selenium in river water to yield drinking quality
water that met the US-EPA criteria. The excellent experimental results were supported by theoretical
investigation that provided insights regarding the stabilization sites as well as the high binding energies.
These reports will further the design of ionic MOFs for capture of oxoanion of arsenic and selenium.

(Manuscript Submitted)

In summary, this thesis will help propel the development of neutral nitrogen donor MOFs in the domain

of sensing as well as sequestration of toxic analyte which is crucial for the sustainable development.
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| Chapter 1

1.1 Porous Coordination Polymers/ Metal-organic Frameworks:

Porous Coordination Polymers (PCPs)/ Metal-organic Frameworks (MOFs) are a class of crystalline,
hybrid organic-inorganic coordination polymers.' They are assembled via coordination bonds between
organic ligand(s) and metal ion(s)/cluster(s) while the extended coordination prompts the formation of a
framework structure with potential voids, generally occupied by guest solvent molecules, counterions,
unreacted linkers (Figure 1.1).> MOFs are differentiated from coordination polymer (CPs) based on
dimensionality as well as potential porosity.'® The research interest in the field of MOFs escalated toward
the end of the 20™ century. Nevertheless, the past two decades have unraveled the vast potential of MOFs
in several fields ranging from adsorption, toxic analyte chemical sensing, environmental pollutant capture,
catalysis (Figure 1.2).°> An excellent understanding of self-assembly processes and coordination chemistry
is critical for the rational design of such supramolecular framework solids. The fine tunability emanating
from the hybrid nature of MOFs plays a crucial role in distinguishing them from other classes of porous
sorbent materials such as zeolites, porous carbons. The tuneable nature provided researchers a platform to
play with solid-state materials in terms of aperture size, functionality, and so-on that lacked in literature
before the realization of MOFs.* The wide range of organic linkers, as well as large scale availability of
numerous metal ions, bestows the possibility of infinite combinations. Hitherto, since the advent of MOFs,
> 70000 novel structures have been discovered and with few possessing remarkably large surface areas >
10000 m*/g.” This fine-tuning has been explored thoroughly and led to the realization of multi-variate MOFs,
isostructural MOFs, hierarchal MOFs, multi-functional MOFs.® Additionally, MOFs can be modulated
based on the pore size with the voids ranging from ultramicropores (aperture size < (0.7 nm), micropores
(aperture size 0.7 nm - <2 nm), mesopores (aperture size > 2 nm to < 5 nm) to macropore (> 5 nm) according
per IUPAC notation which is not feasible in conventional porous solids.’

Coordination

Organic Linker Bond

> o
| \0.\‘
©
Metal-ion ‘

Self-assembly Metal-organic Frameworks

Figure 1.1: Representation showing the generic approach for the synthesis of metal-organic frameworks

(MOFs).
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Figure 1.2: Schematic diagram showing peculiar features of MOFs and its applications.

1.1.1  Building Units and Synthesis of MOFs

As already mentioned in section 1.1, MOFs are composed of the organic linker(s), metal ion(s) with guest
molecules occupying the porous space. Typically, the organic linkers can be either di/multi-topic in nature.
Moreover, the broad spectrum of organic linkers can be classified based on terminal donor moiety as (i)
Oxygen donor, (ii) Nitrogen donor.® These include various functional groups, including carboxylates (R-
COOH) and sulfonates (R-SO3H), neutral/charged nitrogen donor linkers viz. pyridine, azolates, etc. MOFs
can be fabricated from a variety of metal ions, such as transition metal ions like Cr(I1I), Ni(II), Zn(Il); alkali
metals and alkaline earth metals, lanthanoids etc. thereby providing plenty of opportunity for a rationale
choice according to the targeted application.Various syntheses pathways for the fabrication of MOFs have
been realized including methods such as solvothermal synthesis, hydrothermal synthesis, slow diffusion,
electrodeposition, microwave synthesis.” Generally, the coordination environment of the metal ion center
in MOF depends on several parameters, including the choice of a metal atom, type of donor atom in the

linker, crystal field stabilization energy, pKa of the linker, the reaction conditions, etc.'’

1.2 Classification of MOFs
1.2.1 Neutral MOFs and ionic-MOFs.

1.2
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MOFs can be classified depending on the charge of the framework backbone into two categories: (i) Neutral
MOFs and (ii) Ionic MOFs (iMOFs).!! The fabrication of neutral/ionic MOFs is performed by variable
pathways, and the syntheses are guided by the principles of coordination chemistry, which directly
highlights the importance of the choice of linkers as well as metal ions. Neutral MOF's require the presence
of charge balancing moieties at the metal center, for instance, negatively charged counter anions from the
metal salts or charged linkers (Figure 1.3b). While for the case of ionic MOFs, the framework is associated
with a residual positive or negative charge, thereby yielding anionic/cationic network whose charge is
typically offset by the guest anions/cations (Figure 1.3a, c¢). The probability resulting in the formation of
either kind of network comes down to several parameters viz. charge of metal ion, denticity of the linker,
size of metal ion, the donor atom of the linker, reaction temperature, concentrations, pressure and so-on.'°
In view of the interest of this thesis focus, the fabrication strategy for cationic MOFs derived from neutral
nitrogen donor linker has been explained herein. Cationic MOFs are constructed majorly via a combination
of neutral nitrogen donor-based linkers with metal ions having weakly coordinating counter anions (Figure
1.3c)."" Few more strategies viz. post-synthetic modification of organic functional groups such as pyridyl

have also been reported. '?

Anionic MOF Neutral MOF Cationic MOF

Figure 1.3: Representative figure showing different kinds of MOFs (a) Anionic MOF, (b) Neutral MOF
and (c) Cationic MOF. Ref Code: (a) NUDLAA, (b) DAXNOI, (¢) SUCNUCOL.

1.2.2 Classification based on structural aspect: Rigid and flexible MOFs and various generations of
MOF

MOFs can be broadly classified as flexible/rigid depending on the framework features. Flexible MOFs
exhibit peculiar structural transition, with respect to an external stimulus, while maintaining the crystalline

nature of molecular solids. In this respect, numerous chemical and physical stimuli, including chemicals,

13
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light, temperature, pressure, electric, and magnetic fields, have been explored to drive such structural
transitions."? In this respect, the classical concept of soft porous crystals, as discussed by Kitagawa and co-
workers, highlights the various concepts involved in the fabrication of a flexible network.'* The MOFs
constructed from neutral nitrogen donor linkers feature prominently in that category.'” These flexible
networks can exist in a multi-stable state and can be converted from one phase to another easily when
triggered via stimuli. In sharp contrast to flexible MOFs, certain MOFs are known for the extremely rigid
nature and even maintain the structural characteristics in the presence of any external stimulus. These
stimuli-responsive structural transitions directly impact the characteristic properties of the MOFs. This
behaviour has been explored well in literature with some flexible MOFs yielding unique results in the field
of sensing, separation, catalysis, capture, conduction.'® Hitherto, flexibility in MOFs is highly sought after
and especially has high relevance for molecular decoding applications as well (Discussed further in Section
1.4.1).

Additionally, MOFs can be classified among different generations viz. 1 generation, 2™ generation, 3™
generation, and 4™ generation based on the type of network.'* The first-generation MOFs disassemble after
the removal of guest solvent molecules in contrast to the second-generation MOFs which are quite known
to maintain their structural integrity. Further, the third generation MOFs can alter their structure depending
upon a stimulus, and a new crystalline phase is achieved via structural transformation. Lastly, fourth-
generation MOFs are relatively novel and encompass frameworks wherein the long-range order remains
intact to impart robustness whilst the flexibility is introduced via displacement of counter anions, guest

solvent molecules, introduction of flexible groups, defect creation, post-synthetic modification etc.!”

1.3 Neutral N-donor linker based MOFs

Neutral nitrogen donor linker based MOF stands tall among the earliest examples of extended framework
structures. The end of the 20" century and early 21% century has witnessed the rise of nitrogen donor linker
for MOF fabrication. However, the in-depth investigations pushing for real-time applications are catching
up more so in the past decade.'® These MOFs are fabricated utilizing organic linkers such as bipyridyl,
pyrazine, imidazole, cyanide, triazole (Figure 1.4) and so-on. In combination with a suited metal-
ion/counter anion these linkers yield either a neutral/cationic network depending on the properties of the
co-reactants present during the crystallization process. These networks can be easily fine-tuned in terms of
functionality, pore size, guest anion. Typically, neutral nitrogen donor linker based MOFs are constructed
from substituted six-membered pyridyl linkers, substituted five-membered aromatic heterocycles and so-
on. The peculiar size of the organic donor moiety significantly affects the product formation. For instance,
six coordination from pyridine type linker is untenable, which favors anion binding at the vacant metal sites.

While on the other hand, five-membered nitrogen linkers do not have any such steric constraints, thereby
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allowing crowding of the metal center that imparts stability to the metal-nitrogen bond. Moreover, the
stability of neutral nitrogen-based MOFs revolves around (i) The metal-linker bond that includes factors
such as pKa of the linker, charge of the metal ion, HSAB principles, denticity of the linker."” Generally,
pyridine substituted linkers have relatively lower pKa values, while the azolates are quite known for high
pKa. Notably, the pka values of the linker is direct proportional to the tendency of electron donation to M-
L bond and has a direct impact on the strength of the metal-nitrogen bond as elucidated from the literature.
Additionally, multi-dentate nitrogen donor linkers possess higher kinetic stability, as has been reported in
the literature. (ii) Structural factors inclusive of the interpenetration as well as the formation of SBU or
metal clusters. These are relevant for imparting high resilience to the network and seldom induced guest
mediated structural transitions pertaining to the interpenetration of the network. (iii) Lastly Hydrophobicity
of the linker, Steric crowding at the metal center. Introducing hydrophobic groups viz. fluorine atoms, alkyl
chains in the linker have been trialled for increasing the water contact angle, therefore, enhancing the
resistance towards moisture, chemicals for MOFs built from neutral nitrogen donor linkers. Apart from that,
the crowding around the metal center also plays a crucial role in enhancing the protective armor around the
coordination bond, thereby providing stability. Metal-nitrogen bond in neutral nitrogen donor linker based
MOFs are relatively weak, and the guest-species present within the voids influence the bond strength and
overall stability of the frameworks.?’ These host-guest interactions are quite relevant, and even the slightest
tweaking of the non-covalent interactions can induce a response, which is a desirable feature. Additionally,
cationic MOFs display several prominent features including shape memory effect, electrostatic interactions
with the guest species thereby prevent leaching.”! Encompassing such attractive features nitrogen donor-
based MOFs are an intriguing subclass of MOFs. Herein, this thesis concerns with the development of

neutral nitrogen donor-based functional MOFs and subsequent applications.
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Figure 1.4: Representative examples of neutral nitrogen based organic linkers.

1.4 Applications of neutral N-donor linker based MOFs

Neutral nitrogen donor-based MOFs have seen commendable progress during the past decade with
emerging applications in several fields, including catalysis, separation, conduction, magnetism, capture,
sensing, and so-on.'® In particular, research interest in the field of toxic analytes sensing and sequestration
has gained tremendous attention lately owed to the close overlap between the anthropogenic polluting
sources and the living spaces.?? The direct influence of this overlap has caused severe contamination of air,
groundwater that needs to be monitored as well mitigated In this regard, the United Nations Sustainable
Development Goals and targets initiative ensures the availability of basic needs such as clean air, safe
drinking water. A key factor to achieve this goal would be to develop suited materials that can selectively
detect presence of such toxic compounds. Neutral nitrogen donor linker-based MOFs are at the forefront
among solid-state materials investigated for this application as they offer features such as host-guest
interactions crucial for imparting selectivity, pre-concentration of the guest moiety to maximize the
interactions, ionic nature to attract the charged toxic analytes via electrostatic interactions to prevent
leaching, template effect for selectivity.'® To acknowledge and prioritize hazardous pollutants, the United
States EPA has come up with a list of pollutants based on toxicity and hazardous nature. It encompasses
various inorganic and organic pollutants like oxoanions, dyes, antibiotics; gaseous pollutants like VOCs,
amines, SOy explosives, hazardous air contaminants etc. Developing materials that exhibit selective

detection as remediation tendency toward these aforementioned pollutants is imment in order to contribut
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towards sustainable development goals. In this regard, neutral nitrogen donor MOFs were rationally
designed and explored for various environmental applications and further details are mentioned below.
1.4.1 Toxic analyte sensing

Selective sensing and adsorption of toxic compounds by solid-state materials viz. MOFs is an emerging
research field.”* MOFs score over as highly suited candidates owed to tuneable features afforded these
hybrid compounds. Several MOFs have shown immense potential towards toxic analyte sensing through
different response pathways, including colorimetric detection, electrochemical detection, change in
conductivity, photoluminescence, and so-on. Among these methods, the photoluminescence response
mediated signal transduction in MOFs has gained much attention lately due (i) fast response time, (ii)
detection possible for minuscule amounts even in the ppb range, (iii) high selectivity and sensitivity, (iv)
heterogeneous phase.”> The photoluminescent/colorimetric response is generated via numerous
mechanisms such as metal to linker charge transfer, linker to linker charge transfer, guest induced

luminescence etc.

Guest
Molecule

Pendant

Group Metal

Node

Functional
Organic
Ligand

Figure 1.5: Schematic representation illustrating the various components of MOFs responsible for
photoluminescence.

These analytes are detected via generation of a readout signal that typically involves either change in the
associated intensity of the chromophore, shift in wavelength, or emergence of new peaks in the spectrum.
Furthermore, depending on the electronic spin states involved during the radiative deacy, for instance,
singlet to singlet transition affords luminescence. In contrast, singlet to triplet transition promotes
phosphorescence. Neutral nitrogen donor-based MOFs can be easily tuned and imparted with functional
sites for toxic analyte sensing and detection, for instance, functional sites, guest molecule, pendant
functionality (Figure 1.5). Additionally, the intrinsic flexible nature imparts another level of dimensionality
to enhance specificity, selectivity, and sensitivity of response. The selective non-covalent interactions of

the framework backbone with the analyte forces energy-driven structural transitions to maximize such
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interactions hence enhancing the sensitivity and selectivity of the solid host. Notably, these structural
transformations are highly dependent on the electronic nature of the host and guest toxic analyte, the
functional groups, shape, and size of toxic guests, pore aperture therefore providing a differential response.
Hence, the development of MOF materials investigated for the toxic analyte(s) such as volatile organic
compounds, hazardous industrial chemicals that pose huge risks are highly relevant. In this regard, several
research groups have shown utility of luminescent MOFs for VOC sensing in both liquid as well as vapor
phase. Prof. Kitagawa and co-workers studied a napthalenedimide based entangled PCP namely
[Zny(bdc)2(dpNDI)],  wherein  (dpNDI= N,N’-di(4-pyridyl)-1,4,5,8-naphthalenediimide; bdc = 1,4-
benzenedicarboxylate;). This material exhibited molecular decoding applications towards aromatic volatile
organic compounds.”® Prof. Li and co-workers fabricated luminescent entangled network
[{(CuCN);L(guest)x]n (L= 2,6-bis((3,5-dimethyl-1H-pyrazol-4yl)methyl)pyridine; x=1,2). The material
afforded structural dynamism in synergy with the changes in the photoluminescent signature emission
profile towards VOC. Prof. Chen and co-workers synthesized [Zn;(ip):2](OH), (MAF-34) from HIP = 1H-
Imidazo[4,5-f][1,10]phenanthroline and it showed luminescent change towards toxic solvent vapors. There
are few more reports of MOFs exhibiting VOC sensing, >’ however, novel MOFs exhibiting peculiar

response in vapour phase are desired.
1.4.2 Ion capture

Water is an essential resource to all facets of life and according to a recent report by the united nations, the
consumption of water is projected to increase by 20-55% by the year 2050.*In conjunction with this,
according to the United Nations Sustainable Development Goals (SDG: 6), an initiative has been rolled in
order to make clean water available to everyone. One solution proposed involves bridging the gap between
the fresh water resources and the contaminated water as an efficient way to restore the degrading fresh
water resources.’’ The various contaminants have been enlisted by United States-Environmental Protection
Agency (US-EPA) that majorly categorizes as organic and inorganic moieties. Some of the organic
pollutants include organic dyes, mycotoxins, antibiotics while the inorganic pollutants contain Hg*", Cd*",
Pb*", Cs*, U0, I, SeO4*, CrO4*, HAsO4* and so-on.>* Among these pollutants, oxoanions based of p-
block elements viz. arsenic and selenium feature prominently but the research is still limited for the
sequestration of these oxoanions. Arsenic poisoning is affecting millions of people across the globe.™ At
present the materials being utilized to sequester oxoanions of arsenic lack in terms of selectivity, uptake
capacity, kinetics.** Additionally, selenium is a toxic element > 400 ppb and also selenium features a
radioactive isotope ("’Se) which is produced in the nuclear power plant as a by-product of U fission.**This

necessitates the development of novel materials including the in-depth studies for kinetics, stability, uptake
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capacity etc. In this regard, cationic MOFs have distinct advantages as already discussed in section 1.3. The
unique shape template effect/shape memory effect can be easily imparted to such systems by careful
selection of anion/cation precursors. The similarity in the shape and size of anions/cations with respect to
the incoming toxic anions plays a critical role in maximising the interactions of the framework backbone
with the incoming toxic guests. Additionally, the mode of capture i.e. via ion-exchange is governed by the
electrostatic interaction between the positively charged network and the negatively charged anions plays a
major role in the selective capture.** Moreover, non-covalent interactions viz. hydrogen bonding,
electrostatic interactions, lewis acid-base pair interactions as well as key physical parameters like
hydrophobicity affect the stabilization of toxic anion (Figure 1.6).***® In this regard, cationic MOFs offer
tremendous potential especially in the field of capture of toxic and hazardous ions attributed to the

aforementioned features.
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Figure 1.6: Various non-covalent interactions exhibited by MOFs for stabilization of toxic compounds.
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Surprisingly, such cationic scaffolds have not been explored previously for the sequestration of oxoanions
exhibiting extremely weak binding affinity for instance oxoanions of arsenic and selenium. In the field of
MOFs, various neutral MOFs have been trialled for capture of these oxoanions. Farha and co-workers
screened several MOFs viz. NU-1000, UiO-66, UiO-66-NH, encompassing zirconium clusters as SBU.*’
These linker replacement at the zirconium cluster served as the driving force for the capture of toxic anions
of selenate and selenite. Further, Yang and co-workers synthesized bismuth based MOF namely CAU-17
that showed capture of selenite oxoanions via irreversible binding.*® For arsenic oxoanions capture there
are few reports wherein neutral MOFs have been investigated via adsorption.** However, ionic MOFs are
yet to be explored for the capture of oxoanion of selenium and arsenic therefore in order to push the
development of ionic MOFs in this respect, capture of these aforementioned oxoanions was studied. The
focus was to utilize water stable cationic MOFs constructed via variety of strategies including utilization of
multi-dentate linkers, using Ni(II) as metal ions to further enhance the stability of solids via increasing

crystal field stabilization energy.
1.5 Objectives and Overview of thesis

With this brief background, the focus of the present thesis is towards the development of neutral nitrogen
donor based MOF materials that can selectively detect and capture hazardous and toxic compounds
selectively. Though MOFs have exhibited huge potential at this front, however, there is plenty of room for
improvement in order to arrive at an ideal solution applicable in real-time. The main objectives of this work

include:

(a) Development of novel sensors and to study the structure-property correlation.

(b) To employ targeted functional sites and analyze their effect on the host-guest interactions.

(c) Develop and design sorbents materials for weakly binding oxoanions.

(d) Understanding the role of shape template effect, non-covalent interactions for stabilization of such ions.

This thesis explores neutral nitrogen donor derived MOFs for toxic analyte sensing and capture based
applications. In the first two chapters, luminescent MOFs were explored as solid-state sensors for toxic
analyte sensing as well as detection. While in the last two chapters, cationic MOFs were studied as

scavengers for toxic oxoanions of arsenic and selenium which is not reported in literature previously.
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Chapter Two describes design, synthesis and characterization of a luminescent coordination polymer from
neutral nitrogen donor linker and Cd(II) metal ion, termed as LCP-100. The reactants in combination with
the nitrobenzene solvent molecules (template) yielded a flexible interpenetrating MOF. The desolvated
phase LCP-100a exhibited reversible nature with characteristic affinity towards aromatic toxic VOCs. The
strong host-guest interactions in synergy with the photoluminescent nature yielded variable response for
toxic VOCs viz. N, N’-dimethylaniline, anisole, cyanobenzene, benzene etc. This was elucidated from
photoluminescent as well as solids-state absorption studies and the contribution from charge transfer and
variable ionization potential played a critical role. Additionally, some colorimetric response was observed
for N, N’-dimethylaniline exposed phase which was thoroughly investigated by electron paramagnetic

resonance that indicated presence of radical species.

Chapter Three focusses on the design, synthesis and characterization of two rationally designed metal-
organic frameworks. A luminescent coordination polymer that exhibited decoding property selectively for
highly toxic and hazardous VOC viz. Allyl alcohol was designed rationally. The network was appended
with specific recognition site for facile host-guest interaction in addition to the conjugated linker as site for
stabilization of allyl alcohol molecules via ©-7 interaction. The photoluminescence spectroscopy revealed
selective sensing of allyl alcohol by both the networks and theoretical modelling further revealed rationale

behind the selective performance of these solids.

Chapter Four presents the first attempt in MOF literature wherein a cationic MOF, viz. iMOF-1C was
studied for its efficacy towards sequestration of oxoanions of arsenic and selenium. The network was
rationally selected owed to the features such as water stability, one dimensional porous channel and most
importantly sulphate as the exchangeable ions. The critical choice of sulphate anion (tetrahedral geometry)
has been discussed and signifies the importance of shape template effect in ion-exchange process. iMOF-
1C showed selective uptake behaviour towards oxoanion of Se(VI) and As(V), with among the highest
uptake capacity. Additionally, the single crystals exposed to toxic oxoanions were discerned via single-

crystal X-ray diffraction analysis and the mechanism of toxic anion capture has been discussed in detail.

Chapter Five presents the synthesis, characterization and application of a novel cationic MOF, termed as
iMOF-3C. Improving the limitations of the previous chapter i.e slow kinetics, stability limited to water
medium, via rationale design a novel chemically stable cationic MOFs for rapid sequestration of oxoanions
of Se(IV), Se(VI) and As(V) was targeted. The choice of tripodal neutral nitrogen donor linker, Ni(II) metal
centers coupled with solvothermal synthetic pathway was crucial to the design strategy. Structural insights

revealed a porous two-dimensional network with sulphate anions present within the voids. The material
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afforded a rapid kinetics, selective uptake and among the highest uptake capacities in the field of MOFs.
Additionally, the material produced potable drinking water from a river water sample spiked with arsenic
and selenium oxoanions thereby meeting the EPA and WHO criteria. Theoretical studies supported the

experimental data and high binding energies were unvieled.
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2.1 Introduction

Recognition of environmentally toxic aromatics is of great concern. Severe air pollution, an aftermath of
global development, has led to the escalation of levels for toxic aromatic species present in the environment.
The United States Environmental Protection Agency (EPA) continually monitors the levels of these toxic
species. These compounds react with nitrogen oxides and lead to the formation of toxic ozone at the ground
level, resulting in photochemical smog with adverse effects such as lung cancers, gene toxicity,
carcinogenicity, etc.? State-of-the-art sophisticated techniques involving chromatographic separation
bearing high input cost and difficult on-field availability limits their usage.>* The situation demands
development of materials with highly selective and specific sensing of these toxic analytes with quick
response time accompanied by easy readout transduction mechanism. Of late, the fluorescence-based
technique has emerged, offering the unique amalgamation of dual facets of high sensitivity and selectivity.’
Optimization of host—guest chemistry in coordination nanospace and preconcentration of the aromatic
species play a vital role in enhanced signal readout.®’ In the past decade, coordination polymers (CPs) have
emerged as a class of supramolecular crystalline materials.®’ The supramolecular coordination architectures
of such CPs involve mono- or multidentate linker struts linked to the metal centers/clusters via multivariate
coordination bonds. Tuning functional groups at the linker struts imparts tailorability at the molecular level,

1011 molecular

hence leading to diversified potential applicability in the fields of chemical separation,
recognition and sensing,'>'* heterogeneous catalysis,'* conduction, '° etc. Luminescent CPs (LCPs) have
drawn tremendous attention in the arena of functional CPs and, owing to their easy fabrication, have
potential applicability in sensing of diverse pollutant toxins, gas, and explosive organics with fast response
time and unmatched convenience of signal processability.'®!” As an omnipresent facet to such exciting host
—guest chemistry within the coordination nanospace, guest confinement effect resulting in enhanced
interactions of the framework and analytes leads to a better response mechanism. The corresponding
readout is highly specific to the electronic nature of guest analyte and resultant analyte—framework
interactions, rendering LCPs apposite for luminescence-based sensing purposes.'®!* Fabrication of LCPs
involves highly conjugated organic chromophores, as the organic linkers in conjugation with d'*/4f metal
ions generally lead to luminescence signatures.'’ Interdigitation/interpenetration of LCPs can also play a
decisive role in the luminescence response mechanism, resulting in multivariate emission profiles, exciting
from the aspect of serving application frontiers. The dislocation of two entangled framework nets may, in
fact, lead to enhancement in signal output because of manifestation of dual mechanisms, as pioneered by
Kitagawa et al."” These two are induced-fit structural transformation and cooperative accommodation, each
of them illustrating distinctive pathways leading to enhanced framework interactions with the targeted guest

pollutant(s).”” The inherent dynamism within a framework provides selective recognition sites, wherein the
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favorable interactions between the functional sites lining the pores and the inclusion solvent analyte
molecules may lead to characteristic signal generation.”' Therefore, the dynamism of the framework may
indeed play a pivotal role in the overall recognition process. Aimed at the syntheses of luminescent
coordination polymers, m-electronically rich conjugated linkers have been well-harnessed as building
blocks.” In this context, strategic utilization of highly conjugated linker with m-electronically enriched
alkene functionality with electron deficient guest template might accelerate the crystallization of a CP.
Hence, targeted at differential recognition patterns for the volatile aromatics, a w-electron-rich linker (L =
1,2-di(pyridyl-4-yl)ethene) was used to synthesize the studied coordination polymer, bearing a strongly

emissive luminescence signature upon guest removal (Scheme 2.1).

LCP>NBz @

Ph-N(CHa);

Ph-NO,

LCP-100 r
S A

Ph-CHs Fh-H

Scheme 2.1. Schematic Illustration of the Toxic Aromatics’ Induced Responsive Function by Dynamic

Coordination Polymer Host
2.2 Experimental
2.2.1 Materials

All the reagents and solvents were commercially available and used without further purification. Ligand L

was used as received.
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2.2.2 Synthesis of LCP-100oNBz Compound LCP-100oNBz was synthesized by slow diffusion of a
solution of 1 mL of 1,2-di(pyridyl-4-yl)ethene (0.0182 g, 0.1 mmol in DCM), 1 mL of nitrobenzene, and 1
mL of Cd(Cl0O4),-xH>0 (0.0311 g, 0.1 mmol in MeOH) in a glass tube. X-ray quality rod shaped pale yellow
single crystals were obtained within 10 days with a yield of 72%. Elemental analysis (%) calculated for

{[CA(L)2(Cl04),]-2PhNO, }: C 46.85, H 3.25, N 9.11. Found: C 46.10, H 3.48, N 8.89.

2.2.3 Activated phase LCP-100: LCP-100oNBz was activated by heating crystals in vacuum at 255 °C
for about 48 h to get LCP-100. The activated phase as obtained was well- characterised using TGA and
PXRD, FT-IR and fluorescence spectroscopy.

2.2.4 Preparation of solvent exposed compounds: Each compound were prepared by putting desolvated
compound in a vial which was kept in large screw capped vial consisting 2 mL of each solvent respectively

for 6 days at RT. They were further characterized using PXRD, TGA and fluorescence spectroscopy.

2.2.5 Fluorescence Measurement. Approximately 30 mg of each solid polycrystalline powder samples

was put separately in a sample holder to record emission profiles at room temperature.

2.2.6 Molecular Formula calculated from TGA: TGA suggested the formulae as [ {Cd(L)2(ClO4).} n for
LCP-100; [{Cd(L)2(ClO4)2} x(DMA)]» for LCP-100oDMA where 1.3<x<1.5;
[{Cd(L)2(Cl04)2} .x(PhCN)]n for LCP-100oPhCN where 1.3<x<1.5; [{Cd(L)>C104),}.x(PhOMe)]. for
LCP-100oPhOMe where 0.9<x<1.

2.2.7 NMR sample preparation: 15mg sample of each compound LCP-100oNBz and LCP-100 were
separately digested using few drops of NaOD and further dissolved in DMSO-d6 under sonication. DMSO-

d® layer was separated and "*C and "H NMR spectroscopy was performed®2* .

2.2.8 Band gap calculation: Band gap calculations for PhOMe and DMA were performed using Density
functional theory (DFT) with DMol3* module in Material Studio v.8. Generalized-gradient approximation
(GGA) exchange correlation function®® has been applied with the DNP (double-numeric quality with

polarization functions) basis Set?’ for these calculations.

2.2.9 Quantum yield: Using relative method quantum yield of solid samples were measured. The results

are depicted in the following table;
2.2.10 Measurements:

Powder X-ray diffraction (PXRD) patterns were measured on Bruker D8 Advanced X-ray diffractometer

at room temperature using Cu Ko radiation (A = 1.5406 A) with a scan speed of 0.5° min' and a step size
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0f 0.01° in 20. Thermogravimetric analysis results were obtained in the temperature range of 30—800 °C on
PerkinElmer STA 6000 analyzer under N, atmosphere at a heating rate of 10 °C min '. Fourier transform

infrared (FT-IR) spectra were recorded on NICOLET 6700 FT-IR spectrophotometer using KBr pellets.

The solid-state fluorescence spectra were recorded on a Horiba Fluorolog3 instrument.

2.2.11 X-ray Structural Studies. Single-crystal X-ray data of compound LCP-100DNBz were collected at
150 K on a Bruker KAPPA APEX II CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA)
using graphite-monochromated Mo Ka radiation (A = 0.71073 A) mounted on nylon CryoLoops (Hampton
Research) with Paraton-N (Hampton Research) oil. The data integration and reduction were processed with
SAINT? software. A multiscan absorption correction was applied to the collected reflections. The structure
was solved by the direct method using SHELXTL? and refined on F2 by full-matrix least-squares technique
using the SHELXL-97°° program package within the WINGX®' program. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were located in successive difference Fourier maps and were
treated as riding atoms using SHELXL default parameters. The structure was examined using the Adsym
subroutine of PLATON?? to ensure that no additional symmetry could be applied to the models. Appendix
Table 2.3 contains crystallographic data for the compound LCP-1000NBz. CCDC 1525758 contains the
supplementary crystallographic data for LCP-1000NBz. These data can be obtained free of charge from

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
2.3 Results and discussion

Slow diffusion of L with Cd(ClO4),-xH>O in the presence of nitrobenzene and solvent combination of
DCM/MeOH (1:1) yielded pale yellow colored crystals of LCP-1000NBz (Appendix 2.1). SC-XRD
analysis revealed that the compound crystallized in orthorhombic crystal system with space group Pna21
(Appendix Table 2.3). The asymmetric unit of LCP-100DNBz involves one Cd(II) and two linkers (L) and
two ClO4 and two nitrobenzene as guest solvent molecules (Appendix 2.2). Each metal ion is six
coordinated with a distorted octahedral geometry having N4O, as the donor set of atoms (four nitrogen
atoms from four ligands and two oxygen atoms from two ClOs) (Figure 2.1b). Extension of such
coordination via both ends of the ditopic ligand leads to the formation of a two dimensional (2D)-layered
structure. Overall, three-dimensional (3D) packing of the compound was found to contain two-fold
interpenetrating networks with nitrobenzene guests occupying channels (Figures 2.1¢, Appendix 2.3, and
2.4). Use of electron deficient nitrobenzene as guest coupled with highly conjugated linker favored the

crystallization of LCP-100DNBz.

2.4



| Chapter 2

a) 10167 — 9507 b) - i

7=electron rich
pore surface

;

F-glectron rich ligand

Squeszing | LCP-100= NBz As made
I l LCP-100= NBz Simulated

e T
5 10 15 20 25 30
2 theta

Figure 2.1. (a) Electrostatic surface potential plot for the linker (L) representative of the n-electron-rich
electron density map. (b) Single pore view of the guest-accessible Connolly surface of LCP-100O0NBz
decorated with m-electron-rich linkers. (¢) Guest nitrobenzene molecules accommodated within LCP-
100oNBz framework viewed along the a-axis. (d) PXRD patterns of LCP-100oNBz for simulated, as-
made, desolvated LCP-100, and resolvated LCP-100 (reimmersed in nitrobenzene) phases, suggesting the
reversible dynamic nature of the framework (O and C atoms are shown by orange and gray sticks,

respectively, while H atoms are omitted for clarity).

This can be attributed to the favorable n—r interactions between electronically enriched linker (Figure 2.1a)

and electron-deficient guests, hence providing the requisite template effect, a very crucial aspect for

crystallization in these supramolecular CPs (Figures 2.2a, Appendix 2.5, and 2.6).**
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Figure 2.2. a) Perspective view of overall packing arrangement of electron-deficient nitrobenzene
molecules stacked inside the 7 electron-rich host LCP-100oNBz ; b) Two crystallographically different

nitrobenzene molecules, both flanked by distinct host-guest interactions in LCP-100oNBz .

'H and "*C NMR spectra (Appendix 2.13 and 2.14) of digested LCP-100oNBz also showed the respective
peaks for nitrobenzene guests. Among the two nitrobenzene molecules, one was observed to interact via
strong supramolecular interactions with the framework, while the other nitrobenzene moiety is lying freely
within the undulated channels of the interdigitated framework (Figures 2.2b and Appendix 2.7). Bulk phase
purity of LCP-100oNBz was confirmed by overlapping PXRD patterns (Figures 2.1d and Appendix 2.8)
and elemental analysis. Thermogravimetric analysis (TGA) revealed that LCP-1000NBz showed ~26%
weight loss at around 255 °C owing to the loss of two nitrobenzene guests occupying the pores of the
framework (Appendix 2.10). Guest-free phase LCP- 100 was obtained by heating crystals of LCP-
100oNBz in vacuum at 255 °C, resulting in removal of nitrobenzene guests, as confirmed by the TGA
analysis (Appendix 2.10). 'H and '*C NMR spectra (Appendix 2.15 and 2.16) of digested LCP-100 showed
no characteristic peaks for free nitrobenzene, indicative of guest-free nature of LCP-100. Characterization
of LCP-100 by PXRD analyses showed a crystalline pattern with a considerable right shift, which might be
ascribed to solvent loss mediated framework squeezing (Figure 2.1d). Interestingly, LCP-100 swelled back
to the original phase (LCP-100DNBz) when soaked in nitrobenzene solvent (for ~4 days), as confirmed by
the PXRD and TGA patterns, which is indicative of the soft porous crystallinity/reversible dynamism of
the framework (Figures 2.1d, Appendix 2.8, 2.11).>*** To get structural insights of the dried phase, several
attempts were made to obtain the single crystal structure of LCP-100, but due to lack of X-ray quality single
crystallites, the clear single crystallographic picture of the guest-free desolvated phase LCP-100 could not
be realized. Photophysical properties of the original and dried phases of the framework were carried out by
measuring photoluminescence (PL) emission profiles of well-ground powder at room temperature. Upon
photoexcitation at 353 nm, LCP-100 was found to be highly luminescent in nature as compared to LCP-
100oNBz (Appendix 2.20). Such drastic enhancement in PL intensity might be directly correlated to the

absence of nitrobenzene as fluorescence quencher in the LCP-100.* Owing to the presence of m-electron-
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rich linker along with intrinsic interdigitation in the framework, it was hypothesized that volatile aromatics
bearing variant electronic nature would promote strong host—guest interactions. This formed the basis for
the experiment that involved exposing LCP-100 to various volatile aromatics and understanding the
influence of functional groups, template effects, electronic nature of analyte. In a typical experiment, well-
ground polycrystalline sample of LCP-100 kept in a saturation chamber was separately exposed to vapors
of benzene (Bz), toluene (Tol), anisole (PhOMe), cyanobenzene (PhCN), dimethylaniline (DMA)
(Experimental Section 2.2.5) at room temperature. Occlusion of each of these guests inside the LCP-100
can be evidenced from the respective weight loss of included guests in their corresponding TGA profiles
(Appendix 2.12). LCP-100oDMA and LCP-1005PhCN showed ~20 wt% (at ~247°C) and ~18 wt % (at
~206 °C) losses, respectively, which indicates guest content of each guest as 1.3 < x < 1.5 (x denotes
number of guest per formula unit) (Experimental Section 2.2.6). Approximately 15 wt % (at 176 °C) loss
was observed for LCP-1000PhOMe, which resembles the guest content as 0.9 < x < 1 (Experimental
Section 2.2.6). However, the loading of benzene and toluene were very low, as observed in their TGA
profiles (Appendix 2.12), which can be attributed to the similar electronic nature of guest and host
framework. PXRD analyses of guest included phases revealed structural alteration in the framework, which
is due to the differential guest responsive behavior of the framework (Appendix 2.8 and Appendix 2.9). In-
depth analysis of the corresponding PXRD profiles illustrated three different kinds of diffraction patterns.
LCP-100o5Bz and LCP-100>Tol showed very similar and slightly left-shifted (with respect to LCP-100)
diffraction patterns, indicative of only slight opening of the porous channels. On the other hand, LCP-
100oPhCN and LCP-1000DMA exhibited patterns similar to those of LCP-100oNBz, therefore
demonstrating complete opening of the pores, whereas slight left shifted PXRD patterns (with respect to
LCP-100oBz and LCP-1002Tol) of LCP-1000PhOMe might indicate opening of the channel in an extent
greater than that of LCP-1000Bz and LCP-100>Tol. Such inequality in pore opening can be correlated to
the extent of guest loadings (as observed in the TGA profiles; Appendix 2.12) and differential host—guest
interactions, and the latter can be elucidated on the basis of the varying electronic natures of the guest
species (Appendix 2.9). FT-IR analyses of the aforementioned guest introduced phases showed the presence
of characteristic bands associated with the incorporated guest functionalities within the framework
(Appendix 2.17). All the guest-occluded compounds exhibited guest-responsive luminescent behavior.
Solid-state reflectance spectra of all the compounds were recorded at room temperature with minimum
reflectance appearing in the range 350-360 nm (Appendix 2.18). PL spectra of the different vapor exposed
solid phase samples were comprehensively recorded. Photo excitation of LCP-100 at Aex ~ 353 nm resulted
N Aem ~ 429 nm. Characteristic emission maxima of LCP-100oPhCN, LCP-1000PhOMe, and LCP-
1000DMA were observed at Aem ~412, ~465, and ~583 nm, respectively (Figure 2.3a). A mixture of ligand
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to metal charge transfer (LMCT) and interligand charge transfer (ILCT) interactions are considered to be

responsible for the emission signature of LCP-100 (Appendix 2.21).
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Figure 2.3. a) Normalized emission profile for the LCP-100 and different guest exposed phases with their
respective emission maxima; b) 2D-plot of quantum yields and their corresponding peak shifts for the solid-

state emission bands.

Such CT interactions are perturbed with the inclusion of guests. The differential emission profiles of various
guest exposed phases might be attributed to the varying nature of host—guest interactions, which can be
coherently linked to the electronic nature of guest species associated with their respective ionization
potentials (IP).">* In case of volatile aromatics with higher IP such as for electron-withdrawing species,
emission profiles with blue shift might be observed (LCP-1002PhCN). For electron-rich species with low

IP, facile electron transfer occurs, resulting in low HOMO-LUMO band gap (Appendix 2.17 and Appendix
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Table 2.2) of the framework, consequently resulting in red shift of the emission profiles (LCP-1002PhOMe
and LCP-1000DMA).19 LCP-100oBz and LCP-10025Tol do not show much difference in emission
profiles. This might be attributed to weaker or reduced host— guest interactions between the framework and
the guest species, which can be correlated to lower loadings of the respective guests. PL intensity profiles
for various guest incorporated phases exhibited variations in luminescence profiles, which can be precisely
corroborated with electronic nature of the guest volatile organic compounds (VOCs). In addition, quantum
yield measurements (Appendix Table 2.1) of the samples could revalidate the observed trend in luminescent

intensities (Figures 2.3b and Appendix 2.21).
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Figure 2.4. a) Guest accommodation leading to drastic color change in ambient condition; b) ESR profiles

of LCP-100 and LCP-100oDMA at low temperature showing signal on and off behavior respectively.

LCP-1002PhOMe showed the highest intensity of luminescence. This may be due to the mesomeric nature
of methoxy unit, which increases the charge density of the benzene ring by participating with the framework
via pronounced charge transfer (CT) interactions. LCP-1000DMA showed a substantial luminescence
quenching irrespective of a low IP (Appendix 2.23). This may be because of the facile formation of a

radical-ion pair state triggered by very strong host—guest interactions.’’ For efficient recognition of various
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toxic aromatics, the differences in emission maxima might be very useful. An amalgamation of intensity
profile (in terms of quantum yield) and peak shift of various aromatics (embedded into LCP-100) is
presented in Figure 2.3b, wherein LCP-1000DMA registered a massive red shift with respect to that of
LCP-100, and LCP-100oPhCN showed a slight blue shift. When LCP-100 was exposed to DMA, a
significant color change from pale yellow to dark purple was observed (Figures 2.4a and Appendix 2.24).
In fact, this is consistent with the recorded broad absorption profile in the range of 530—600 nm of LCP-

100oDMA (Appendix 2.21). Such broad absorption characteristic cogently associated with the hypothesis
of radical ion-pair state is experimentally consolidated by a sharp band in the electron spin resonance (ESR)
spectrum of the corresponding sample (Figure 2.4b). LCP-100oPhCN led to enhancement in the PL
intensity, even though PhCN possesses high IP value. However, the reason behind such enhancement in
emission intensity is not very obvious. This is probably due to feasible energy transfer interactions between
PhCN and the framework, leading to an increase in population of the corresponding LUMO state, in turn
increasing the luminescence intensity. LCP-1000Bz and LCP-1002Tol have almost similar emission

intensity profiles due to their similar CT interactions (Appendix 2.23).
2.4 Conclusions

In conclusion, following the linker prefunctionalization rationale-based synthesis and structural
characterization, a m-electron rich luminescent coordination polymer has been comprehensibly exploited
for guest switchable framework breathing. Harmful vapors of active pollutant toxins, nonmethane VOCs,
which play a crucial role in tropospheric ozone formation, can be well-recognized by luminescence-based
read out signaling protocol with the aid of guest-free phase (LCP-100). This may be due to anticipated CT
interactions between the framework and toxic aromatic pollutants, accordingly leading to a highly specific
response. Framework entanglement may also be recognized as a major prerequisite in designing materials
for recognition purposes as it leads to sliding of the framework, hence rendering maximum interactions
between the pollutant toxins and constrained framework nanospace. Such soft coordination polymers show
promising prospects within the realm of designed chemosensors, and the ensuing study will help in the

further development of environmental toxin sensors with better sensitivity and selectivity.
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2.5 Appendix Section

Crystals of

LCP-100oNBz___

Slow diffusion

e rich

Precursors LCP-100> NBz

Appendix 2.1: Reaction scheme of synthesis of LCP-100> NBz ( Color code; Carbon: gray, oxygen:
Orange, nitrogen: blue, cadmium: Dark green, chlorine: light blue, Guest: light brown ).
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Free guests

Appendix 2.2: Asymmetric unit of LCP-100> NBz (Color code; Carbon: gray, oxygen: Brown,
nitrogen: blue, cadmium: Dark green, chlorine: Dark blue).
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>

Appendix 2.3: Perspective view of overall packing along a axis for LCP-100> NBz (top).Zoomed view
showing guest accommodation in the channel(below) (Color code; Carbon: gray, oxygen: Brown,
nitrogen: blue, cadmium: green, chlorine: Dark blue, G: Brown).
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2D net 1

Appendix 2.4: Two fold interpenetration in the framework of LCP-100> NBz showing nets and
interpenetrating region.
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Appendix 2.5: Perspective view of overall packing along a side showing 1D array of free guest(shown in
brown CPK model) within the pores of the framework (shown in light blue ball and stick model).
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mm-Electron deficient

N
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Appendix 2.6: Magnified view showing the inclusion m-electron deficient guest molecules in the 7-
electron rich pocket. (Color code; Carbon: Gray, oxygen: Orange, nitrogen: Blue, cadmium: Green,

chlorine: Dark blue, G: yellow green).
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Appendix 2.7: Guest omitted depiction of framework along « axis.(Color code; Carbon: gray, oxygen:
red, nitrogen: blue, cadmium: green, chlorine: light blue).
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Appendix 2.8: PXRD patterns of different exposed samples.
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Appendix 2.9: PXRD patterns of different exposed samples indicating guest responsive nature.

2.19



| Chapter 2

100 e
26.76 %

80 - at 256°C
= | LcP-1005NBz As made
o\o 60 - LCP-100

40

20 T v I | |

100 200 300 400

Temperature /°C —

Appendix 2.10: TGA data of LCP-100> NBz and LCP-100.
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Appendix 2.11: TGA data of LCP-100> NBz and LCP-100 dipped in NBz.
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Appendix 2.12: TGA data of LCP-100, LCP-100> NBz and all other guest exposed phases.
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Appendix 2.13: "H NMR spectra of digested LCP-100oNBz showing the presence of free guest(NBz).
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Appendix 2.14: C NMR spectra of digested LCP-100> NBz showing the presence of free guest(NBz).
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Appendix 2.15: '"H NMR spectra of digested LCP-100 showing the absence of free guest.
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Appendix 2.16: C NMR spectra of digested LCP-100 showing the absence of free guest.
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Appendix 2.17: FT-IR spectra of different solvent exposed compounds at RT.
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Appendix 2.18: Solid state reflectance spectra of LCP-100o> NBz, LCP-100 and all other guest exposed

phases.
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Appendix 2.19: Kubelka-Munk function of LCP-100 showing the respective band gap.
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Appendix 2.20: Fluorescence intensity comparison plot between LCP-100> NBz and LCP-100.
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Appendix 2.21: Fluorescence intensity plot for different solvent exposed samples at RT.
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Appendix 2.22: Fluorescence intensity plot for free ligand at RT.
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Appendix 2.23: Bar diagram depicting the variation in fluorescence intensity of different solvent
exposed samples.
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Appendix 2.24: Photographs of various phases while losing / accommodating guest molecules of
different nature.
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Appendix Table 2.1. Quantum yield measurement table:

Quantum yield (%)

LCP-100> NBz 1.5
LCP-100 6.1
LCP-100>Tol 18.6
LCP-100oPhOMe 59.9
LCP-100oPhCN 40.5
LCP-100oDMA 0.2

Appendix Table 2.2: Band gap table of LCP-100 and all other guests*®

Band gap(in eV)

LCP-100 3.28
Benzene 4.50
Tolune 4.40
Anisole 3.54
Benzonitrile 3.41
N,N-dimethylaniline 2.89
Nitrobenzene 2.27
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Appendix Table 2.3 : Crystal data table of LCP-100oNBz.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

LCP-100oNBz

C36 H30 Cd CI2 N6 012

921.96

150(2) K

0.71073 A

Orthorhombic

Pna2l

a=16.581(2) A a=90°.
b=15.248(2) A b=90°.
c=15.900(2) A g=90°.
4019.8(10) A3

4

1.523 Mg/m3

0.744 mm-1

1864

0.160 x 0.130 x 0.100 mm3

1.814 to 28.528°.

-19<=h<=22, -20<=k<=20, -21<=1<=20
73985

10020 [R(int) = 0.0559]

100.0 %

Full-matrix least-squares on F2
10020/1/515

1.073

R1 =0.0395, wR2 = 0.1008

R1 =0.0427, wR2 = 0.1032

0.38(4)

n/a

2.128 and -0.481 e.A-3
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3.1 Introduction

Allyl alcohol (AA) is a systematic toxicant according to US based Environmental Protection Agency (EPA),
which is readily absorbed via skin tissues, the respiratory tract, and mucous membranes. Severe
intoxication signs include pulmonary edema, inflammation, and severe eye irritation with exposure levels
as low as ~5 ppm. According to EPA, the odour recognition concentration for allyl alcohol is much less,
i.e., ~0.78 ppm while the air borne disabling/lethal concentration for 10 minutes of exposure is 11 ppm/87
ppm.” Allyl alcohol toxicity is due to the formation of an endogenous metabolite, acrolein, by alcohol
dehydrogenase.>* The electrophillic nature of acrolein leads to a reaction with nucleophilic moieties viz.
guanine in DNA. Acrolein is potentially carcinogenic in nature and is linked with several diseases. Allyl
alcohol is present as a water-soluble, colorless liquid, which has significant environmental hazards.>
Owing to its utility, allyl alcohol is widely utilized across several industries as a resourceful raw material
such as for the preparation of glycerols, plasticizers, flame-resistant materials, textile auxiliaries, pesticides,
medicines, and cosmetics.”'* Allyl alcohol is highly flammable in nature and has a high vapour pressure,
which makes its transportation difficult, as it can catch fire when their content in the air is greater than
2.5%. Thus, it has become vital, in the pursuit of minimizing harmful effects to living beings, to identify
the presence of such toxic species and ensure their safe storage and disposal. Usually allyl alcohol is
determined by chromatographic methods or reaction-based processes,'''* which prompts the examination
by other analytical techniques for rapid, in-field applications. In this regard, the exploration of novel
materials as the receptors of such toxic species, either for recognition, storage, or disposal, are highly
demanded and their research is of topical interest. Among the different methods investigated for molecular
recognition, fluorescence-based techniques are commanding greater attention owing to several benefits
such as portability, simplicity, fast analyte response, and low detection limits.'>'® To tap into these
advantages, several artificial probes have been developed to detect different toxic species or biologically
relevant molecules. In this regard, metal-organic frameworks (MOFs) have drawn significant research
attention as luminescent probes for a range of species, including neurotransmitters, toxic molecules, volatile
organic compounds (VOCs), and environmental pollutants.'”>> Metal-organic frameworks (MOFs) or
porous coordination polymers (PCPs) are a rapidly emerging domain of porous materials that are built from
organic linkers and metal ions and extended via coordination bonds.*** The characteristics of the system
afford a distinct advantage to maximize the probe-analyte interaction via the selection of appropriate
building blocks. More specifically, the feasibility of a specific probe-analyte interaction affords the
response with a distinct signal generation.'’ > The porous nature of MOFs yields another interesting effect,
viz., the pore confinement effect, which has been linked to a better response mechanism. Owing to the

plethora of building blocks, the electronic and related physical features of the compound can be tuned to
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suit the demands of the targeted species. Although MOFs have been proven to be quite useful in the field

#4761 there still remains plenty of room to expand the scope and examine

of toxic analyte sensing or capture,
other relevant species that have not been profoundly explored, such as highly toxic allyl alcohol. With this
background, efforts were dedicated to test the possibility of using MOFs for the recognition of toxic allyl
alcohol through rationale design. To recognize the target molecule specifically, the probe needs to interact
strongly with the guest and the process should have a read-out with a distinct signal. Literature suggested
that chloride ions bound to metal ions pose high affinity towards the hydroxyl group.®> For MOFs, the
anchoring of recognition sites on building units have been employed as an affirmative approach to
immobilize specific guest molecules.'” > Hence, as a primary design step, the influence of metal-bound
chloride moiety in MOFs was examined toward allyl alcohol (Scheme 1). Owing to the benefits of
luminescence-based pathways, luminescent MOFs were chosen to evaluate this interaction. Neutral N-
donor linker based MOFs require the presence of additional entities to satisfy the electronic charge.*"
Thus, to anchor specific anionic sites in the polymeric network, these neutral linkers were well
suited.’”%®71:"> In addition, the possibility of having fluorescence properties with conjugated aromatic
groups make them favorable for designing molecular probes.!’?*?! For this reason, highly conjugated

tridentate linker (L-tris(4-(1H-imidazol-1-yl)phenyl)amine) with neutral imidazole binding groups was

selected, as they have higher binding tendencies among neutral donor groups.”

Neutral Guest
N-donor Locking
Ligand Function

Pore-functionalized Toxic
MOF Allyl Alcohol

Scheme 3.1. Schematic illustration showing synthesis outline for the preparation of functional MOFs

towards detection of allyl alcohol.

To accommodate the coordination assemblies with specific building blocks, linkers with flexible cores
were well suited. This further supported the choice of the ligand (L), which had a flexible central moiety.
Also, the ligand (L) was known to exhibit luminescence features, which was the primary target of the
current study. Apart from having a luminescent linker that contributed to the emission properties via ligand-
based emissions, the choice of the metal ion also influenced the overall emissive features of the compound
in the charge-transfer interactions with the ligand.'”* To accommodate the necessity of having metal bound

chloride ions, chloride salt of a hard Lewis acid viz. In(Ill) was chosen, that also fulfilled the requirement
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of a metal center with a d'° electronic configuration. It was hypothesized that this preinstalled antenna (M—
CI) may pick up allyl alcohol and the presence of m-electrons in the guest can promote signal transduction
via a change in host luminescence features, whereas other alcohols without n-electrons may not perturb the
readout.'’** Herein, the synthesis of two rationally designed MOFs was conducted and also their ability to

selectively detect the presence of toxic allyl alcohol over other small alcohols was studied.
3.2 Experimental
3.2.1 Materials:

All solvents and reagents were commercially available and used without further purification. The ligand,

[L-tris4-(1Himidazol-1-yl)phenyl)amine], was synthesized according to the reported protocol.”
3.2.2 Synthesis of compound IPM-303

A mixture of the ligand (8.86 mg, 0.02 mmol), InCl3-4H,0 (5.86 mg, 0.02 mmol), N, N-dimethylformamide
(2 mL), and ethanol (1 mL) was placed in a glass vial and heated at 90 °C for 48 hours, followed by slow
cooling to room temperature. The crystals were filtered off and washed with methanol several times. The
compound, IPM-303 viz. {[In(L)(Cl)3;]-xG}n, was isolated in ~45% yield. These crystals were dipped in a
MeCN solution for the exchange, and heated under vacuum at 75 °C to obtain the guest free phase. The
guest solvent molecules were found to be highly-disordered during analysis. The formula for the guest-free
phase was estimated to be {[In(L)(Cl)3}.. Anal. Calcd. (guest free phase): C/N, 3.31; C/H, 15.34. Found:
C/N, 2.87; C/H, 15.93.

3.2.3 Synthesis of compound IPM-304

This compound was synthesized similarly as mentioned above, except that MnCl,-4H>O (4.0 mg) was used
as the metal salt. The formula for the guest-free phase was estimated to be [ {Mnx(L)2(Cl)4} ]n. Anal. caled.
(guest free phase): C/N, 3.31; C/H, 15.31. Found: C/N, 3.39; C/H, 15.85.

3.2.4 Fluorescence measurements

Powdered crystals of IPM-303 (2 mg) were dispersed in the respective organic solvents (2 mL) and kept
for equilibration overnight before measuring the excitation and emission spectra. The same protocol was

followed for IPM-304.
3.2.5 Physical measurements

Powder X-ray diffraction patterns were recorded on a Bruker D8 Advanced X-ray diffractometer using Cu

Ka radiation (A= 1.5406 A) in the 5° to 40° 20 range with a scan speed of 1.2° min™'. All of the fluorescence
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measurements were performed on a Jobin Yvon Fluoromax-4 spectrofluorometer. The SEM images & EDX
data were obtained using a FEI Quanta 3D dual beam ESEM. The thermogravimetric analysis profiles were
recorded on a Perkin-Elmer STA6000, TGA analyser under N, atmosphere with a heating rate of 10 °C

min~'. The FT-IR spectra were recorded on a Bruker spectrometer.
3.2.6 X-ray structural studies

Single-crystal X-ray data of compound IPM-303 and IPM-304 were collected at 100 K on a Bruker D8
Venture Duo X-ray diffractometer equipped with a Microfocus X-ray source (operated at 50 W; 50 kV/1
mA) and graded multilayer optics for monochromatic Mo Ko radiation (A = 0.71073 A) with a focused X-
ray beam and a Photon 100 CMOS chip based detector system. The crystal was mounted on nylon
CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The data integration and reduction
were processed with SAINT software.”” A multi-scan absorption correction was applied to the collected
reflections.” The structure was solved by a direct method using SHELXTL”*® and was refined on F* with
a full-matrix least-squares technique using the SHELXL-2014/7 *' program package within the WINGX*
programme. All of the non-hydrogen atoms were refined anisotropically. All of the hydrogen atoms were
located in successive difference Fourier maps and they were treated as riding atoms using SHELXL default
parameters. The structures were examined using the Adsym subroutine in PLATON to assure that no
additional symmetries could be applied to the models. The SQUEEZE option® was used to eliminate the
contribution from the disordered guest molecules. CCDC 1922524 and 1922527, for IPM-303 and IPM-
304, respectively, contains the supplementary crystallographic data for this paper.

3.2.7 Structure simulation studies

The Materials Studio software suite 2017 (Accelrys)® was used to perform the structural simulations. First,
the molecular structure of the MOF unit cell was fully relaxed using a DMOL? code. Generalized gradient
approximations (GGA), Perdew-Burke-Ernzerhof (PBE)**® and PBE-GGA were employed as the
exchange correlation functions with All Electron Core treatment, hexadecapole multipolar expansion, and
DNP+ Basis set with a medium quality global orbital cutoff scheme. During the relaxation process, the
energy, force, and displacement parameters were set to 2 x 10—5 Ha, 0.004 Ha A™' , and 0.005 A,
respectively. An additional structural simulation on the relaxed structure was performed using a universal
force field at a fine-quality calculation level. A Connolly surface was created for the model using the Atom,
Volumes and Surface tool in the Materials Studio with a fine grid resolution (0.25 A). The Connolly radius
was set to 1.0 A. The sorption isotherms for the different guest molecules introduced in the MOF structure
were modelled using the Sorption module, which was available within the Materials Studio. The

calculations were performed using the Metropolis algorithm with a fine quality grid calculation at 298 K
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on a single unit cell and 3 x 3 x 3 supercell. In order to quantify the interactions of the allyl alcohol
molecules with the molecular structure, a sketch module was employed to calculate the bond parameters.
The calculations were performed using a universal force field at a fine-quality calculation level and at 298
K. The discovery studio suite 2016 (Accelrys) was used to calculate the HOMO-LUMO (HOMO: highest
occupied molecular orbital; LUMO: lowest unoccupied molecular orbital) energy levels for a single MOF
unit and the interactions for the guest molecules. A single MOF unit was geometry optimized using a
DMOL3 code with the same parameters as those explained above. Then, a specific molecule was introduced
into the relaxed MOF unit. The HOMO-LUMO energy levels were calculated with a PBE-GGA exchange
correlation function and dispersion correction. The optical properties were calculated using a CASTEP
code.®” The calculations were performed on the above obtained geometry optimized MOF unit cell along
with guest molecules. In this regard, a 3 x 3 x 3 supercell was constructed with this MOF unit cell.
Thereafter, generalized gradient approximations (GGA), Perdew—Burke—Ernzerhof (PBE) and PBE-GGAO
were used as exchange correlation functions with norm conserving pseudopotentials, Koelling—Harmon
relativistic treatment, a 600 eV energy cut-off, a self — consistent dipole correction, and a 2 x 2 x 2

Monkhorst-Pack grid.
3.3 Results and discussion

Bearing consideration from the aforementioned hypothesis, a novel In(III) based neutral MOF viz. IPM-
303 was fabricated (where IPM stands for IISER Pune Materials). IPM-303 was synthesized as a block
shaped crystal in a solvothermal reaction of InCl;-4H,O and the ligand (L) in a solvent mixture of
DMF/EtOH (1 : 1) at 90 °C. From the single crystal X-ray diffraction (SC-XRD) analysis, IPM-303 was
found to crystallize in the P21/n space group. The asymmetric unit comprises 1 In(III) cation, 1 ligand unit,
and 3 chloride anions (Appendix 3.1). Each metal center is octahedral in coordination with the bonds, along
with N-atoms of 3 independent linkers and 3 chloride anions (Fig. 3.1a and Appendix 3.2). All three
imidazole terminal sites of each linker are coordinated to a In(III) center. The coordination of the 3 chloride
anions blocked the growth of the coordination entities along the two axes and the coordination polymer was
extended only along the crystallographic a-axis (Appendix 3.3). A careful analysis revealed that the
adjacent one-dimensional polymers were strongly held by non-covalent interactions (Appendix 3.4). This
led to the formation of a strongly-packed, higher-dimensional, supramolecular architecture based on non-
covalent interactions. The uniqueness of the structure was emphasized in the building blocks employed in
the reaction medium as evidenced by the Cambridge Structural Database (CSD) screening approach. In(I1I)
was a hard Lewis acid. Therefore, the coordination polymers with neutral N-donor linkers were less likely
to form. A CSD search highlighted the lack of reports on the preparation of such compounds. The ability

of the higher-dentate linkers to propagate the formation of the polymers is well understood in the literature.
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Thus, the current example further underscores this thought, wherein there is only one kind of donor group

(neutral N-donor) in the tridentate ligand.
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Figure 3.1. Structural representation of IPM-303 showing a) coordination environment and b) presence of

chloride ions along porous channels (H-atoms have been omitted for clarity).

However, a coordination polymer was formed with a hard Lewis acidic cation. Further investigations using
this approach will lead to the formation of coordination polymers with neutral donor linkers and hard Lewis
acids. In addition, it will also lead to the exploration of an untapped scope in the domain of coordination
polymers. The packing of [IPM-303 showed a one-dimensional narrow pore channel, which was accessible
to the guest molecules (Fig. 3.1b and Appendix 3.5). The void volume of the packing was 1032.50 A’
(29.1%), and the diagonal of the rectangular pore had a length of ~5.5 A (considering the van der Waals
radii of the concerned atoms). Interestingly, as desired, the pore walls had metal-coordinated chloride
anions, thus presenting a polar site for guest adsorption. Also, the restricted pore permitted the loading of
only guest molecules with relatively smaller sizes. A bulk phase characterization was performed using a
powder X-ray diffraction analysis (Appendix 3.6). The overlap of the peaks with a simulated pattern
validated the bulk-phase crystallinity of the product. The thermo-gravimetric analysis (TGA) suggested the
presence of guest molecules that were occluded in the pores during the synthesis (Appendix 3.7). A
conventional activation protocol was applied by dipping the crystals of the compound in acetonitrile over
24 hours and subsequently drying under vacuum. The crystalline activated phase (Appendix 3.14) was

further used for all fluorescence studies. The SEM images revealed the presence of a crystalline morphology
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(Appendix 3.9). The FT-IR spectra confirmed the inclusion of peaks present in the ligand (Appendix 3.10).
The presence of a fluorescent linker and d'® metal center, along-with the presence of a metal-bound chloride
served as basis to further probe the compound for the sensing of allyl alcohol. Initially the solid-state
absorption was checked (Appendix 3.11). To test the photophysical properties, ground crystals of IPM-303
that were initially dipped in acetonitrile were recorded. Upon excitation at 320 nm, the emission was found
to peak at 391 nm (Appendix 3.12). Enthused by these basic features, the compound was then screened for
its sensing ability towards several alcoholic molecules such as methanol, ethanol, 1-propanol, 1-butanol,
and allyl alcohol. In a typical experiment, crystals of IPM-303 were dispersed in the respective solvents
and left overnight to equilibrate. This was followed by recording the fluorescence emission spectrum.
Interestingly, a significant shift in the emission maxima for allyl alcohol was observed, which was exclusive
in the set of chosen analytes (Fig. 3.2b and Appendix 3.13). Additionally, there was a change in the
luminescence intensities for different solvents, but the shift was observed only in the case of allyl alcohol.
There was no loss of crystallinity in the presence of allyl alcohol or the mixture of other solvents (Appendix
3.14). The SEM images confirmed the retention of the morphology (Appendix 3.9) and the FT-IR spectra
validated the presence of allyl alcohol (Appendix 3.15). It was speculated that the presence of the polar
pendant sites (Fig. 3.1b) was actuating the inclusion of the protic alcoholic guest molecules, owing to the
favoured interaction of chloride with hydroxyl moieties.* Seemingly, the presence of n-electrons in allyl
alcohol led to a distinguishable host—guest read-out signal unlike that for other guest molecules, which did

not have m-electrons. The presence of CH—n interactions was reported in literature,**°

wherein the acidity
of the C—H bond was found to have a strong influence on the interaction energetics. In addition, this CH-n
bonding has been found to have a significant interaction, leading to orbital reformation.” In the present
case, owing to the presence of the ligand-based emission, any perturbation to the electronic character of the
ligand may have had a direct influence on the emissive character, which may have been brought about by
the presence of acidic C—H bonds in the confined environments of the MOF. To extend this investigation
and test the hypothesis further, another luminescent compound viz. IPM-304 was prepared. The compound
was prepared in an analogous manner as above. The SC-XRD studies revealed that the crystallization of
IPM-304 was in the P 1 space group. The asymmetric unit comprises 2 metal centers, 2 ligands, and 4
chloride anions (Appendix 3.16). Each Mn(Il) center is octahedral with coordination from 3 independent
linkers. 2 chloride ions bridged adjacent Mn(II) cations, while another chloride ion coordinated singularly
(Appendix 3.17). Two linkers were coordinated to the same two Mn,Cl, nodes, which led to the overall
packing being a 2-dimensional MOF. The compound was found to have a 1D porous channel (Appendix
3.18) and the void volume was estimated to be 1568.33 A3 (40.3%). Similar to the case for IPM-303, the
porous channels for IPM-304 comprise the presence of chloride ions aligned along the pore walls. A bulk

phase characterization was performed using PXRD, FT-IR spectroscopy, SEM, and TGA profiles
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(Appendix 3.19—-Appendix 3.22). Similar to the previous case, the compound was activated and used for
further experiments. The basic photophysical features of IPM-304 were tested by exciting ground crystals
of IPM-304 in acetonitrile at 320 nm, as observed from the solid-state absorption spectrum (Appendix 3.23).
Upon excitation, an emission spectrum peaking at 389 nm was observed (Appendix 3.24). As described
earlier, the emission spectra were recorded for several analytes (Fig. 3.2 and Appendix 3.25). As observed
earlier, the emission spectrum was remarkably perturbed only in the case of allyl alcohol. PXRD patterns
confirmed the retention of crystallinity (Appendix 3.26). FT-IR spectra confirmed the inclusion of allyl
alcohol in the framework (Appendix 3.27).
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Figure 3.2. a) Normalized emission profiles for IPM-304 dispersed in different solvents (Aexe = 320 nm). b)
Plot showing change in emission maxima position of IPM-303 and IPM-304 upon dipping in different

alcoholic solvents and allyl alcohol.

3.8



| Chapter 3

To delve deeper into insights at the molecular level and the mechanism, DFT calculations with [PM-303
and other solvents used in this study was conducted. The electron density map showed a differential
electronic density (Appendix 3.28a). The framework was found to present accessible sites for all of the
guest molecule inclusions (Appendix 3.28b and Appendix 3.28¢). The M—Cl bond distance and the C—H
aromatic bonds were found to be perturbed upon the inclusion of the guest allyl alcohol within the voids of
the framework (Appendix 3.28d and Appendix 3.28¢). The estimated binding energies (Appendix 3.28f)
and uptakes were found to be different (Appendix 3.28g), which was attributed to the size and shape of the
different guest molecules. The involvement of the non-covalent interactions for the unsaturated C—H
bonded entities was previously found to be involved in orbital energy changes.®® *° Therefore, estimation
of the orbital energies of the MOF when loaded with different guest molecules was quite crucial to this
study (Appendix 3.28h). The HOMO—- LUMO gaps corroborated with the experimental observations,
wherein the LUMO of the MOF and LUMO of allyl alcohol were found to be in close proximity. This
suggested a strong orbital overlap leading to a differential response in the estimated emission features for
the MOF-allyl alcohol complex (Appendix 3.281). Also, the predicted emission pattern was found to have
a close resemblance to the experimentally observed pattern (Appendix 3.13). For all of the other solvents,
the LUMO was found to be much higher, thus excluding the possibility of perturbation in the emission
properties of the framework. The pronounced effect in the experimental spectrum for the MOF-allyl alcohol
complex was attributed to the bulk solvent effects, which were not accounted for in the DFT calculations.
This theoretical evidence strongly supported the experimental observations, which further endorsed the

design approach of the MOFs for the specific detection of allyl alcohol over other small alcohols.
3.4 Conclusions

In summary, this study reports the synthesis and characterization of two luminescent porous coordination
polymers based on chloride salts of In(III) and Mn(II) and a tridentate neutral N-donor ligand viz. IPM-303
and IPM-304. The two MOFs allowed for the presence of the coordinated chloride ions, which were aligned
along the pore channels. IPM-303 presented a rare example of a MOF constructed by the coordination
bonding of a neutral N-donor ligand with hard In(IIl) cations. The presence of the functional site in
conjunction with the close proximity of the organic fluorophore (organic linker) was tapped for the
fluorescence recognition of toxic, volatile allyl alcohol. The response was sharp and selective over other
small alcohols and was similar for both the MOFs. The experimental findings were endorsed by theoretical
calculations. Although MOFs have been sought for sensing applications involving several analytes,

hitherto, MOFs have not been explored for the detection of allyl alcohol. The present findings will
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contribute significantly to the development of MOFs and other materials as solid-state sensors for toxic

organic compounds and other environmental contaminants.

3.5 Appendix Section

CI1

Appendix 3.1: ORTEP diagram for IPM-303 in thermal ellipsoids.
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Appendix 3.2: Coordination environment of IPM-303. (Colour code: C, grey; N, blue; In, pale violet; Cl,
green; H, pale green).

Appendix 3.3: Packing in IPM-303 showing 1D extension of coordination polymer. (Hydrogen atoms have
been omitted for clarity, colour: Gray - C, Blue - N, Light purple - In, Green - CI).

Appendix 3.4: Packing diagram of IPM-303 showing interaction between adjacent 1D layers. (Hydrogen
atoms have been omitted for clarity, colour: Gray - C, Blue - N, Light purple - In, Green - Cl).
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Appendix 3.5: Packing diagram of IPM-303 showing porous channel. (Hydrogen atoms have been omitted
for clarity, colour: Gray - C, Blue - N, Light purple - In, Green - CI).

H N "As—synthesized

Intensity / a.u.

Simulated

I ! I '
10 20 30
20/ degree
Appendix 3.6: Powder X-ray diffraction patterns of IPM-303 - Simulated (gray), as-synthesized (blue).
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Appendix 3.7: TGA profile for compound IPM-303.

IPM-303 IPM-304

Appendix 3.8: Photographs of crystals of a) IPM-303 and b) IPM-304 taken under optical microscope.
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Compound AA-dipped

IPM-303

[ =

Appendix 3.9: FESEM images for compound IPM-303 - (left) as-synthesized phase, (right) crystals upon
dipping in allyl alcohol. The images were recorded for the solid samples on carbon tape.
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Appendix 3.10: FT-IR spectra for the ligand and compounds IPM-303.
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Appendix 3.11: Solid-state UV absorbance profile for IPM-303. (Inset) image of illuminated MOF powder
under UV lamp (365 nm).
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Appendix 3.12: Fluorescence emission profile for IPM-303 dispersed in acetonitrile (Aexc = 320 nm).
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Appendix 3.13: Normalized emission profiles for IPM-303 when dipped in different solvents.
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Appendix 3.14: PXRD for IPM-303 of a) guest free phase, b) AA-dipped phase and c) phase dipped in

mixture of all other solvents used in this study.
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Appendix 3.15: FTIR for the as-synthesized phase (cyan) and AA-exposed (blue).
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Appendix 3.16: ORTEP diagram for IPM-304 in thermal ellipsoids.
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Appendix 3.17: Coordination environment in IPM-304 (H-atoms omitted for clarity. Colour code: C, grey;

N, blue; CI, green; Mn, orange).

Appendix 3.18: Packing diagram for IPM-304 showing porous channel (H-atoms have been omitted for

clarity. Colour code: C, grey; N, blue; CI, green; Mn, light purple).
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Appendix 3.19: PXRD pattern for IPM-304.
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Appendix 3.20: TGA profile for IPM-304.
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Appendix 3.21: FTIR spectra for ligand and IPM-304.

Compound AA-dipped

IPM-304

Appendix 3.22: FESEM images IPM-304, (left) as-synthesized phase (right) crystals upon dipping in allyl
alcohol.
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Appendix 3.23: Solid-state UV absorbance for IPM-304. (Inset) Image of MOF powder illuminated under
UV lamp (365 nm).
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Appendix 3.24: Fluorescence emission profile for IPM-304 upon dispersing in acetonitrile (Aexc = 320 nm).
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Appendix 3.25: Normalized emission profiles for IPM-304, when dipped in different solvents.
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Appendix 3.26: PXRD for IPM-304 of a) guest-free phase, b) AA-dipped phase and c) phase dipped in

mixture of all other solvents used in this study.
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Appendix 3.27: FTIR spectra for IPM-304 (Cyan) and AA-exposed phase (blue).
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Appendix3.28: a) Electron density map for IPM-303. Figure showing Connolly surface in IPM-303 and
presence of void (represented in blue) and guest b) AA molecules (represented in red) and c) Methanol,
in pore of single unit cell dimension. Change in bond distances upon interaction of AA with IPM-303 d)
before interaction and e) after interaction. f) Estimated binding energy profiles for the different molecules
used in the study. g) Theoretical adsorption profile of solvents by IPM-303 (obtained on MOF 3 x 3 x 3
supercell) in fugacity range of 0.01 kPa to 100 kPa. h) Comparative plot of HOMO-LUMO energies of
MOF (single unit) and different solvents (AA — allyl alcohol, ACN — acetonitrile, EtOH — ethanol, MeOH —
methanol, nBut — n-butanol, nProp — n-Propanol) . i) Theoretically predicted emission profiles for the MOF

(IPM-303)-Guest complexes based on DFT-calculations on single unit.

3.24



Appendix Table 3.1. Crystal data and structure refinement for IPM-303.

Identification code
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°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

IPM-303

Ca27 H21 Clz In N7
664.68

150(2) K
0.71073 A
Monoclinic

P 24/n
a=12.037(3) A
b = 18.466(5) A
c=16.103(4) A
3546.1(15) A3

4

1.245 Mg/m?
0.916 mm""

1328

0.10 x 0.08 x 0.06 mm?3
2.266 t0 26.418°.

| Chapter 3

a=90°.
B=97.790(10)".
y =90°.

-156<=h<=15, -23<=k<=22, -20<=[<=20

57173
7252 [R(int) = 0.1172]
99.9 %

Full-matrix least-squares on F?2

7252 /0/343
1.261

R1=0.1410, wR2=0.2718
R1=0.1980, wR2 = 0.3030

n/a
1.172 and -1.063 e.A3
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Appendix Table 3.2. Crystal data and structure refinement for IPM-304.

Identification code
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
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?2

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

Extinction coefficient

Largest diff. peak and hole

IPM-304

Cs4 Haz Cls Mn2 N14
1138.69

150(2) K

0.71073 A

Triclinic

P-1

a=15.848(9) A

b =16.338(9) A

c =16.560(10) A

| Chapter 3

o= 86.911(17)°.
B= 66.305(16)°.
y = 82.791(17)°.

3895 (4) A3

2

0.971 Mg/m?

0.497 mm"

1164

0.16 x0.15 x 0.14 mm?3

2.305 to 26.027°.

-18<=h<=18, -19<=k<=19, -20<=I<=19
104477

13730 [R(int) = 0.1047]
Semi-empirical from equivalents
0.0258 and 0.0106

Full-matrix least-squares on F?2
13730/0/668

1.143

R1=0.1194, wR2 = 0.3149
R1=0.1597, wR2 = 0.3372

n/a

1.776 and -0.909 e A
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4.1 Introduction

Strategic tackling of radionuclide threat and freshwater crisis is among priority concerns for the global community.
Among various pollutants, selenium has been listed as a toxic and priority pollutant by the United States
Environmental Protection Agency (US EPA).! Although an essential element for living species, it becomes severely
toxic above a threshold concentration of > 400 ug per day. The stringent guidelines by the World Health
Organization (WHO) emphasizes the issue by restricting the concentration limit of selenium in drinking water as
50ppb (parts per billion).>* Encompassing high mobility and high solubility in water, the oxoanionic species of
selenium viz. SeO4>", SeOs*~ HSeO;~ etc. pose a challenge for containment.* The widespread sources of selenium
discharge include industrial production, mining, coal and nuclear power plants. In particular, the discharge from
nuclear power plant contains a radioactive isotope of selenium ("’Se) with an extensive half-life of 3.77x10° years,
thus demanding immediate containment to avoid lethal problems such as gene mutation, respiratory and
neurological defects etc.” Another noxious pollutant i.e Arsenic is a severe water contaminant and a "class A"
human carcinogen. Arsenic poisoning leads to harmful diseases such as cancer, skin diseases, neurological
disorders etc.® Global emphasis on arsenic poisoning can be understood from the strict regulation by WHO stating
< 10 ppb of arsenic as the safe permissible limit in drinking water.> The release of arsenic into the environment
includes both natural as well as artificial sources such as mining, industrial waste etc.” Generally, in water medium
arsenic is converted to its oxoanionic form under oxidative conditions, and in the pH range of 6.7 to 13.4, mono
hydrogen arsenate (HAsO4*") is the dominant form of As(V).®> Pertaining to this oxo-anionic chemistry, multiple
pathways for sequestration of these oxo-anions have been explored via ion-exchange, adsorption, etc. Diverse
materials have been trialled aiming toward the capture of oxo-anions of selenium and arsenic including metal-
oxides, magnetite nanoparticles, activated carbon, zeolites, etc.” but lower surface area, weaker binding, leaching,
poor selectivity or production of secondary pollutant species are the limiting factors for efficient and selective
capture in the aforementioned materials. Also, conventional approaches are ineffective for sequestration of certain
oxoanions of such toxic elements. For instance, metal-oxides have unfavourable complexation behaviour towards
SeO4* necessitating exploration of alternate materials with robust capture mechanism.'® Thus, the topical research
efforts are devoted for the realization of scalable host materials to entrap oxo-anion pollutants which exhibit high

capture performance, fast kinetics, selectivity and facile regeneration.

Metal-organic frameworks (MOFs) have evolved as a class of multifunctional materials posing concurrent
precision and flexibility to engineer desired systems exhibiting plethora of applications including environmental
remediation.!' Cationic MOFs, a subclass of ionic-MOFs (iMOFs) have been realised as exceptional host systems
for capture of hazardous toxic oxo-anions.'? Cationic MOFs render various levels of tunability in designing host
systems with high selectivity via mimicking molecular geometry, hydrophobic character of toxic oxo-anions etc.'?
Additionally, the inherent ionic nature of cationic MOFs presents an elegant route to entrap toxic oxo-anionic

species via ion-exchange pathway to tackle leaching issue.'* Though having a robust capture mechanism, cationic
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MOFs have not been explored hitherto for sequestrating toxic oxoanions of selenium and arsenic, however few
neutral MOFs have been investigated for the same.!®!!&1iKILIO Ty the present study, cationic MOFs were
explored as toward sequestration of oxo-anions of selenium and arsenic via ion-exchange approach, for the first
time. An important aspect of ion-exchange phenomenon viz. shape memory effect of template anion has been
utilized to provide selectivity, which can be realised efficiently in cationic MOFs wherein facile tuning of template
is feasible via synthetic pathway."** Additionally, with the trapped oxo-anions being an integral part of framework
as charge balancing ions, potential leaching is ruled out. Cationic MOFs with the aforementioned attributes present
an effective alternative in capturing oxo-anions in a desired selective manner. The preliminary criteria of water
stability of cationic MOFs have hindered exploration of different applications in an aqueous medium.'® Based on
this background, consideration of aforementioned criteria was crucial while selecting a cationic MOFs targeting
capture of oxo-anions of selenium (SeO4>") and arsenic (HAsO4>") from aqueous medium to extend the scope of
porous crystalline solids. For an efficient ion-exchanger, the similarity of charge, shape and size of the anion in the
host framework with the target anions viz. SeOs*~ and HAsO4* would seemingly favour the process. Thus, our
interest narrowed on cationic MOFs having sulphate (SOs*") as the exchangeable anion, as it is divalent, the
geometry around the central atom is tetrahedral and has similar shape and size as of target anions. Further, Ni(II)
based cationic MOFs were rationally selected as Ni(Il) based MOFs offer enhanced stability in water
medium. &' Combining all the desired features, a water-stable cationic MOF which meets all the above-
mentioned requirements viz. {[Nix(L)3(SO4)(H20)3]-(SO4)-xG (hereafter referred as iMOF-1C), where L= tris(4-
(1H-imidazol-1-yl)phenyl)amine, G = guest solvent molecules and C= Cationic , previously reported by our group
was selected (Scheme 4.1a)."*® Compound iMOF-1C is a 3D MOF having Ni(I) metal nodes extended via a
tridentate neutral linker having imidazole as terminal donor moiety. The asymmetric unit constitutes two sulphate
anions; one of which is coordinated to the Ni(II) node while the other remains free in the void space (Scheme 4.1b).
The superior feature of the framework includes pre-aligned and readily exchangeable uncoordinated SO4*~ anions
within the porous channels, having weak non-covalent interactions with framework backbone (Figure 4.1a). Herein,
capture of toxic oxoanions of Se(VI) and As(V) via utilization of cationic MOF by judicious selection of iMOF-
1C as a selective sorbent posing high capacity and fast kinetics along with a rare crystallographic evidence for the

ion-exchange process.
4.2 Experimental

4.2.1 Materials: All solvents and reagents were commercially available and used without further purification.
Ligand (L) and bulk scale iMOF-1C was synthesized via a slightly modified protocol than used in previous

literature.'3®

4.2.2 Bulk scale synthesis: Bulk scale synthesis was performed by mixing 0.886 g of Ligand (L) and 0.560 g of
NiSO4.xH,0 in a solvent combination of DMF:Water (1:1) (total volume = 300 mL) in a teflon capped jar. The
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mixture was heated at 90 °C for 48 h and cooled to room temperature. Compound was filtered and bulk phase
characterization were performed. The activated phase was obtained as per the previous report.”*¢ Yield ~ 996 mg,

% yield ~58.9 %.w.r.t linker.
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Scheme 4.1: (a) Chemical diagram of ligand (L). (b) Schematic showing coordination environment of linker L and

metal center in iIMOF-1C.

4.2.3 Anion Exchange Studies: Single crystals of iMOF-1C were dipped in aqueous solutions (0.1 M/4 mL) of
NaxSeOs and Na,HAsO4.7H>O separately for 72 h at room temperature to yield the respective anion-exchanged
products viz. iMOF-1C-SeO4* and iMOF-1C-HAsO4>". For structural analysis, suitable single crystals were

separated.

For the bulk phase studies, the similar protocol was repeated by dipping 25 mg of iMOF-1C in aqueous solutions
of respective anions (100 ppm, 5 mL). After anion exchange the compounds were washed with deionized water
several times and air-dried. The air-dried compounds were characterized by FT-IR spectroscopy, PXRD FESEM-
EDX, XPS. For CHN analysis, 10 mg compound was dipped in 1500 ppm solution of selenium for 72 h and the

compound was filtered and air dried.

Anal Calcd for iIMOF-1C: C/S, 15.19. Found: C/S, 15.30.

Anal Calcd. for iIMOF-1C-SeO4* exchange (1 anion): C/S, 30.36. Found: C/S, 27.11.
4.2.4 Anion Uptake studies:

ICP-AAS/MS analysis was performed during the anion-exchange process to understand the anion-exchange

kinetics and capacities. All experiments were conducted at room temperature (25 °C) and in milliQ water.

Kinetic studies

4.3



| Chapter 4

For kinetics, iIMOF-1C (2 mg) was dipped in 2 mL of 20 ppm/100 ppm solution of Na,SeO4 and Na;HAsO4.7H,O.
The solutions were kept for desired time and aliquots were separated and further diluted with 2-3% HNOs. These
samples were analyzed using ICP-AAS/ICP-MS and concentration of selenium and arsenic were monitored.
Comparison with concentration of known solution was used to calculate uptake at different intervals. The data were

fit to pseudo-Second order kinetic profile using the following equation:

q(t)= (Kaqe’t)/(14Kaqet) where t is time in hours, qe is the adsorption amount at time (t) and equilibration

respectively and Ky is the pseudo second order rate constant.'*

Maximum Uptake studies

For saturation uptake capacity, 2 mg of iMOF-1C was dipped in 2 mL of 100-1500 ppm solution of Se(VI) and
As(V) for equilibration. Aliquots were removed after 72 h and these samples were analyzed using ICP-AAS and
concentration of Se and As were monitored. Comparison with concentration of known solution was used to
calculate uptake at different concentration and isotherms. The data acquired was used for calculating sorption

isotherms.
Langmuir Analysis

Adsorption capacity as a function of time at different concentrations (q) is given in Figure S8, S17. The calculation

was performed according to the following equation:
g= [(Ci-CpxV]/m

wherein g= Adsorption capacity in mg/g of iMOF-1C, C; = initial concentration, C¢= final concentration, V =
volume of solution exposed to iIMOF-1C, and m = mass of iMOF-1C in grams. These were further analyzed as per

reported protocol.'®

4.2.5 Anion Selectivity Studies: Single crystals of iMOF-1C were dipped in an aqueous mixture of (1 mM/2 mL)
of Na,SeO,4 and (1 mM/2 mL) NaNOs, NaCl for 2 days at room temperature to yield the anion-exchanged products.
After anion exchange the compounds were washed with deionized water several times and air-dried. The
compounds were characterized by FT-IR spectroscopy and PXRD. The same procedure was followed for
SeO4*/CI". Similarly anion selectivity experiments were performed for HAsOs*~ exchange as well. For ICP
analysis, 2 mg iMOF-1C was dipped in 1:1 (200 ppm) (2 mL) solution of SeO4*/CI-, SeOs*/NOs~ each for 24 h
and then centrifuged. The solutions were analyzed using ICP technique. Similar experiments were performed for

HAsO4*".

4.2.6 Reversibility Studies: Crystals of iMOF-1C-SeO4*~ (15 mg) and iMOF-1C-HAsO4* (15 mg) were dipped

in separate aqueous solutions of Na,SO4 (1 mM/2 mL) for 2 days at room temperature. Upon completion, the
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compound was collected by filtration and washed with water several times. FT-IR spectroscopy and PXRD were
used for characterization. The retrieved compounds were dipped again in aqueous solutions of Na,SeOs and
Na;HAsO,4.7H,0 separately. For checking the adsorption features for upto 3 cycles, the same experiment was

repeated.

For ICP analysis, 2 mg of iMOF-1C was soaked in 100ppm solution of SeOs*/ HAsO4~ for 12 h and then
centrifuged. The solution was analyzed with ICP while the residue was exposed to 1000 ppm SO4* for 12 h and
centrifuged. The experiment was repeated again for three consecutive cycles. To check the stability of compound

during recycling experiment, the supernatant during the uptake experiment was filtered via syringe filter (200 pm)

and the solution was analyzed for Ni(II) content by ICP-MS. (Table S4)

4.2.7 Physical Measurements: Powder X-ray diffraction patterns were recorded on Bruker D8 Advanced X-Ray
diffractometer using Cu Ka radiation (A= 1.5406 A) in 5° to 40° 20 range with a scan speed of 1.2 °min™'. The IR
Spectra were acquired by using NICOLET 6700 FT-IR spectrophotometer using KBr pellet in 400-4000 cm™ range.
UV spectra were recorded on Shimadzu UV 2600 Spectrophotometer having stirring attachment. The SEM images
& EDX data were obtained using FEI Quanta 3D dual beam ESEM. Thermogravimetric analysis profiles were
recorded on Perkin-Elmer STA6000, TGA analyser under N> atmosphere with heating rate of 10 °C/min. ICP-AAS
analysis were performed on Thermo Scientfific iCE 3000 Series.ICP-MS was performed on Quadrupole
inductively coupled plasma mass spectrometry(Q-ICP MS; Thermo Scientific iCAP Q) instrument. Multielement
standards were purchased from inorganic ventures. XPS studies was performed using K-Alpha+model (Thermo

Fischer Scientific, UK) with Al Ka source.

4.2.8 X-ray Structural Studies: Single-crystal X-ray data of compound iMOF-1C-SeO4 and iMOF-1C-HAsO4
was collected at 100 K on a Bruker D8 Venture Duo X-ray diffractometer equipped with Microfocus X-ray source
(operated at 50 W; 50 kV/1 mA), graded multilayer optics for monochromatic Mo Ka radiation (A = 0.71073 A)
focused X-ray beam and Photon 100 CMOS chip based detector system. Crystal was mounted on nylon CryoLoops
(Hampton Research) with Paraton-N (Hampton Research). The data integration and reduction were processed with
SAINT software. '° A multi-scan absorption correction was applied to the collected reflections. !’ The structure was
solved by the direct method using SHELXTL'®!" and was refined on F* by full-matrix least-squares technique
using the SHELXL-2014/7% program package within the WINGX*' programme. All non-hydrogen atoms were
refined anisotropically. All hydrogen atoms were located in successive difference Fourier maps and they were
treated as riding atoms using SHELXL default parameters. The structures were examined using the Adsym
subroutine of PLATON to assure that no additional symmetry could be applied to the models. The SQUEEZE
option*” was used to eliminate the contribution of disordered guest molecules. In case of iMOF-1C -SeO4, the free

anions (SeO4”) were highly disordered due to sub-optimal data quality.

4.5



| Chapter 4

CCDC 1959440 (iMOF-1C-SeQs), CCDC 1959430 (iMOF-1C-HAsOs4) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

4.3 Results and discussion

The bulk scale synthesis (gram scale) of iMOF-1C was realised via slight modification to reported procedure.!'*®!
This synthetic advancement is relevant towards targeting large scale applications; especially owing to the lack of
such synthetic approaches in the domain of cationic MOFs. The bulk phase crystallinity and purity was
corroborated via powder X-ray diffraction (PXRD) patterns (Appendix 4.1). Initially, to test the stability and
crystallinity of the compound, crystals of iMOF-1C were dipped in an aqueous solution of selenate (SeO4*") and
mono hydrogen arsenate (HAsO4>"). Analysis under optical microscope revealed no changes to the shape and
texture of crystals (Appendix 4.2). Further, energy dispersive X-ray (EDX) mapping confirmed the presence of
selenium and retention of morphology (Figure 4.1b). Enthused from these observations, detailed studies were
performed for selenate anion wherein microcrystalline powder of iMOF-1C were soaked in 100 ppm solution of

selenate anion and characterized the obtained compound using various techniques.

Figure 4.1: a) Packing diagram of iMOF-1C showing presence of exchangeable SO4* anions (shown in

tetrahedral). EDX spectra of iMOF-1C exposed to an aqueous solution of b) SeO,*~ and ¢) HAsO4*.

PXRD patterns revealed a similar profile as simulated pattern for iIMOF-1C confirming retention of framework
integrity (Appendix 4.1b). Field emission scanning electron microscopy (FESEM) analysis confirmed retention of
block shaped morphology (Appendix 4.4a). EDX mapping analysis showed homogenous distribution of both
selenium (Se) and sulfur (S) content (Figure 4.1b, Appendix 4.4b-4.4c). Fourier transform infrared spectroscopy
(FT-IR) showed peaks corresponding to the SeO,* anion (Appendix 4.6). Elemental analysis confirmed the ion-
exchange mechanism as the S- content decreased post ion-exchange corresponding to exchange of ~1 sulphate
anion (SI). These observations suggest primarily the exchange of sulphate anions from the porous voids. X-ray
photoelectron spectroscopy (XPS) also validated this observation peaks for both sulphate and selenate at ~ 167.4
eV and ~ 59 eV were observed respectively (Appendix 4.3, 4.5). Further, IMOF-1C was soaked in 100 ppm
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aqueous solution of selenate (SeO4*") and the supernatant was analysed by performing inductively coupled
plasma (ICP) measurements at various time intervals. The data analysis revealed significant uptake within
60 mins of contact time of iMOF-1C to the selenate stock solution (Figure 4.2b, Appendix 4.7, 4.10). The
data indicates that the kinetics is rapid for SeO4>~ uptake and a pseudo-second order kinetic model fits well

to the experimental data.
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Figure 4.2: a) Concentration dependent isotherms representing SeQ4>~ uptake by iMOF-1C. Pseudo-second
order kinetics for selenate sorption by iMOF-1C for b) SeO4*~ and ¢) HAsO4*

Further, to find out the maximum adsorption capacity of iMOF-1C, the compound was exposed to varied
concentration of SeO4*~ solution ranging from 100 ppm to 1500 ppm (Figure 4.2a, Appendix 4.8). From
this data, the adsorption capacity was estimated to be 100 mg of SeO4*/g of iMOF-1C, in accordance to
the Langmuir adsorption model which matched well to the experimental value. (Appendix 4.8). It is
noteworthy to mention that this uptake value is among the highest in the domain of MOFs for selenate
capture (Appendix Table 4.1). Additionally, for any sorbent, selectivity is a crucial aspect for practical
implementation, thus selectivity experiments was performed by exposing MOF to binary mixture of
solution of anions viz. chloride (CI7), nitrate (NO;"), bicarbonate (HCO;"), sulfate (SO4>"), carbonate
(COs*) and selenate (SeOs), as they are commonly encountered in waste water streams and
groundwater.’> > The solid powder retrieved was investigated using FT-IR (NO3/Se04>),(CO5*>/Se04*)
and EDX analysis for (C17/SeO4*"). FTIR analysis exhibited no peaks for the competing NO;™ and CO3*~
anion (Appendix 4.12) while EDX mapping profile also revealed homogenous distribution of selenium
through the samples with the absence of peak for chloride (Appendix 4.23).The supernatant solution was

analysed by ICP measurements and similar uptake performance even in presence of competing ions was
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observed therefore rendering selectivity which is a crucial for assessing sorbent’s performance under for
practical scenario (Appendix 4.11). This highlights the efficacy of ion-exchange approach for trapping oxo-
anions of weakly adsorbing elements. As a step towards seeking practical applicability, compound iMOF-
1C was exposed to low concentration (20 ppm) and uptake behaviour was investigated. Fast kinetics with
significant uptake was observed within an hour of exposure (Appendix 4.9). These observations indicated
that iMOF-1C can serve affirmatively towards selenium oxoanion mitigation, and demonstrated the
judicious choice of the MOF for affording selective trapping. Apart from selectivity, recyclability of a
material is quite important for the practical consideration of a sorbent. Compound iMOF-1C was soaked
alternately in 100 ppm solution of selenate salt for uptake and in 1000 ppm solution of sulphate salt for
release. The supernatant was analyzed via ICP measurements for quantifying the uptake amounts while the
sorbent material was characterized via PXRD and EDX mapping. ICP experiments revealed similar uptake
amount for three consecutive uptake and release cycles (Appendix 4.22). EDX mapping confirmed the
absence of selenium in the regenerated phase (Appendix 4.30). PXRD patterns also confirmed that the
framework retained during multiple cycle of adsorption-desorption of anion (Appendix 4.28). Thus, this
compound can be utilized towards effective mitigation of hazardous and/or radioactive isotopes of selenium

with long half life which have similar chemical and physical properties.

Similarly, capture performance was investigated for the extremely toxic oxoanions of arsenic i.e. HAsO4*".
For preliminary investigation, crystals of iMOF-1C were soaked in 100 ppm solution of mono hydrogen
arsenate and characterized using viz. PXRD, SEM, EDX, IR, ICP, XPS analysis. The PXRD pattern
matched with the pristine MOF sugesting retention of framework integrity (Appendix 4.1b). FESEM
analysis revealed block shape morphology while EDX mapping revealed a homogenous distribution of
arsenic throughout the crystals along with the presence of sulfur (Figure 4.1¢). The presence of sulfur is
indicative of exchange of only free sulfate anions present within the voids. Further, the presence of the
mono hydrogen arsenate was confirmed via FTIR with peaks at 823 cm™ (Appendix 4.6). XPS spectra
displayed peaks at ~45 eV corresponding to 3d orbitals of arsenic (Appendix 4.15). Enthused from this, the
preliminary sorption experiment was performed to assess the uptake kinetics by exposing 2 mg of MOF to
100 ppm solution of mono hydrogen arsenate and the supernatant was analyzed by ICP measurements. The
analysis revealed a steep uptake profile indicative of fast exchange behaviour (Figure 4.2¢) which fitted
well with pseudo-second order kinetics model (Appendix 4.16-4.19). To quantify maximum uptake amount,

concentration dependent experiment was performed. Microcrystalline powder of iMOF-1C was exposed to
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varying concentrations (100 ppm-1500 ppm) and the supernatant was evaluated by ICP measurements
(Appendix 4.17). The maximum uptake was calculated as 85 mg of HAsO4*/g of iMOF-1C and the
experimental data fitted well to Langmuir model (Appendix 4.17). Further, selectivity was checked for the
uptake of the HAsO4>~ in presence of interfering ions such as chloride (CI7), nitrate (NO5"), bicarbonate
(HCO5"), sulfate (SO4*"), carbonate (COs>) in equimolar ratio. After exposing, the solid residue was
characterized using FTIR (for NOs;/Se04>), (CO5>/Se04>") and EDX analysis (for C17/SeO4>). FT-IR
measurements revealed the presence of peaks corresponding to the oxoanion HAsO4*~ and no peaks due to
competing anions(NO;™) (Appendix 4.21) while EDX analysis revealed the homogeneous distribution of
arsenic throughout the compound (Figure S23) with no peak for CI". Further, supernatant solution was
analysed using ICP measurements and an appreciable uptake performance in presence of other common
anions was observed (Appendix 4.20). Thereafter, reversibility was tested for upto three uptake-release
cycles by soaking 2 mg of iMOF-1C in mono hydrogen arsenate solution and eluted with sodium sulfate
solution (1000 ppm). The supernatant was characterized by ICP while the solids were evaluated via PXRD
and EDX mapping. ICP measurements revealed similar uptake amounts (Appendix 4.22). Further, post
release characterization via PXRD analysis showed retention of framework integrity (Figure S28). No
arsenic was detected from the EDX profile (Appendix 4.30). Like the previous case, sorption behaviour at
low concentration (20 ppm) was investigated and a similar trend was observed(Appendix 4.18). These

results suggests the ability of the approach to work under real-time conditions.

Cationic MOFs seldom render structure-property correlation post ion-exchange, a quintessential feature
sought after in material chemistry aiding fundamental understanding to the design principles.!'?*!3m!13
Single crystal analysis post ion-exchange is limited to a handful of reports due to rupturing of crystals
during ion-exchange process.!!?>12413¢ 13831 T sty dy the encapsulation of oxo-anions crystallographically,
crystals of the parent compound were exposed to an aqueous solution of HAsO4*~ and SeO,>~ (Appendix
4.2). Unit cell refinement exhibited similar unit cell parameters as the parent framework (Appendix Table
4.3). Structural refinements revealed presence of mono hydrogen arsenate anion along the 1D channel of
framework with a subtle shift in positioning of mono hydrogen arsenate oxo-anion with respect to sulfate
anion which could be attributed to the larger size of anion thereby offering insight into variable modes of

host-analyte interaction in a cationic framework (Figure 4.3, Appendix 4.27).
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Figure 4.3: a) Packing diagram representing SC-SC transformation of parent cationic MOF viz. iMOF-1C

to HAsO4>~ encapsulated phase.

The bond lengths of As-O bond in mono hydrogen arsenate anion were found to be within the range 1.65-
1.75 A, comparable to As(V) based anion.?* In addition, detailed analysis revealed a different interacting
site of the mono hydrogen arsenate anion with water molecule present at the Ni(Il) metal node via hydrogen
bonding interaction at a distance of 2.72 A which may play a key role in overall stabilization of guest anion
(Appendix 4.25-4.26). Further, the selenate exchanged crystal was also successfully analysed
crystallographically. Even though selenate anions were found to be highly disordered in nature, but the

positional occupancy within the voids was comparable to initial free sulfate anion (Appendix 4.13).
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4.4 Conclusions

In conclusion, successful demonstration of bulk scale synthesis of a water stable cationic MOF viz. iMOF-
1C was reported with simultaneous capture of toxic anions of SeO4*~ and HAsO4*~.The framework exhibits
fast kinetics and high sorption capacity i.e 100 mg/g and 84 mg/g for SeOs*~ and HAsO4> respectively,
which are among the highest values reported in the domain of MOFs. In addition, selective capture towards
SeO4* and HAsO4* anions was also exhibited in presence of concurrent anions such as Cl-and NOs~ which
is crucial for practical applications. The regeneration of the framework viz. iMOF-1C was facile and
multiple release-uptake cycles exhibited similar uptake amounts. Additionally, single crystal analysis
provided a rare molecular insight between toxic anions and framework which could be correlated to nature
and geometry of the guest anion. The present study opens new avenues for ionic MOFs to study the
sequestration of oxoanions of less explored elements viz. selenium and arsenic, which are a potent hazard,
and the insights gained from molecular level analysis could propel development of MOFs towards

remediation of priority environmental pollutants.
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4.5 Appendix Section
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Appendix 4.1: (a) Simulated and bulk-phase PXRD patterns for iMOF-1C. (b) iMOF-1C simulated, As-
synthesized, HAsO4*~ exchanged phase and SeO4*~ exchanged phase.

(a) (b) (c)

Appendix 4.2: Photographs of parent framework (a) iMOF-1C, b) SeOs*~and ¢) HAsO4*~ exposed phases
taken under optical microscope.
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Appendix 4.3: Survey XPS spectra for bulk phase a) iMOF-1C, b) SeO4*~ and ¢c) HAsO4>~ exposed phase.
(Note: The intensity peaks corresponding to selenium and arsenic was very weak/almost negligible, in
survey spectra however this spectrum was needed to perform Cls corrections. To further detect arsenic and
selenium more scans were given for a specific energy range dedicated to these elements and thjs data can

be found in Appendix 4.5 and 4.15.
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Appendix 4.4: a) FESEM images, b) EDX spectra and ¢) EDX mapping profile for iMOF-1C exposed to
an aqueous solution of SeO,>".
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Appendix 4.5: XPS spectra of iMOF-1C after dipping in aqueous solution of SeO4*~ anion
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Appendix 4.6: FT-IR spectra for the anion exchanged phases along-with the corresponding spectrum for
respective sodium salts.
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Appendix 4.7: Time dependent uptake profile of SeO4* oxoanion by iMOF-1C at concentration (100 ppm,
Se(VD)).
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Appendix 4.8: Concentration dependent sorption isotherm for SeOs* oxoanion capture by iMOF-1C fit
with Langmuir model.
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Appendix 4.9: Time dependent uptake profile for SeO4> capture by iMOF-1C at low concentration (20
ppm of Se(VI)).
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Appendix 4.10: Pseudo-second order kinetics profile for uptake of SeOs* by iMOF-1C at higher
concentration of 100 ppm of Se(VI).
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Appendix 4.11: Comparative percentage uptake profiles for SeO4> by iMOF-1C in presence of equimolar
ratio of NOs™ ,Cl~, HCO5, SO42_, COs™.
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Appendix 4.12: FT-IR spectra for as-synthesized (iMOF-1C), iMOF-1C exposed to SeO4*~ oxoanion,
binary mixture of anions (continuous line) and individual anions (dotted line).
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Appendix 4.14: a) FESEM images, b) EDX spectra and ¢) EDX mapping profile for IMOF-1C exposed to
an aqueous solution of HAsO4*~
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Appendix 4.15: XPS spectra of iMOF-1C after dipping in aqueous solution of HAsO4*~ anion
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Appendix 4.16: Time dependent uptake profile of HAsO4*~ by iMOF-1C at 100 ppm.
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Appendix 4.17: Concentration dependent sorption isotherm for HAsO4*” oxoanion capture by iMOF-1C fit

with Langmuir model.
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Appendix 4.18: Time dependent uptake profile of HAsO4*by iMOF-1C at low concentration 20 ppm.
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Appendix 4.19: Pseudo-second order kinetics profile for uptake of HAsO4* by iMOF-1C at higher
concentration of 100 ppm of Se(VI).
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Appendix 4.20: Comparative percentage uptake profiles showing HAsOs* capture by iMOF-1C in
presence of equimolar ratio of NOs™ ,C1-, HCO;™, S04, COs*.
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Appendix 4.21: FT-IR spectra for as-synthesized (iMOF-1C), iMOF-1C exposed to HAsO4*~ oxoanion,
binary mixture of anions (continuous line) and individual anions (dotted line).
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Appendix 4.22: Plot depicting cycling experiment for capture of oxoanions a) SeO4s*~ and b) HAsO4*~ by

iMOF-1C.
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Appendix 4.23: FESEM-EDX data for binary mixtures (HAsO4*~ /Cl" and SeO4*~ / CI").
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Appendix 4.24: ORTEP diagram of asymmetric unit of iMOF-1C-HAsO4*~ in thermal ellipsoids (50%
probability).
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Appendix 4.25: Hydrogen bond interaction between HAsO4*~ and framework backbone. Colour code (H,
purple; C, grey; N, blue; Ni, dark blue; O, red; S, yellow; As, violet)
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Appendix 4.26: Different non-covalent interactions between HAsO4*~ and framework.
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Appendix 4.27: Packing diagram of iMOF-1C-HAsO4>~ along c-axis.
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Appendix 4.28: PXRD patterns for simulated, as-synthesized, capture and release phases for HAsO4* and
SeO4*
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Appendix 4.29: FT-IR spectra for as-synthesized, SeOs*and HAsO4* capture and release phase.
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Appendix 4.30: EDX spectra for capture and release of respective anions for 3 adsorption cycles. (Inset:
zoomed view)
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Appendix Table 1 | MOFs reported for the capture of Se(VI) oxoanions.

Adsorbent Type of MOF Capacity (mg/g) Reference
iMOF-1C Ionic (Cationic) 100 This work
NU-1000 Neutral 85.5 10b
CAU-17 Neutral 20.3 11k
MOF-808 Neutral 118 25

Appendix Table 2 | MOFs reported for the capture of As(V) oxoanions.

Adsorbent Type of MOF Capacity (mg/g) Reference
iMOF-1C Ionic (Cationic) 85 in water This work
MOF-808 Neutral 24.83 26
Ui0-66 Neutral i e PH=T 1 g

Fe-BTC Neutral 12.3 27
MIL-53 (Al) Neutral 106.5 28
MIL-53 (Fe) Neutral 21.27 29
MIL-100 (Fe) Neutral 116 30
MIL-100 (Al) Neutral 128 30

ZIF-8 Neutral 3(2)3 3in Mel(r)lH water 31

ZIF-8 Neutral 76.5 32
AUBM-1 Neutral 103.1 33
RT-Zn-MOF-74 Neutral 99.0 34
HT-Zn-MOF-74 Neutral 48.7 34
NH2-MIL-88(Fe) | Neutral 125 35
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SeOs.
Unit Cell parameters IMOF-1C IMOF-1C- IMOF-1C-
HAsO4 SeQy
a(A) 46.61 (8) 46.51 (6) 46.79 (20)
b (A) 15.15 (2) 15.27 (19) 15.16 (7)
c(A) 27.70 (4) 27.29 (3) 27.47 (12)
o (°) 90 90 90
B (°) 107.72 (5) 107.62 (5) 107.65 (12)
v ©) 90 90 90
Volume (A7) 18649 18486.1 18575.4

Appendix Table 4 | Stability studies of iMOF-1C.

Concentration of Ni(Il) in the supernatant solution during recyclability experiment.

Sample Concentration of Ni(II) (ppm)
HAsO,* uptake Cycle 1 0.22
HAsO,* uptake Cycle 2 *NA
HAsO,* uptake Cycle 3 *NA
SeO4* uptake cycle 1 0.34
SeO.4* uptake cycle 2 0.20
SeO4* uptake cycle 3 0.17

*NA : Less than detection limit via <10ppb.
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Appendix Table 5. Crystal data and structure refinement for iMOF-1C-HAsOs.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

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

Extinction coefficient

Largest diff. peak and hole

iIMOF-1C-HAsO,4 (CCDC - 1959430)
C81 H67 As N21 Ni2 O11 S

1734.95

150(2) K

0.71073 A

Monoclinic

C2/c

a=46.512(6) A a=90°.
b=15.2774(19) A b=107.627(5)°.
c=27.297(3) A g=90°.
18486(4) A3

8

1.247 Mg/m®

0.850 mm’"

7144

0.17x0.12x 0.10 mn?’

2.196 to 28.388°.

-62<=h<=61, -20<=k<=20, -36<=1<=36
223303

23137 [R(int) = 0.1602]

99.9 %

Semi-empirical from equivalents
0.7457 and 0.6744

Full-matrix least-squares on F?
23137/24 /1061

1.095

R1=10.0916, wR2 = 0.2688
R1=10.1790, wR2 = 0.3286

n/a

2.538 and -2.095 e.A"

Appendix Table 6. Crystal data and structure refinement for iMOF-1C-SeOs.
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Identification code
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 [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

iIMOF-1C-SeO4 (CCDC - 1959440)

C81 H66 N21 Ni2 O11 S Se
1737.98

1502) K

0.71073 A

Monoclinic

C2/c

a=46.793(20) A a= 90°.
b=107.651(12)°.
c=27.479(12) A g=90°,

b=15.160(7) A

18576(14) A3

8

1.243 Mg/m3

0.884 mm-!

7144

0.16 x 0.14 x 0.12 mm3
2.205 to 25.259°.

-55<=h<=54, -17<=k<=17, -32<=I<=32

101891

16232 [R(int) =0.1161]

96.5 %

Semi-empirical from equivalents
0.899 and 0.868

Full-matrix least-squares on F2
16232 /24 /1060

1.676

R1=0.1727, wR2 = 0.4324
R1=0.2124, wR2 = 0.4596
n/a

2.400 and -2.798 e.A-3

4.34
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5.1 Introduction

To achieve global fresh water security through detoxification of wastewater presents as a contemporary
strategy.! A recent report by United Nations states that in 2017, ~80% of world's wastewater is released
without any pre-treatment.' Additionally, the global fresh water requirements are projected to increase ~20-
55% by 2050, and bearing in mind the strain on present fresh water resources, detoxification of waste water
appears as efficient way to tackle this problem.? To this end, the United States Environmental Protection
Agency (US EPA) has enlisted few compounds based on their severe toxicity, hazardous nature and this
includes several inorganic elements such as selenium, arsenic, etc. which need immediate addresal. The
anthropogenic sources of selenium and arsenic include mining plants, industrial effluents, core fire plants
ore processing, etc.’ Yet another source of selenium production include nuclear power plants that generate
radioactive isotope of selenium ("’Se) during the fission process which has a long half-life (3.77 X 10°
years) thereby demanding immediate containment.’ Typically, exposure to these elements is known to
induce various defects and diseases including neurodegeneration, skin diseases, cardiovascular diseases,
cancer, gene mutation, defects etc. therefore posing as severe environmental and health hazard.* Notably,
in aqueous medium (oxic conditions), these elements prevail in their oxo-anionic form with selenium
existing as Se(VI) (Se0s>)/Se(IV) (Se0;%),(HSeOs") while arsenic as As(V) (HAsO4>)/As(III)(HAsO;™)
depending on pH.’ The selective sequestration of these toxic oxoanions from waste water is a tortuous task
pertaining to their extremely low binding affinity, presence of competing ions, and high solubility in water
i.e. 58.5 g, 89.8 g, 39 g per 100 mL of water at room temperature, for the sodium salts of SeOs*, SeOs*,
HAsO4* anions respectively.® With the current rate of growth and development it becomes imperative to
maintain certain standards as issued by World Health Organization (WHO) and EPA wherein safe
permissible concentration of selenium and arsenic in drinking water is as low as 50 ppb and 10 ppb

respectively.’

The state-of-the-art materials tested for sequestering such toxic oxoanions include carbonaceous materials,
metal oxides, resins, etc. via the efficient ion-exchange/adsorption based route.® Though offering
tremendous potential, these materials are typically limited by low capacity, slow kinetics, low selectivity,
etc. therefore offering tremendous scope for the development of novel materials to address the existing
impediments.’ Recently, Layered Double Hydroxides (LDHs) have emerged showing great potential
toward toxic oxoanionssequestration.'’ With this background, it was envisioned that a highly suited material
targeting mitigation of these aforementioned anions should encompass the following features (a) high

binding affinity, (b) fast kinetics, (c) superior selectivity to sustain in real-time conditions, (d) appreciable
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capacity, (e) high chemical stability and (f) efficient uptake at industrially relevant concentrations i.e ~10

ppm and at lower concentrations ~1 ppm etc.

In an effort to design a better sorbent material with aforementioned features, supramolecular coordination
chemistry offers a fine control at the molecular level via imparting crucial non-covalent interaction sites
between host and guest moieties.'' These key interactions are known to govern fundamental properties such
as selectivity, binding strength, etc., which are the prime factors in determining the efficiency of a sorbent
material. Porous materials especially metal-organic frameworks (MOFs) offer such modular level
engineering, rendering precise control over functionalities and properties, providing an edge in various
applications including pollutant capture, separation, sensing, catalysis etc.'> In recent years, ionic MOFs
(iMOFs), particularly cationic MOFs have sparked significant interest toward the sequestration and trapping
of major anionic pollutants.'* A combination of desired features including modular porosity, guest template
effect, active interacting sites in synergy with strong electrostatic forces at play, cationic MOFs can afford
multi-level tunability to the system. Although presenting various prominent features, development of
cationic MOFs targeted for capturing oxoanions of Se(VI), Se(VI), As(V), As(IIl) is still in its infancy
owing to the weak binding nature of these anions to the host framework. Our group has recently
demonstrated a water stable cationic MOF i.e. iMOF-1C as a selective scavenger for toxic oxoanions Vviz.
HAsO4> and SeO,> by tapping guest template effect.'’* Though offering high selectivity and appreciable
exchange capacity, this material lacks real-time application on account of its slow kinetics, limited chemical
stability, low capacity owed to a smaller number of exchangeable anions. Inspired by this study, existing
impediments were targeted via superior design of sorbent. Our efforts were directed toward the fabrication
of a chemically stable cationic porous network integrated with template effect to achieve much desired
selectivity, fast kinetics for oxo-anion capture. One of the recent report from our group highlights the
rationale for constructing chemically stable cationic network based on the principles of HSAB, efficient
utilization of smaller five membered imidazole rings as terminal moiety to achieve maximum coordination
thereby shielding the metal center.'*' In this work, our design strategy underscores the efficient utilization
of guest template effect in synergy with HSAB principles/metal center shielding for constructing chemically
stable positively charged nano-space with multiple guest binding sites which may result in efficient and
rapid stabilization of toxic oxoanions via ion-exchange. Herein, remarkable efficacy towards selective,
rapid sequestration of toxic oxoanions of Se(IV)/Se(VI) and As(V) was demonstrated, via a novel
chemically stable cationic framework, iMOF-3C [{Ni(L):}(SO4)xG], wherein L=tris(4-(1H-imidazol-1-
yl)phenyl)amine (TIPA), G = DMF, H O(Appendix 5.1). The material exhibited record high K4 values with
appreciable uptake capacity along with fast kinetics. iMOF-3C underscores the potential of cationic MOFs
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for selective removal of toxic oxoanions from complex solutions with concurrent anions including CI/
NO;/ SO4*/ COs* even at higher concentrations. iMOF-3C exhibited successful capture of oxoanions of
selenium and arsenic from complicated systems such as river water, mixtures of oxoanions at ultralow
concentration and reduce it to acceptable limits in drinking water as specified by EPA. The host-guest
chemistry of oxo-anion trapping has been investigated in detail with both density functional theory and
Monte Carlo simulation which provide useful insights on the preferential location of anions within the
framework as well as the interaction energy. The results display relevance of careful design of host-guest

systems to develop more suited sorbents for this application.
5.2 Experimental
5.2.1 Materials

All solvents and reagents were commercially available and used without further purification. All
experiments were performed at ambient temperature and Milli-Q water was utilized. Linker (L) (Appendix

5.1) was synthesized utilizing previous reported protocol.'**

5.2.2 Synthesis of iIMOF-3C

Solvothermal reaction of linker L (8.86 mg, 0.02 mmol) and NiSO4.xH>O (8.42 mg, 0.03 mmol) in a solvent
combination of DMF:Water (2:1) was performed in a teflon lined vessel and heated at 130 °C for 48 h and
then was cooled down to ambient temperature over 12 h. Hexagonal shaped crystals were separated from
mother liquor by filtration and washed with DMF, water to remove any unreacted precursors followed by
drying in air. Yield ~8.8 mg; % yield with respect to linker ~62%. Elemental Analysis: Calc. - C/H- 15.31
; C/N-3.30;C/S-10.11 ; Found C/H- 15.18; C/N- 3.23; C/S- 10.1

For capture studies, the pristine MOF was exchanged with MeOH for 24 h and thereafter activated in

vacuum and was utilized as it is for capture experiments.
5.2.3 Stability studies of iMOF-3C

For PXRD, FT-IR studies 30 mg of iMOF-3C was exposed 30 mL of different pH solution conditions
including pH = 7, pH = 9 and pH =10 for 12 h. The solid samples were filtered and were used for
measurements. For ICP spectroscopic analysis: 2 mg compound was exposed to 2 mL solution of various
pH conditions including pH = 7, pH = 9 and pH =10. After 12 h, dispersed solutions were centrifuged and
solution was taken out and Ni(II) content was analyzed by ICP spectroscopy which would correspond to

any decomposition.
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5.2.4 Uptake of oxoanions of Se(IV)/Se(VI)/As(V)

All sorption experiments of iMOF-3C for oxoanions of Se(IV)/Se(VI)/As(V) were performed at room
temperature. Aqueous solutions of oxoanions (50 ppm-1000 ppm) of Se(VI)/ Se(IV)/As(V) were prepared
by dissolving their corresponding salts Na,SeOs, Na,SeO4, Na;HAsO4.7H,0 in milli-Q water. The uptake
studies were performed by batch experiments wherein 2 mg of iMOF-3C was dispersed in 2 mL (V/m =
1000 mL/g) aqueous solution of oxoanions of Se(VI)/Se(IV)/As(V) and the mixture was stirred in vortex
to ensure maximum contact. After 24 h, the solutions were centrifuged and solutions were diluted further

with 2-3% HNOs acid solution for ICP spectroscopic analysis.

The adsorption capacity was determined by the following formula'*: Q = (C, - C¢) X V/m where C, and

Cr are the initial and final concentration of elements in solution, V is the volume of solution and m is the
mass of sorbent material. The sorption isotherm was fitted using Langmuir isotherm model'® with the

following equation:

(1) Langmuir adsorption Model: Mathematical equation: q. =qm (KLC¢/(1+ KiLC.) Wherein e represents
equilibrium sorption capacity in mg/g, qm represents theoretical maximum sorption capacity with

monolayer coverage, Ky represents langmuir constant (L/mg), C. represents the equilibrium concentration.
Sorption kinetics of iMOF-3C towards oxoanions of Se(IV)/Se(VI)/As(V)

Sorption kinetics experiments was performed by exposing 5 mg of iMOF-3C to 5 mL of 10 ppm aqueous
solution of oxoanions of Se(IV)/Se(VI)/As(V). The solutions were stirred on vortex to ensure sufficient
contact time. At specific intervals ranging from 10 min to 1800 min, suspensions were centrifuged for 2

mins at 7800 rpm and were diluted with 2-3% HNOj acid solution for further analysis by ICP spectroscopy.
The kinetics data was fitted with different kinetic model using the following equations:

(1) Pseudo first order kinetic model:

In(qe—qy) = In ge — kit.

(2) Pseudo Second order kinetic model:

t/qe= 1/Kaqe® + t/qe

wherein q. is the amount adsorbed by sorbent after equilibration, q; is the amount adsorbed by sorbent at
time t, K; (min™') and K, (g/mg min™) is the equilibrium rate constants of pseudo first order and second

order rate constant.
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Low concentration (1 ppm) kinetic experiments were performed by exposing 6 mg of iMOF-3C to 6 mL
aqueous solution of Se(IV)/Se(VI)/As(V) respectively. The solutions were stirred on vortex to ensure
sufficient contact time and at specific time intervals ranging from 2 min-180 min, and 24 h. Further, the
suspensions were centrifuged for 2 min at 7800 rpm. The solution were taken out and were analyzed further

using ICP spectroscopy.

The % removal was calculated by the following equation: 100 % X (C, - C¢)/ C,. The distribution coefficient
(Kd) was calculated based on the following equation'* [{(C, - C) / C¢) X V}/m].

5.2.5 Low concentration Kkinetics of iMOF-3C towards mixture of oxoanions of Se(IV)/Se(VI)/As(V)

Stock solution was prepared with effective concentration of Se(IV)/Se(VI)/As(V) ~1 ppm and ~10 ppm
each. 6 mg of IMOF-3C was exposed to 6 mL aqueous solution containing mixture of Se(IV)/Se(VI)/As(V).
The solutions were stirred on vortex to ensure sufficient contact time and after 24 h, the suspensions were

centrifuged for 2 min at 7800 rpm. The solution was taken out and analysed further using ICP spectroscopy.

5.2.6 Competing ion studies of iMOF-3C towards capture of oxoanions of Se(IV)/Se(VI)/As(V) in
presence of CI, NO;~, SO, COs>"

Competing ion experiments was performed by exposing 2 mg of iMOF-3C to 2 mL solution containing 1
mL of 20 ppm aqueous solution of oxoanions of Se(IV)/Se(VI)/As(V) and 1 mL 20 ppm solution of CI,
NOs~, SO4*, COs* with an effective concentration ~ 10 ppm. The solutions were stirred on vortex to ensure
sufficient contact time and after 24 h, suspensions were centrifuged for 2 min at 7800 rpm and were diluted

with 2-3% HNO; acid solution for further analysis by ICP spectroscopy.

For higher concentrations of competing ion, 2 mg of iMOF-3C was exposed to 1 mL of 10 ppm solution of
respective aqueous solution of Se(IV)/Se(VI)/As(V) and 1 mL aqueous solution of SO4*, CO;*" at higher
concentration ratios of 100 ppm ,1000 ppm and 10000 ppm. After 24 h, the solutions were centrifuged and
were diluted with 2-3% HNOs3 acid solution for further analysis by ICP spectroscopy.

5.2.7 Uptake towards oxoanions of Se(IV), Se(VI) and As(V) in real-time conditions

For real-time analysis, Mutha river water (From Pune, India) was spiked with 1000 ppb of
Se(IV)/Se(VI)/As(V) each. 6 mg of iMOF-3C to 6 mL of this spiked solution. The solutions were stirred
on vortex for 24 h to ensure sufficient contact time and after 24 h, suspensions were centrifuged for 2 min

at 7800 rpm and solution was further analysis by ICP spectroscopy.
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5.2.8 Physical Measurements

Powder X-ray diffraction patterns were recorded on Bruker D8 Advanced X-Ray diffractometer using Cu
Ka radiation (A= 1.5406 A) in 5° to 40° 20 range with a scan speed of 1.2° min"'. The IR Spectra were
acquired by using NICOLET 6700 FT-IR spectrophotometer using KBr pellet in 400-4000 cm™ range.
Transmission electron microscopy (TEM) images and high resolution TEM (HRTEM) images are captured
by using a UHR FEG-TEM, JEOL JEM 2200FS field emission transmission electron microscope operated
at 200 kV. The SEM images & EDX data were obtained using FEI Quanta 3D dual beam ESEM.
Thermogravimetric analysis profiles were recorded on Perkin-Elmer STA6000, TGA analyzer under N»
atmosphere with heating rate of 10 °C/min. ICP-AAS analysis were performed on Thermo Scientific iCE
3000 Series. ICP-MS was performed on Quadrupole inductively coupled plasma mass spectrometry (Q-
ICP MS; Thermo Scientific iCAP Q) instrument. ICP-AES analysis was performed on ARCOS,
Simultaneous ICP Spectrometer. Multi-element standards were purchased from in-organic ventures. X-ray
Photoelectron Spectroscopy (XPS) studies were performed using K-Alpha+ model (Thermo Fischer
Scientific, UK) with Al Ka source (A = 1486.7 eV). The XPS spectra were corrected considering carbon
Cls spectrum as standard. The standard peak position of Cls was taken at 284.6 eV and accordingly each
element specific scans (short/high — resolution scans) were corrected. The data fitting was done using
XPSPEAKA41 software. During fitting Shirley background was considered and peak shape was optimized

by appropriately adjusting Gaussian to Lorentzian ratio.
5.2.9 X-ray Structural Studies

Single-crystal X-ray data of compound iMOF-3C was collected at 100 K on a Bruker D8 Venture Duo X-
ray diffractometer equipped with Microfocus X-ray source (operated at 50 W; 50 kV/1 mA), graded
multilayer optics for monochromatic Mo Ka radiation (A = 0.71073 A) focused X-ray beam and Photon
100 CMOS chip based detector system. Crystal was mounted on nylon CryoLoops (Hampton Research)
with Paraton-N (Hampton Research). The data integration and reduction were processed with SAINT soft-
ware."”> A multi-scan absorption correction was applied to the collected reflections.'® The structure was
solved by the direct method using SHELXTL'"'® and was refined on F? by full-matrix least-squares
technique using the SHELXL-2014/7" program package within the WINGX* programme. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were located in successive difference
Fourier maps and they were treated as riding atoms using SHELXL default parameters. The structures were

examined using the Adsym subroutine of PLATON to assure that no additional symmetry could be applied
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to the models. The SQUEEZE option®' was used to eliminate the contribution of disordered guest molecules

and sulphate anions.

CCDC 1990643 (iMOF-3C) contains the supplementary crystallographic data.These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
5.2.10 DFT calculations

Periodic geometric optimization and the static binding energies for each anion in iMOF-3C frameworks
were calculated using density functional theory (DFT) as implemented in the software package VASP
5.4.4.% 1t is well-known that standard DFT methods based on generalized gradient approximation do not
fully account for the long-range dispersion interactions between the framework and the bound adsorbates.
To accurately estimate static binding energies for each ani-on with the framework, dispersion corrections
using DFT-D3 method was done.? Electron exchange and correlation were described using the generalized
gradient approximation Perdew, Burke, and Ernzerhof (PBE)** form and the projector-augmented wave
potentials were used to treat core and valence electrons.” In all cases, plane-wave kinetic energy cutoff of
800 eV was used and a Gamma-point mesh for sampling the Brillouin zone. The ionic coordinates were
relaxed until the Hellman-Feynman ionic forces were less than 0.01 eV/A. The lattice parameters were

fixed at the experimental values.
5.2.11 Electrostatic Potential Surface (ESP)

Density functional theory (DFT) computations were performed using the Gaussian program?® to derive the
ESP surface of iMOF-C3 cluster model. Based on the periodic DFT optimized structure of iMOF-C3, two
different cluster models which contains one Ni** cation and six linkers were constructed. Each linker
contains one imidazole ring and one benzene ring and the terminal sp® carbon atom of each linker was
saturated by H atoms. Geometry optimization of fragment were carried out in the liquid phase at
(SMD)B3LYP-D3/SDD~6-31G(d) level. The SMD implicit solvent model*’ with water as the solvent was

1529 combined

used to include the solvation effects. The hybrid B3LYP exchange-correlation functiona
with the D3 version of Grimme’s dispersion®* were employed. The Stuttgart/Dresden relativistic effective
core potential and the associated valence basis set (SDD) were applied for Ni*'*2, while the 6-31G(d) basis
sets were used for C, H, O, and N.** During optimizations, the Ni*" cations, the N and C atoms of the

imidazole rings, and the terminal sp® carbons were fixed. The electrostatic potential (ESP) on the van der
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Waals (VDW) surfaces (isodensity = 0.001 a.u.) of iMOF-3C fragment was derived based on its ground

state electron density.
5.2.12 Simulated Annealing:

The lowest energy configuration of each anions in the primitive cell of iIMOF-C3 MOF structure was
obtained from the classical simulated annealing technique using classical force field as implemented in
sorption module in Materials Studio.*® The framework atoms are kept frozen during simulation. The
interactions of gas-adsorbent and gas-gas were modeled as a combination of pairwise site-site Lennard-
Jones (LJ) and Coulombic potentials. The LJ potential parameters of both the framework atoms and the
adsorbates are adopted from the Universal force field (UFF).** The charges for the framework atoms were
as-signed based on the Qeq charges as implemented in Materials Studio package. DFT optimization was
per-formed on each anion using Dmol3** module. The Becke exchange plus Lee-Yang-Parr correlation
functional and all-electron core potentials were used. The double-§ numerical polarization (DNP) basis set
was adopted, which is comparable to the 6-31G(d,p) Gaussian type basis set. The DNP basis set
incorporates d-type polarization into heavier atoms and p-type polarization into hydrogen atoms.

Electrostatic potential charges were assigned to each anion based on the DFT optimised model.

In the simulated annealing method, the temperature was lowered stepwise, allowing the gas molecule to
reach a desirable configuration based on different moves such as rotation, translation and repositioning with
pre-set probabilities of occurrence. This process of heating and cooling the system was repeated in several
heating cycles to find the local minima. Forty heating cycles were performed where the maximum

temperature and the final temperature were 10° K and 100 K, respectively.
Binding Energies:

The initial location of the anion in the primitive cell of iMOF-C3 was obtained from the classical simulated
annealing technique as described above. Static binding energies (AE) at 0 K in vacuum were calculated

using the following expression -
AE= E(MOF+Anion) - E(MOF+) - EAnion

where Ex refers, respectively, to the total energies of the MOF + Anion complex, the charged MOF+ alone,

and the anion molecule respectively.

5.8



| Chapter 5

5.3 Results and Discussion

iMOF-3C was synthesized solvothermally by mixing linker (L), NiSO4xH>O in a solvent combination of
DMF: H,O (2:1) (Figure 5.1a, Appendix 5.1). Hexagonal-shaped single crystals of iMOF-3C were
characterized via single crystal X-ray diffraction (SC-XRD) analysis and the cationic part of the framework
was found to be isostructural to IPM-201"* (Figure 5.1a, Appendix 5.2-5.3). SC-XRD analysis revealed
that iMOF-3C crystallizes in trigonal crystal system with space group, R-3 (Appendix Table 13). Detailed
structural analysis unveiled the two-dimensional layered structure (Figure 5.1b, Appendix 5.4), similar to
LDHs materials reported in literature®® which have been successfully utilized as scavengers for toxic
pollutants. Further, structural analysis revealed basic building unit as six coordinated Ni(Il) metal nodes
with terminal nitrogen atom of imidazole as binding moiety (Appendix 5.5). The tridentate linker (L) with
sp3 nitrogen atom at the center extends the network further’’ via forming coordination bond to three distinct
metal centers, thereby creating inherent porosity as revealed by in depth structural analysis (Appendix 5.6).
The one-dimensional (1D) porous channels with dimensions 6.6 X 4.89 A? (excluding van der Waals radii)
(Appendix 5.7), were occupied by disordered charge balancing sulphate (SO4>") anions as confirmed by
various experimental techniques including X-ray photoelectron spectroscopy (XPS), and Fourier-transform
infrared spectroscopy (FTIR). XPS analysis of pristine MOF showed peak at 170.3 eV which matches well

with the literature value®® corresponding to sulphur in context of SO4*~ anions (Appendix 5.8).
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Figure 5.1. (a) Single crystals of iMOF-3C. (b) Layered structure of iMOF-3C with zoomed view of single
net. (c) Packing diagram of iMOF-3C showing one dimensional porous voids. (Disordered guests, H atoms

and solvent molecules have been omitted for clarity). Scale Bar: 340 pum and 200 pm.
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FTIR exhibited peak at 1070 cm ™' and 1134 cm™' corresponding to presence of SO4* anions present within
the voids (Appendix 5.9). The bulk phase purity was confirmed by powder X-ray diffraction (PXRD)
analysis which showed identical diffraction pattern as calculated from pristine MOF (Appendix 5.10).
Thermogravimetric analysis revealed negligible weight loss prior to 400 °C after vacuum treatment of
MeOH exchanged phase (Appendix 5.11). Further, towards understanding the chemical stability of iMOF-
3C, compound was exposed to solution of varied pH (7-10) and obtained solids as well as the filtrate was
characterized thoroughly. Optical microscopic images of solid compounds revealed retention of hexagonal-
shape of the crystals; while FESEM analysis confirmed analogous morphology with the pristine MOF
(Appendix 5.12-5.14). PXRD data analysis lucidly confirmed retention of long-range order with identical
diffraction pattern to the pristine MOF (Appendix 5.15). The filtrate was analyzed by Inductively coupled
plasma mass spectroscopy (ICP-MS) which showed negligible concentration of Ni(Il) ions in the filtrate
solution thereby affirming stability of iMOF-3C in various media (Appendix Table 5.2).

Further, prior to oxoanion capture studies, the preliminary investigation for analyzing stability of iMOF-
3C towards aqueous solution of oxoanions viz. HSeOs, SeO;*, SeO4*, HAsO4* was performed. Optical
microscopy images confirmed that crystals maintained hexagonal-shape while unit cell parameters were
found similar to parent framework (Appendix 5.16, Appendix Table 5.1). PXRD data analysis showed
similar peak pattern hence establishing stability of material towards aforementioned toxic oxoanions
(Appendix 5.17). FESEM analysis of exposed solid compounds revealed similar morphology while the
EDX spectra substantiated presence of Se(IV)/Se(VI)/As(V) in the exchanged samples while the %weight
of sulphur decreased (Appendix 5.18-5.21). ICP spectroscopy of the supernatant showed negligible
concentration of Ni(II) thus confirming framework integrity (Appendix Table 5.3). Enthused from these
observation, detailed investigation towards the capture of oxoanions of Se(IV)/Se(VI)/As(V) was

performed.
5.3.1 Low concentration studies towards oxoanions of Se(IV), Se(VI) and As(V)

Capture studies at low concentrations viz. at 1000 ppb, 10 ppm hold high relevance as these represent
industrially relevant waste water concentrations. iMOF-3C was evaluated for its ability to capture trace
concentrations (~1000 ppb) of oxoanions viz. Se(IV)/ Se(VI)/As(V). Time dependent kinetics studies were
performed and the samples were analyzed by ICP spectroscopy. The results demonstrated iMOF-3C as
efficient sorbent towards capturing trace amounts of Se(IV)/Se(VI)/As(V), as ~ 99.9 % removal within ~ 5
mins was observed ( Appendix 5.22). iMOF-3C could successfully reduce the concentration of these toxic

anions in water < 10 ppb thereby successfully fulfilling the guidelines provided by US-EPA and WHO (<
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10 ppb for arsenic and < 50 ppb for selenium) for potable water.” The efficiency of the sorbent was further
confirmed due to lack of leaching, as the adsorbed amount remained constant after 30 mins ( Appendix
5.22). This exceptional performance can be ascribed to the high affinity of the cationic framework towards

toxic oxoanions of Se(IV)/Se(VI)/As(V).

Figure 5.2: (Upper row) Kinetics sorption profile for uptake of oxo anions of Se(IV)/Se(VI)/As(V) at 10
ppm. (Inset: Concentration Vs time plot.) (Bottom Row): Relative percentage uptake of oxoanions of

Se(IV)/Se(VI)/As(V) in presence of binary mixture of competing ions.

To further probe the material, the capture performance towards mixture of oxoanions of
Se(IV)/Se(VI)/As(V) at trace concentrations (~1000 ppb) was done. The results established that iMOF-3C
can simultaneously reduce the concentration of oxoanions of Se(IV)/Se(VI)/As(V) to < 10 ppb, thereby by
meeting the demands for drinking water (Appendix 5.23). These experiments reveal the remarkable ability
of iMOF-3C to capture oxoanions of Se(IV)/Se(VI)/As(V) at trace concentrations with fast kinetics. For
further evaluating sorbent performance and pathway of capture, iMOF-3C was exposed to an aqueous
solution consisting oxoanions of Se(IV)/Se(VI)/As(V) at 10 ppm respectively, and the concentrations were
monitored by ICP spectroscopy after certain time intervals. The results indicate fast kinetic performance as
the sorption equilibrium reached within 30 mins (Appendix 5.24-5.28) with > 95% removal observed for
oxoanions of Se(IV)/Se(VI)/As(V). Further, iMOF-3C showed ~ 99.9%, ~ 99.4%, ~ 99.9% removal
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towards oxo-anion of Se(VI), Se(IV) and As(V) respectively upon prolonged exposure (Appendix Table
5.4-5.6). The performance of iMOF-3C towards aqueous solution of As(Ill) was also checked, but to our
surprise negligible uptake was observed, as compared to Se(IV)/Se(VI)/As(V) (Appendix 5.29). It is
noteworthy to mention that at pH= 7, Se(IV) exists in equilibrium between HSeO; / SeOs*, while at pH>2
Se(VI) exists majorly as SeOs> and As(V) dominates as HAsO,>" at neutral pH, all existing in anionic
form.>*° This unique behaviour of iMOF-3C toward As(III) capture can be explained on the basis of the
speciation of As(III) present at pH=7, which is neutral form, devoid of any negative charge thereby lacking
affinity towards iMOF-3C. This experiment affirms the ability of the cationic network to selectively
sequester anionic pollutants and ion-exchange as modus operandi during the capture of oxoanions of

Se(IV)/Se(VI)/As(V).

b) c)
18 B Se(IV)+Se(V]) 1.8y reem River Water
g ] H As(V) c Hl Se(lV) + Se(VI)
515 - - ~EPA Standard (Se) g 1.5] . As(V)
= - - - WHO and EPA Standard (As) = - - - EPA Standard (Se)
512 5§ 1.2 - - - EPA and WHO Standard (As)
= m -
£ 9] £09
® ®
g 6 7 8 0.6
o o
O 5 o
R R | <50 ppb<10 ppb
0 10 20 30 40 50 60 O t=0 t = 24h t=0 t=24h
t (min) Before treatment After treatment Before treatment After treatment

Figure 5.3: (a) Kinetics sorption profile of iMOF-3C at ultralow concentration ~1000 ppb of
Se(IV)/Se(VI)/As(V). Bar diagram showing decrease in concentration of oxoanions of Se(IV)/ Se(VI)/
As(V) after treatment with iMOF-3C in (b) mixture of oxoanions containing Se(IV)+Se(VI)+As(V). (¢)
River Water spiked with a mixture of 1000 ppb each of Se(IV)+Se(VI)+As(V).

Further, the ability of the compound to capture mixture of oxoanions at higher concentration (~10 ppm)
was analysed and the results reveal that iMOF-3C can simultaneously reduce the concentration of selenium
and arsenic below the permissible limit specified by EPA and WHO for drinking water (Figure 5.3Db,
Appendix 5.23a). It is noteworthy to mention that the inherent binding affinity of oxoanions of selenium
depends upon the speciation, wherein oxoanions of Se(VI) are weakly adsorbing while Se(IV) oxoanions
adsorb strongly. Notably, iMOF-3C performs well in sequestering both species i.e for Se(IV)/Se(VI)
oxoanions from aqueous solution. Typically, the efficacy of any sorbent material is assessed on the basis
of distribution coefficient value (K4 values) and typically sorbents having K4 values > 10* mL/g are

considered as outstanding.*’ The physical interpretation of K4 can be understood in terms of the ability of
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sorbent material to efficiently separate sorbate (in this case of oxoanions) from aqueous medium onto the
sorbent (MOF). In this regard, iMOF-3C performs well as it achieved Kq value for Se(VI), Se(I1V), As(V)
capture as 1.0 X 10° mL/g, 0.8 X 10° mL/g, 1.2 X 10° mL/g respectively (Appendix Table 5.1, Appendix
5.4-5.7), thus making this material as an exceptional host to capture oxoanions of Se(IV)/Se(VI)/As(V)
which can rationalize the observed kinetic data. The sorption kinetics performance was evaluated with
standard kinetic rate equations (Experimental section) and fitting parameters were calculated from the rate
equations (Appendix Table 5.8). The experimental kinetics data fits well with the pseudo second order
theoretical kinetic model with R* ~ 1 indicating chemisorption process.*** From the fitting, the k, values for
Se(VI), Se(IV), As(V) were determined as 9.3 X 10% g mg”' min™, 3.9 X 102 gmg ' min”, 5.7 X 10? g mg’
"'min indicating differential rate of adsorption (Appendix 5.8). It is noteworthy to mention that k, value
for Se(VI1)/Se(IV) adsorption was found to be an order of magnitude higher than the commercially available

resins/activated alumina, making iMOF-3C an efficient sorbent.*!
5.3.2 Maximum uptake capacity studies towards oxoanions of Se(IV), Se(VI) and As(V)

The maximum uptake performance was evaluated for IMOF-3C towards oxoanions of Se(IV)/Se(VI)/As(V)
by performing concentration dependent sorption isotherm. The experimental data showed complete
saturation of iMOF-3C around ~ 300 ppm for Se(VI), Se(IV), As(V) which can be correlated to the high
affinity of the material to these oxoanions (high K4 value) and its ability to perform in extremely
contaminated sites. The sorption isotherm revealed a maximum adsorption capacity for
Se(IV)/Se(VI)/As(V) as 140 mg/g, 72 mg/g and 75 mg/g (Appendix 5.30). Further, the sorption isotherm
curve was fitted with Langmuir model with R? ~ 1 which confirms monolayer sorption (Appendix 5.30).
The theoretical maximum qn values estimated from the fitting for Se(IV)/ Se(VI)/ As(V) are 140.5 mg/g,
73 mg/g, 75.5 mg/g respectively and were found to be in close agreement with the experimental values. A
comparison with the state-of-the-art materials revealed that these uptake amount represents among the
highest values reported in literature (Appendix Table 5.10-5.12). Specifically, in the domain of cationic
MOFs these uptake capacities represent among the highest and especially for Se(IV) its uptake capacity
was found to be highest in the domain of cationic MOFs (ionic MOFs).

5.3.3 Selectivity studies towards oxoanions of Se(IV), Se(VI) and As(V)

Selectivity is an inherent property of material which governs the effectiveness of capture in real-time
scenario. Porous materials targeting applications in waste water remediation needs to be thoroughly

assessed for solid state sorbents with potential for any real-time application. The performance of iMOF-3C
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was tested towards the capture of oxoanions of Se(IV)/Se(VI)/As(V) in presence of commonly encountered

competing ions* including CO5*", SO4*, CI", NO; (1:1 equivalent).

Co (& % Ka (mL/g)
(ppm) removal
Se(lV)+ 17 <10 ppb >99.94 >1.6 x 108
Se(VI)
As(V) 9.07 <10 ppb >99.8 >0.9 x 108

Table 1: Sorption Data of iMOF-3C for mixture of oxoanions of Se(IV)+Se(VI)+As(V).

iMOF-3C exhibited excellent selectivity towards oxoanions of Se(VI), As(V), Se(IV) with negligible effect
on uptake performance in presence of competing ion (Figure 5.2, Appendix 5.31). Further, the selectivity
studies was extended to check the performance at higher concentrations (100, 1000 equivalent) of
competing ions (COs*", SO4*) which are more prone to interfere. A decrease in the uptake performance for
iMOF-3C was found, but it showed successful capture of oxoanions from such complicated system
(Appendix 5.32). It is noteworthy to mention that materials exhibiting such selectivity for oxoanions of
As(V) in presence of competing ions viz. SO4*, COs*, CI', NO;™ are extremely rare and it should be
emphasized that commercially available resins functioning as ion-exchangers fail to achieve such selective

behaviour.”
5.3.4 Uptake towards oxoanions of Se(IV), Se(VI) and As(V) in real-time conditions

For any sorbent material designed for sequestration of oxoanions, the performance should be checked in
real-time conditions. For this, the performance of compound was checked especially in basic conditions, as
waste water pH lies within this range (at pH 7-9). The experiment revealed that compound maintains ~90%
of uptake performance observed at pH=7 which makes this material extremely attractive for testing in real-
time scenario (Appendix 5.33). For real time study in batch scale, the Mutha river waste (Pune, India) was
utilized and initially the stability of iMOF-3C was tested in the river water. The PXRD analysis showed
that iMOF-3C retains its framework integrity in such complex solution and FESEM showed similar
hexagonal morphology thus can serve as a sorbent (Appendix 5.34-5.35). Further, the Mutha river water
which contains many competing anions and organic waste was spiked with 1 ppm of Se(VI)/Se(IV)/As(V)
and exposed this solution to iMOF-3C. After 24 h, ICP spectroscopic analysis of the supernatant revealed
that iMOF-3C could successfully decrease the concentration of selenium and arsenic to < 10 ppb which is
well below the permitted values of EPA and WHO, thus making iMOF-3C as a potential sorbent material

to entrap these oxoanions from complex solutions (Figure 5.3C, Appendix 5.36).
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5.3.5 Solid state characterization of iMOF-3C post adsorption of oxoanions of Se(IV), Se(VI) and
As(V)

The oxoanions exposed solids were thoroughly characterized post ion-capture via various techniques
including PXRD, ICP, FESEM, TEM, XPS. PXRD analysis indicated complete retention of long-range
order with peak pattern analogous to pristine iMOF-3C (Appendix Table 5.1, Appendix 5.17). In addition,
the stability of iMOF-3C was also affirmed after ion-exchange by monitoring concentration of Ni(Il)
through ICP spectroscopy. The experiment revealed almost negligible concentration of Ni(Il) in the filtrate
thus indicative of exceptional stability of network (Appendix Table 5.3). The exchanged solids were further
characterized for confirming the inclusion of toxic oxoanions within the framework via FESEM-EDX,
STEM-EDS mapping, XPS, FTIR. FT-IR analysis of post-adsorption samples revealed peaks
corresponding to the presence of oxoanions of Se(VI), Se(IV) and As(V) at 876 cm ™' , 836 cm ™', 726 cm™’
respectively (Appendix 5.37). These values correspond to the stretching frequencies of Se-O and As-O
bond and corroborated with the literature.'™ '*d XPS analysis showed peaks corresponding to the respective
elements Se(IV), Se(VI), As(V) at 58.9 eV, 59.7 eV and 45 eV which match well to the reported values for
corresponding oxoanions (Appendix 5.39-541).'*!* Additionally, STEM-EDS mapping showed
homogenous distribution of these toxic elements in iMOF-3C while maintaining two dimensional nature of

the crystals (Figure 5.4, Appendix 5.38).

Se(lV)

Se(Vl)

As(V)
.
‘:\ 250 nm 250 nm

Figure 5.4: Post ion-exchange analysis for iMOF-3C exposed to oxoanions of Se(IV)/Se(VI)/As(V)
showing STEM-EDS mapping profile.
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5.3.6 Mechanistic insights of the capture process

Firstly, based on the DFT optimised model of iMOF-3C, NVT simulated annealing using Monte Carlo
approach were performed to recognize the most preferable site of various anions within the porous
framework. Secondly, the binding energies between iMOF-3C structure and different anions were
calculated based on periodic model using the dispersion corrected DFT method (DFT-D3) as implemented
in the software package VASP 5.4.4. Figure 5.5 shows the optimized location of oxoanions and their
calculated binding energies. Furthermore, the location of anions identified from DFT correlates well with
the electrostatic potential distribution of iMOF-3C cluster model which contains one Ni*" cation and six
linkers (Appendix 5.42). In this model, the positive charges on the Ni*" is uniformly transferred to the
linkers, particularly to the imidazole moiety; the region where the anions are preferably located (Figure.5.
5, Appendix 5.43).The site of stabilization of oxoanions includes hydrogen bonding interaction between
the hydrogen atoms of imidazole moiety of the linker in iMOF-3C and oxygen atoms of the toxic anions
i.e. C-H(imidazole)...O(oxoanion) (Figure 5.5, Appendix 5.43) which highlights the role of imidazole
moiety in the overall distribution of positive charge and is also observed in other porous materials as site

of stabilization.**

iMOF-3C-HSeO5™ -344.8 KJ/mol iIMOF-3C-Se05* -426.8 KJ/mol

Figure 5.5: DFT optimized structures and corresponding zoomed view showing hydrogen bonding

interactions of iMOF-3C with different oxoanions and binding energies.
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As shown in Figure 5.5, the calculated static binding energy of iMOF-3C_SeO4* (-550.9 kJ/mol) and
iMOF-3C_HAsO4* (-509.2 kJ/mol) are higher than those of iMOF-3C_SO4* (-477.9 kJ/mol) and iMOF-
3C_COs* (-354.7 kJ/mol) (Appendix 5.43). Also, they are considerably higher than those of other anions
such as iIMOF-3C _CI (-296.8 kJ/mol) and iMOF-3C NOs (-277.2 kJ/mol) (Appendix 5.44 and Appendix
Table 5.9). This shows that iIMOF-3C framework exhibit exceptional selectivity towards oxo anions when
compared to other anions. The observed trend in binding energies i.e. SeOs* > HAsO4* >S04* ~ SeQ3> >>>
CO3*> CI> NO;™ may be rationally explained on account of multiple factors including shape and size of
oxoanion, matching fit of anions within the binding pockets of the framework. The trend suggests favored
stabilization of toxic oxoanions with tetrahedral geometry as compared to non-tetrahedral Se(I'V) oxoanions
and competing ions (CI", NOs~, COs®). It is noteworthy to mention that although selenate [Se(VI)]
dominates as the inorganic form of Selenium in natural environment along with higher mobility, materials
such as oxides and clays have greater preference for selenite [Se(IV)], and selenate is only weakly
adsorbed.*® A reverse effect in case of iMOF-3C was observed wherein stabilization of selenate (SeO4* )
oxoanion is favored over selenite anion as clearly evidenced from the binding energies. Furthermore,
consistent with the binding energy calculations, the concentration dependent sorption profile of both oxo
anions Se (VI) and As (V) show a steep increase in uptake when compared to Se(IV) oxo anion (Appendix
5.30). Thus, the current findings wherein the iMOF-3C demonstrates higher affinity (in terms of binding
energies) for oxoanions of selenium and arsenic, is a paramount advancement for solid state sorbents
developed toward environmental remediation of toxic inorganic pollutants. These results underscore the
utility and potency of iMOFs as tunable, solid materials for addressing pressing concerns of trapping

priority environmental pollutants.
5.4 Conclusion

In this work, a novel chemically stable cationic MOF viz. iMOF-3C was reported that act as an efficient,
selective scavenger toward oxoanions of selenium and arsenic viz. HSeOs ", SeOs*, SeO4*, HAsO4>". By
rational choice of building blocks, selectivity for toxic anions as well high chemical stability was realised.
The material affords drinking quality water within minutes by reducing concentration of toxic elements
Se(IV), Se(VI), As(V) (1000 ppb) to <10 ppb, meeting the permissible limit set by WHO and EPA for
consumption. The observed ultrafast kinetics could be explained on the basis of remarkable affinity (Kq >
10° mL/g) of cationic network towards these oxoanions which is the among highest value in the field of
MOFs. The sorbent also displayed high affinity towards toxic oxoanions even in the presence of large

excess of competing ions with an appreciable sorption capacity. The excellent sequestration ability of
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iMOF-3C was further highlighted in real time waste water, such as river water wherein the material
performed remarkably well in meeting the EPA standards specified for drinking water. The experimental
finding were strongly supported by DFT studies which shed significant light on the location and the binding
energies of various anions with the adsorbent. The relatively high binding energy values as obtained for the
framework and oxoanions (HSeO; , SeOs”, SeOs>, HAsOs*), when compared against the energies
obtained for the competing ions and parent framework, complements the observed selectivity resulting in
efficient stabilization of toxic oxoanions in the porous voids. This detailed investigation will enhance the
basic understanding toward developing sorbent targeting oxoanions of arsenic and selenium, hitherto
known for their weaker affinity in literature, and underscore the utility and potency of MOFs as tunable,
solid materials for real-time applications. With such promising results, this report will propel the

development of solid-state sorbents targeted towards the capture of oxoanions of selenium and arsenic.
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5.5 Appendix

DMF : H,O (2:1) )
+ leo4 Tz IMOF-3C
N Solvothermal [{Ni(L),}.(SO,).xG],,

Appendix 5.1: Schematic representation showing synthesis for IMOF-3C.
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(b)

Appendix 5.2: Photographs of parent framework viz. IMOF-3C, a) Bulk and b) single crystal under optical
microscope.

Appendix 5.3: ORTEP diagram of asymmetric unit of pristine MOF.
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e ¥ LTS
X SPRSR

Appendix 5.4: Packing diagram showing two dimensional layered structure of iMOF-3C and a single net
showing coordination of linker(L) with Ni(II) nodes.(H-atoms omitted for clarity).
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Appendix 5.6: Packing diagram depicting one dimensional porous voids.(Disordered SO4* anions,
hydrogen atoms and solvent have been omitted for clarity).

5.22



| Chapter 5

Appendix 5.7: Packing diagram showing aperture of the porous channels.( Disordered SO4* anions,
hydrogen atoms and solvent have been omitted for clarity). The dimension of the voids excluding the Van
der Walls radii is 6.6 x 4.89 A”.
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Appendix 5.8: XPS fitting profile for sulphur (S 2p) in iMOF-3C.
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Appendix 5.9: FT-IR spectra for pristine iMOF-3C showing peak corresponding to SO4* anion.
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Appendix 5.10: PXRD spectra for simulated and pristine iMOF-3C.
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Appendix 5.11: Thermogravimetric analysis for pristine iMOF-3C.
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Appendix 5.12: FESEM, TEM, HRTEM (Lattice fringes) images for pristine iMOF-3C.
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Appendix 5.13: Optical microscopy images of pristine iMOF-3C dipped in various media.
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Appendix 5.14: FESEM images of pristine iMOF-3C post-treatment in various media (a) pH=7, pH=9,
pH=10.
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Appendix 5.15: PXRD spectra of pristine iMOF-3C post-treatment in various media.
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Appendix 5.16: Optical microscopy images of pristine iMOF-3C dipped in aqueous solution of toxic oxo-
anions viz. Se0:%, Se04%, HAsO4>.
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Appendix 5.17: PXRD spectra for simulated iMOF-3C, pristine and SeO;”, SeOs*, HAsOs*exchanged
phases.
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Appendix 5.18: FESEM images for pristine MOF exposed to an aqueous solution of SeOs*, SeOs”,
HAsO4>.
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Appendix 5.19: EDX mapping profile and spectra for pristine MOF exposed to an aqueous solution of
SeOs”.
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Appendix 5.20: EDX mapping profile and spectra for pristine MOF exposed to an aqueous solution of
S€O427.'
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Appendix 5.21: EDX mapping profile and spectra for pristine MOF exposed to an aqueous solution of
HAsO4™.
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Appendix 5.22: Kinetic profiles of iMOF-3C towards of oxo-anion of Se(IV), Se(VI), As(V) at 1 ppm. (a)
Concentration of Se(IV), Se(VI), As(V) as a function of time. (b) % removal plot as a function of time.
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Appendix 5.23: Bar diagram depicting removal of mixture of oxo-anions of Se(IV)/Se(VI)/As(V) at (a)
High concentration ~10 ppm. (b) Low concentration ~1000 ppb.
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Appendix 5.24: Kinetic profiles of iMOF-3C towards of oxo-anion of Se(IV) at 10 ppm. (a) Concentration

of Se(IV) as a function of time. (b) % removal plot as a function of time. (c) Sorption capacity with respect
to time. (d) Pseudo-second order fitting model.
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Appendix 5.25: Kinetic profiles of iMOF-3C towards of oxo-anion of Se(VI) at 10 ppm. (a) Concentration

of Se(IV) as a function of time. (b) % removal plot as a function of time. (c) Sorption capacity with respect
to time. (d) Pseudo-second order fitting model.
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Appendix 5.26: Kinetic profiles of iMOF-3C towards of oxo-anion of As(V) at 10 ppm. (a) Concentration

of Se(IV) as a function of time. (b) Sorption capacity with respect to time. (c) Pseudo-second order fitting
model. (d) % removal plot as a function of time.
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Appendix 5.27: Comparative Kinetic profiles of iMOF-3C towards of oxo-anion of Se(VI), Se(IV), As(V)
at 10 ppm. (a) Change in concentration of oxo-anions as a function of time. (b) Sorption capacity with
respect to time. (c) % removal plot as a function of time. (d) Pseudo-second order fitting model.
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Appendix 5.28: Zoomed View of Comparative Kinetic profiles of iMOF-3C towards of oxo-anion of
Se(VI), Se(IV), As(V) at 10 ppm. (a) Change in concentration of oxo-anions as a function of time. (b)

Sorption capacity with respect to time (c) .% removal plot as a function of time. (d) Pseudo-second order
fitting model.
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Appendix 5.29: Kinetic profiles of iMOF-3C towards of oxo-anion of As(III). (a) Concentration of As(III)

as a function of time. (b) Sorption capacity with respect to time. (c) % removal plot as a function of time
(y-axis is divided by 100).
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Appendix 5.30: Concentration dependent sorption profiles of iMOF-3C towards of oxo-anion of Se(VI),
Se(IV), As(V) and corresponding Langmuir linear fitting model.
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Appendix 5.31: Comparative uptake profiles for capture of oxo-anions viz. Se(IV)/Se(VI)/As(V) in binary
mixture of oxo-anions. {Blank: Compound exposed to only anion}.
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Appendix 5.32: Comparative uptake profiles for capture of oxo-anions viz. Se(IV)/Se(VI)/As(V) in

presence of higher concentration of competing ions.
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Appendix 5.33: Comparative uptake profiles for capture of oxo-anions viz. Se(IV)/Se(VI)/As(V) at
different pH by iMOF-3C.
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Appendix 5.34: Comparative PXRD spectra for pristine iMOF-3C dipped in River Water.
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Appendix 5.35: FESEM spectra for pristine iMOF-3C dipped in River Water.
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Appendix 5.36: Bar diagram depicting removal of mixture of oxo-anions of Se(IV)/Se(VI)/As(V) at ~1000
ppb in river water.
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Appendix 5.37: FT-IR spectra for pristine MOF exposed to an aqueous solution of oxo-anions viz. SeOs”
, Se04>, HAsO,™.
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Appendix 5.38: TEM images and TEM-EDS spectra for pristine MOF exposed to an aqueous solution of
Se0;%. Se04>, HAsO4* (1000ppm).
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Appendix 5.39: XPS spectra for pristine MOF exposed to an aqueous solution of oxo-anions viz. SeOs*".
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Appendix 5.40: XPS spectra for pristine MOF exposed to an aqueous solution of oxo-anions viz. SeO4*".

5.46



| Chapter 5

O Raw data
—— Background
As 3d fitting

Counts (Arb. Units)

SO ESS

DIMIIDAMIN NN
Yo YN NP2 )0 TP 282

U}’q’l’}l—’/al'yil”’))

Binding Energy (eV)

Appendix 5.41: XPS spectra for pristine MOF exposed to an aqueous solution of oxo-anions viz. HAsO4>
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Appendix 5.42: Electrostatic Potential (ESP) diagram of two different part of framework in iMOF-3C.
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Appendix 5.43: Optimized structures and corresponding zoomed view showing hydrogen bonding
interactions of iIMOF-3C with different anions and binding energies.
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Appendix 5.44: Static binding energies for various anions in iMOF-3C framework calculated using density
functional theory (DFT).

5.50



| Chapter 5

Appendix Table 1: Comparison of unit-cell parameters for pristine iMOF-3C and corresponding anion
exchanged products viz. iMOF-3C-SeO;>, iMOF-3C-Se04*, iMOF-3C-HAsO,*.

Unit cell iIMOF-C3 IMOF-C3-SeQ,” | IMOF-C3-Se0,” | IMOF-C3-HAsO,”
parameters
a(A) 16.01(3) 16.06(5) 15.97(3) 16.06(6)
b (A) 16.01(3) 16.06(5) 15.97(3) 16.06(6)
c(A) 25.63(5) 25.79(7) 25.97(7) 24.79(8)
o © 90 90 90 90
g 90 90 90 90
y© 120 120 120 120
Volume (A% 5691(2) 5967(30) 5550(20) 5540(30)

Appendix Table 2: Concentration of Ni(II) ion in the supernatant of various media as recorded by ICP-

MS.

pH  Concentration of Ni (ppm)

7 0.48
9 0.54
12.45 0.18
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Appendix Table 3: Concentration of Ni(II) ion in the supernatant of iMOF-3C exposed to toxic oxo-anions
of Se(IV)/Se(VI)/As(V)/As(III) as recorded by ICP-MS.

Concentration of Ni (ppm)
Se(IV) N.D.
Se(VI) 0.27
As(V) 0.26
As(lIl) 0.51
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Appendix Table 4: Sorption kinetics data for uptake of Se(IV) by iMOF-3C at low concentration.

C.(ppm) | Time(min) C, Removal (%) K, q, (Se0,”)
Se(lV) (mL/g) (mg/g)
10 0.895 89.31 8.4 X 10° 12.04
30 0.388 95.36 2.0 X 10° 12.86
60 0.287 96.57 2.8 X 10° 13.02
120 0177 97.88 46 X10° 13.20
300 0.118 98.59 9 X 10° 13.28
8.37 6:9X10
480 0.11 98.68 7.5 X 10° 13.24
600 0.0925 98.89 8.9 X 10° 13.27
960 0.116 98.61 7.1 X 10° 13.29
1440 0.06 99.28 13X 10° 13.38
1800 <10ppb >99.40 >8.3 X 10° >13.38
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Appendix Table 5: Kinetics Sorption kinetics data for uptake of Se(VI) by iMOF-3C at low concentration.

C,(ppm) | Time(min) C Removal (%) K, q,(Se0,%)

Se(Vl) (mL/g) (mg/q)

10 0.71 92.93 1.3 X 10° 16.9

30 0.28 97.23 3.5X 10 17.68

60 0.18 98.19 5.4 X 10 17.86

120 0.10 98.91 9.1 X 10° 17.99

300 0.12 98.8 8.2 X 10° 17.97

10.05

480 0.06 99.39 1.63 X 10° 18.08

600 0.08 99.19 1.22 X 10° 18.04

960 0.06 99.37 1.56 X 10° 18.07

1440 0.07 99.3 1.42 X 10° 18.06
1800 <10ppb >99.90 1.0 X 10° >18.17
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Appendix Table 6: Sorption kinetics data for uptake of As(V) by iMOF-3C at low concentration.

C,(ppm) | Time(min) C, Removal (%) K, q, (HAsO,?)
As(V) (mL/g) (mg/g)
10 0.81 92.01 1.1 X 10* 17.54
30 0.42 95.9 2.3 X 10 18.28
60 0.14 98.62 7.1 X10° 18.8
120 0.12 98.84 8.5 X 10° 18.84
300 0.13 98.71 7.7 X 10 18.81
10.21
480 0.13 98.72 7.7 X 10° 18.81
600 0.13 98.7 7.7 X 10 18.81
960 0.1 98.94 9.3 X 10 18.86
1440 0.083 99.18 1.22 X 10° 18.91
1800 <10ppb >99.90 1.02 X 10° >19.04
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Appendix Table 7: Uptake performance of iMOF-3C towards oxo-anion of Se(IV)+Se(VI), As(V) at
10ppm.

C, (ppm) C.(ppm) % removal K4 (mL/g)
Se(IV) + Se(VI) 17 <10ppb >09.94 >16 X 10°
As(V) 9.07 <10ppb >99.8 >0.9 X 10°

Appendix Table 8: Listing kinetic fitting parameters as obtained by pseudo-second order fitting model for
oxo-anions of Se(IV)/Se(VI)/As(V) by iMOF-3C.

g. (exp.) mg/g q. (cal.) mg/g K, R’
Se(lV) 13.38 13.37 0.039 0.99
Se(VI) 18.06 18.08 0.093 1
As(V) 18.9 18.89 0.057 1
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Appendix Table 9: Comparative analysis of static binding energies in iMOF-3C framework calculated

using density functional theory (DFT) and hydration energy from literature values.

| Chapter 5

Anion CI NO, CO,” SO,/  Se0,” SeO,” HSeO, HAsOj
Binding energy | 296.89 277.29 354.7 4779 5509 4268 3448 5092
(-KJ/mol)
Hydration Energy 340 300 1315 1080 900 937- NA
(-KJ/mol) 1025
Reference 45 45 45 45 45 -

Appendix Table 10: Comparison for state-of-the-art materials available for capture of Se(IV) oxo-anion.

Adsorbent Oxo- Method Selectivity Capacity Time Reference
anion (mg/g) (min)
iMOF-3C Se(lV) lon-exchange | vs. NO,, CI, CO* 140 5 This work
S0*
NU-1000 Se(lV) Adsorption NA 95 1 12a
CAU-17 Se(IV) Irreversible vs. CO,”, CI, NO,, 255.3 360 47
Chemical Bond SO, ete
MgAIl-MoS4- Se(lV) lon-exchange NA 294 10 14
LDH
LDH Se(lV) lon-exchange = vs. CO.", CI, NO,, 207 100 36¢
HPO,”, SO,*
MgO Se(IV) Adsorption NO,, CI, 103.52 300 48
Nanosheets F, PO~
Iron Oxide on Se(lV) Adsorption NA 20.4 120 49
Sio,
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Appendix Table 11: Comparison for state-of-the-art materials available for capture of Se(VI) oxo-anion.

Adsorbent Oxo- Method Selectivity Capacity Time Reference
anion (mg/g) (min)

iMOF-3C Se(VI) lon-exchange vs. NO,, CI, CO,”,S0/” 73 5 This work

iMOF-1C Se(VI) lon-exchange | vs. NO,, CI, SO,*, HCO,, CO,* 100 4320 13k

NU-1000 Se(VI) Adsorption NA 85 1 12a

CAU-17 Se(VI) Irreversible vs. NO,, NO,, SO,”, F, ClI, HCO; 20.3 600 47

Chemical Bond ,CO,", Ac, PO,”, LAS, B,O,”

MOF-808 Se(VI) Adsorption NA 118 5 50
MgAl-MoS4-LDH Se(VI) lon-exchange NA 85 30 14
MgO Nanosheets Se(VI) Adsorption NO,, CI, 10.28 300 48

F,PO,”
Iron oxide on Se(VI) Adsorption vs. SO,” 17 1440 51
chitosan
Cu”-anchored Se(VI) Adsorption vs SO,” 83 600 52
diamino
functionalized MCM-
41
Polyamine-type ion- | Se(VI) Adsorption vs. SO, CI 243 180 53
exchange resin
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Appendix Table 12: Comparison for state-of-the-art materials available for capture of As(V) oxo-anion.

Adsorbent| Oxo- Method Selectivity Capacity | Time | Reference
anion (mg/g) (min)
iMOF-3C As(V) lon-exchange | vs. NO,, CI, CcO.%, S0,” 75.5 (5} This work
iMOF-1C As(V) lon-exchange | vs. NO,, CI, CO.%, HCO, 85 4320 13k
, 807
UiO-66 As(V) Adsorption NA 303 atpH=2| 2880 54
Mg/Al-LDH As(V) lon-exchange vs. SO,%, NO,, CI 56 =) 10
Fe-BTC As(V) Adsorption NA 12.3 10 55
MIL-53(Al) As(V) Adsorption | vs. CO,”, CI, NO,, SO,* 106.5 660 56
MIL-53(Fe) As(V) Adsorption NA 21.27 90 56
ZIF-8 As(V) Adsorption NA 72.33 90 57
(prepared in
MeOH)
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Appendix Table 13. Crystal data and structure refinement for iMOF-3C

Identification code iMOF-3C (CCDC - 1990643)

Empirical formula C54 H42 N14 Ni

Formula weight 945.72

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Trigonal

Space group R-3:H

Unit cell dimensions a=16.012(3) A o= 90°.
b=16.012(3) A B=90°.
c=25.633(5) A y=120°.

Volume 5691(2) A’

Z 3

Density (calculated) 0.828 Mg/m3

Absorption coefficient 0.289 mm-1

F(000) 1476

Crystal size 0.13x0.12x 0.10 mm’

Theta range for data collection 2.384 to 28.368°.

Index ranges -21<=h<=21, -21<=k<=21, -34<=1<=29

Reflections collected 30467

Independent reflections 3159 [R(int) = 0.123]

Completeness to theta = 25.242° 99.9 %

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3159/0/105

Goodness-of-fit on F2 0.907

Final R indices [[>2sigma(])] R1=0.07, wR2=0.26

Extinction coefficient n/a

Largest diff. peak and hole 2.246 and -0.779 e.A-3
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