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ABSTRACT

In this work, structurally rigid linkers, namely methane tghphenylphosphonic
acid; 2, #luorendiphosphonic  acid;  2y8aphthalenediphosphonic  idc
carbazolediphosphanacid;5, 10, 15, 20 tetrakis[p phenyl g
with its Zn, and Ni derivatives, were synthesized by a palladiatalyzed Michaelis
Arbuzov reaction and then characterized'HyNMR, *C NMR, and®P NMR, and

FT-IR analysis. These linkers were thatilized in the synthesis experiments of
metal phosphonate frameworks with different metal ions in the presence of N
ancillary ligands under hydrothermal and solvothermal conditions. The synthesis of
four novel metal phosphonate frameworks using a tetdrhéshaped organic
building block, methane tetqaphenylphosphonic acid ¢MTPPA), and three
different N-ancillary ligands, terpyridine (terpy), 2Ripyridine (2,2*bpy), and
phenanthroline (phen), wereported. The crystal structures of the-sbded one
dimensional ziggag chain structure [{Cu(terpy)}¢-MTPPA)(H.0)].2H.0, three
dimensional  framework, [{Gi(2,2-bpyk}(H>-MTPPA)(H--MTPPA)], one
dimensional structure [{Ggphen}}(Hs-MTPPA)].4H0, and threedimensional
framework[Cox(H&-MT P P A) ] L BONWdie reportedThe magnetic properties

of [Cox(H&-MT P P A) ] L ZONMdPimvéstigatedy use of ab initio calculations.
The resultsindicate both the presence of magnetic anisotropy in the crystal and a
ferromagnetic interaction between Co atoriagneic analysis of a3D Cu(ll)
phosphonate framework, namely [{§8,2-bpy)e}(H2>-MTPPA)(Hs-MTPPA)] and

1D [{Cu(terpy)}(He-MTPPA)(H0)].2H20, showed paramagnetic behavior. Crystal
structures were characterized by single crystatay diffraction, FFIR, and
ther mogravi metric anal ysi s ( TGA) . 5,10, 1
porphyrin with its Zn, and Ni derivativesaneutilized in the synthesis of nassized

metal phosphonate frameworks with europium inetaler hydrothermal conditions
and three narp-sized metaphosphonates [Eu(ZnH;TPPA)(HO)CI2A y-®,
[Eu(HoTPPA)(HOX]CIZA yo®, and [Eu(NiH;TPPA)(HO)]CI.A y.®I  were
synthesized. They were characterized by powderr&y diffraction and scanning
electron microscopy (SEMgnergy dispersive Xay andysis (EDX) methods.
Photocatalytic activity studies were also performed with[{Cu(terpy)}(He-
MTPPA)(H:0)].2H0, and [{Cus(2,2-bpy)}(H >-MTPPA)(H--MTPPA)]. Various
concentrations of MO and MBlye solutions were used to investigate the
photocatalytic dyeamoval efficiency of the compounds.

Keywords: Metal-Organic Frameworks, Metal phosphonates, Coordination

modes, MichaelisArbuzov reaction, Magnetization.
Vi



¥ZET

Bu -al eékmada vy hgpnelararetanotdtrap-ferilfosfoniki gsit; 2,7
florendifosfonik asit; 2,6aftalendifosfonik asit, 3;Karbazoledifosfonik asit, Zrve
Ni t ¢ r evl e r-tetsakisep-fehilfodfanik dsh| pazfitin, paladyum katali
Michaelis Arbuzov reaksiyonuyla sentezienk e a r ¢HENMR,2°€ NMR ve
SPNMR ve FFI R anal i zi y°nt e mhiek Bu riit ligandldr ar ak t e

daha sonr a hidroter mal Ve S o | bipindine r ma |
fenantrolin  gib yar démcée l i gandl ar én varl é] én
et kil ektiril er edentendectneely | eo $ n@ et €@ ud rl-aarl &Ik m

kapsameénd a-pferelfostomk asite(-MBPPA) ve -yar fdamkéeéée
ligand, terpiridin (terpi), 2,2ipiridin (2,2-bpy) ve fenantrolin (fenk ul | anél ar a
d ° yehi metalfosfonatb i | eseniejlemi k t i¢ruybaupkiEk boyutlu zigzag

zincir [{Cu(terpy)}(He-MTPPA)(H0)].2H.0, é - boyut[{Cus(2,2- er - ev
bpyk}(H 2-MTPPA)(H:-MTPPA)], tek boyutlu[{Cu2(phen}}(H --MTPPA)].4H0 ve

¢ - b o[@oulsAMT PPA) ] L 20KMRA LsH a | yapél arée bu tez
sentezlenmi toiyrut |l u bir daaKGs22%p)g(Hs nat - e
MTPPA)(H-MTPPA)] mo |l ek ¢ | ven ¢om  boyutlu [{Cu(terpy)}(He-
MTPPA)(H20)].2HO mo | e k ¢ Imgngegkn analiziy ap é,l lmu akyapél ar é
paramanyetik diaivr ag® K ¢ | & wsttear yd€o(Ha
MTPPA) ] L2ZOEMEMAnyeti k fadl | i khesaplaomadr
kull agyapelt omtw-vears hem kanstat depmanygev
de Co atomlaré arasénkakeéet IfEdneddbemeristal et i
yapeéel ar t-@ k & nkér i ls @Ra¢ent@xnogravimétrik analiz (TGA) ile
karakterize edihi k 6,10r15,2&etrakis p-fenilfosfonik asit] porfirin, Zn, ve Ni
t¢revlieriyl e, hidroter mal kokul |l ar al t én
fosfonat -er - evelmrki nves e;nbogpyte meth dosémadl | a n é
y a p & fEa(ZnH TPPA)(H:O)]CIZA y-®, [Eu(HbTPPA)(HO)X]CIZA y-®l, ve
[Eu(NiH/TPPA)(HOXCI,Ay:Bls ent ez | enmi Kt i rboyutlS metal e z | e n
fosfonat | ®z Xék éynaép ékd éaarrégneme ve taramal é e
enerji dakehemla&nakKi zi ( EDX) y mmnkKeémlrer i
[{Cu(terpy)}(He-MTPPA)(H:0)].2H.O ve  [{Cuws(2,2-bpyp}(H2>-MTPPA)(Hs-

MTPPA)] ile fot okat al i ti k akdri -va K lee kR iallr & w inma |Ikek mi i€
fotokataliti k boya giderme verimlili]Jini
MO ve MB boya -nfezteelrt.i | er i kul |l anél

a Kk
k

Anahtar Kelimeler: Metal Organik Kafes Yapé Kaor di nasyon Ki m
Metal fosfonatlar, Michaelis-Arbuzov  Reaksiyonu,

Magnetizasyon
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1.INTRODUCTION

MOFs are a kind of coorditian networkof molecules that combine elements of
metal and organic matials to form a highly ordered amdystalline structureThey

are metabrganic hybrid compounds formed by bonding organic binding ligands to
transition metal ions or metal clustexith strong coordination bonds. (Gagnon et
al., 2012; Wharmby et g812011).The very first MOF was synthesized by Yaghi et al.

in 1995 andthanks tothe varied tunability of the metal nodes, pore voids, and
linkers, these materials have quickly gainedagnition since thefiYaghi et al,

1995) They have beenintensively used in the fields afmall molecule storage
catalysis,methane/C@H> capture and storage, intercalation, ion exchange, bone
regeneration sensing, optoelectronics, clean @yerandbiomedical applications.

The ease of synthesis, modification of final characteristics, and functionalization
makethese compounds highly benefici@lhanging metal ions or organic junctions

to produce microor mesoporous materials with pore diametersiagrirom 2 to 50

nm is one of these materials' most amazing properties. Among their numerous
excellent qualities are their large surface area, low density, and large pore volume.
The surface area of MOFs varies between 1000 and 76@P imthe literature
whereas zeolite reaches a surface area of 50§, mesoporous structures reach a
surface area of 10004, and porous carbon reaches a surface area of 130 m

So far, most MOFs that have been identified, reported, and granted patents have been
produced by the use of aromatic carboxylate ligandgpodal and multipodal
nitrogenous ligands have also been used to createetyof other binding ligands.
Various main compounds, such as boronates, phosphonates, arsenates, and
sulfonates, have the potai to form 3D and porous lattice structures, but a
systematic study on these functionabyps has not yet been develop&be factors

that play a role in this situation are the difficulties in crystallizing boronate
complexes, the fact that only a few the starting materials for phosphonates and
arsenates are commercially available, they are quite expensive, and most inorganic
laboratories do not have the infrastructure to synthesize these compounds. Using
carboxylates as the only bridging ligands whibuilding MOF structures is

insufficient currently. To provide researchers with a more comprehensive
1



understanding of coordination chemistry, it is crucial to create novel MOFs with
distinct functional characteristics through the use of bridging ligahds have
diverse functional groups. Aromatic phosphonic acids are excebewlidates to be
used on MOFs.

HKUST-1

Figure 1.1: Porous carboxylatbased MOF structures.

The gnthesis of MOFs has been focused mainly on carboxpied organic
ligands since the first MOF structure was published with a carboxylate ligand (Yaghi
et al., 199% The rigid and planar formation and easy synthesis of the trigonal planar
structure of the carboxyl group led to the discovery of many "secormaiding

units" in this systemand considerable steps have been taken in predicting the
structureof the metalorganic skeleton (Mehring et al., 200Hpwever, carboxylate
based MOFs are nestable molecules at high temperatures anthée atmospheric
environment (Kong et al., 2005)herefore, the design and synthesis of new adhesive
structures are required. Phosphonates ([fPOare the corresponding anions
formed bytheionization of the acidic hydrogens of phosphonic a@Ri®O:H2) and

they are hghly promising compounds in this respect. Phosphonates have very high
temperatures of decomposition and are highly resistant to water and atmospheric
conditions(Kong et al., 2006, 2008; Hix et al., 2007; Taylor et al., 2010; Pramanic et
al., 2013) When ompared to carboxylateghosphonates create stronger bonds with

metal centerswhich directly and positively affect h e final MO F
2
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robustnessPhosphoni ligands, as shown in Figure 1&e able to create stronger
bonds with up to nine metalenters thanks to their three possible coordinating
oxygen atomslin the case of lanthanides used to produce MOFs with expected
luminescence properties, large number of coordinatirggapable oxygen atoms in
the phosphonate ligandsecome more important duto the high coordination
numbers of lanthanidablatcan be fulfilled by those oxygen atonamd hence more

crystalline and predictable networks could be obtained.

Phosphonic acids are more resistant at high temperatures because they can create
stronger connections with the metal center. Both phosphonate and carboxylate
groups have resonance stability. Due to this resonance interaction, each phosphonate
oxygen has an average negative charg/@ffrom the total2 negative charge of a
single phosphonatgroup, whereas each carboxylate oxygen may have an average
negative charge ofl/2. Additionally, phosphonates were shown to be stronger bases
than carboxylates when the pKa (acidity constant) values of fully deprotonated
phosphonates and carboxylatesreveompared (Freedmaand Doak,1957). This
clearly shows that MOFs synthesized using phosphonic acid bridging ligands are
more robust than MOFs with a carboxylate structu&ructurally, phosphonates

with tetrahedral geometryR(O)(OR}] can coordinatevith very different types of

metal atoms than carboxylates with triangular plane geomé&@®(PR)] (Sudik et

al., 2005). Besides, phosphonates have more flexiblargrfdrms to metals (Figure

1.3) than carbxylate derivatives (Figure 1).2This allowsfor the development of
numerous novel secondary structure units in addition to giving these structures a rich
coordination chemistry. (Yucesan et, &004, 2005, 2006; Paramonov et al. 2008).
Commercially available, structurally flexible aliphatic phospikboacids have been
used in the synthesis of most published metghnophosphonate complexd@he

most weltknown examples of phosphonate ligdmmbed MOF compounds are
constructed with; 1,3;6enzene tri(phosphonic acid), 1,&énzene tri(gpphenyl
phosgonic acid), 1,3,8riazine tri(phosphonic acicgnd 1,3,8triazine tripphenyl
phosphonic acid)ligands (Figure 1) but when compared to mukimed
phosphonates, diphospraias give more predictability tthe final structure and
often form densely staeki layered structures. Diphosphonate ligands are divided
into two main groups: phosphonoaliphatic and phosphonoaromatic linkers.

Phosphonoaliphatic ligands are widely used in MOF synthesid they are

3



commercially available with relatively lower costatlphosphonoaromatic linkers
are more expensive even if they are availdlden some chemical suppliers. The
synthesis of a new type of phosphonoaromatic linkers is crucial to d@®gign

predictable MOF structures.
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Figure 1.2: The carboxyhte ligands' coordination modéSoura ve Chandrasekhar,

2015).
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Figure 1.3: The phosphonatégands' coordination modé&oura ve Chandrasekhar,
2015).

In the synthesis of MOF structurasany important factoraffect the formation of

the final structureTo predict the final structure, full control of many parameters such

as the structure of thbridging ligand (flexibility, semiflexibility, rigidity), the
coordination circle of the metal atom (coordinatiomer), metaligand mole ratio
(stoichiometry), supramol ecul ar-electnort er act

cloud interactions), solvent dynamics (polarity), reaction temperature, and pH must
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be maintained (Forsteet al. 2004; Masu et al. 200B1u etal. 2012; Yabing et al.,
2013; Cui et al. 203Duellette et al. 2006; Furukawa et al. 2008; Yaghi et al. 2003).
The most important of them are the form and size of the organic bridge ligand. For
this reason the selection of the binding bridge ligand viery important when
synthesimg MOFs (Desiraju et al., 1989; de Mendoza eti#191).
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Figure 14: The most welknown examples of phosphonate ligands.

As mentionedbefore, MOFs have beerudied for yearsanda significant quantity

of MOFshave been synthesized in research laboratories all around the world. Some
of those MOFs havdemonstrated great promisebe usedn a wide range of fields
and they havbecome commercially available.

Xiao et al. synthesized and characterized @adtive MOF witha BTC ligand (BTC

= 1,3,5benzene dicarboxylatand examined its fluorescence properties in different
solvents. According to their experimental findings, this casapd may be employed
as a lummous probe for cernta organic compoundéXiao et al.,, 2009)They also
reported the firstmicroporous luminescent MOF to detect?Cin an aqueous
solution with extreme selectivity and sensitivityThey found that microporous
MOFs are great at storing €5, adsorbing gases, catalyzing reacticarg]
delivering drugs or medical gases, and they could alst& well as luminescent
sensors (Xiao et al., 2010)he first MOFbased sensor with multesponsive optical
sensing capabilities was published by Satgal. Through a terminal ligand

exchange in a singlerystatto-single-crystal transition, the solvothermal interaction
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of E¥* and 4 , -(4 Njbigyhgline-2,6-diyl) dibenzoic acid vyields this sensoits
sensing potential for some pollutangsich asultra-explosive TNP and some organic
compoundswas investigated, and the results showed that it has a selective sensing
ability for acetone, which is a very harmful organic solvent for human health, and
also a high selectivity for TNP in DMF solutigBong ¢ al., 2014).Nagarkar et al.

also studied the selective detection of explosives, and they managed to synthesize the
first fluorescent MOF which has the abilityto identify TNP when other nitro
compounds are presenfNagarkar et al., 2013) Chen et h synthesized a
microporous Eu MOy the solvothermal reaction of Baltand BBTC ligandin a

DMF, ethanol, and watesolvent mixture Investigations into its fluorescence
characteristics in various solvents revealed that the addition of DMF solvent
progressively raised the fluorescence intensity, suggesting that this moleglie mi
be utilized in DMF sensing (Chen et al., 2003dme studies show that people who
work in those industrial areas are exposed to DMF vapor by inhalation or direct skin
contact ad experience serious health problems associated with DMF exposure
(Long and Meek, 2001; Hamada et al., 200)ese hazardous effects of DMF on
the environment and living organispdirect scientists to put more effort into the
selective and effective dmttion of DMF.Li and coworkers are thscientistswho
prepared a new luminescdra-MOF to examine its DMF detection propertigheir
research demonstrated that DNiand interactions, which most likely alter the
ligand's excited state energy level asd promote the LMET (Ligantb-Metal
Energy Transfer) process, account for the majority of thedarim response to DMF
vapor(Li et al., 2013)

Besides thaletection of organic molecules and nitroaromatic compowulsctive
anion detection and idefitiation are also possible andre an important area of
interest for biological and environmental concerns. By considering this situation
Chen et al. published a sty reporting a luminescent MOt6 identify and detect
anions andthey proved that this copound hasxceptional sensitivity in terms of
fluoride detection(Chen et al., 2008)

As can be seen from the literature reviéanthanide MOFs are especia#fficient
sensors for some organic molecules, small anions, and nitroaromatic explosives.
MOFshave been synthesized using carboxylate ligafidsn the very beginning of

MOF science and the scendnas stayedthe same when the new players are
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luminescent MOFs. Because it is provitrat conjugated organic ligands, metal ions,

or metal clusters areéhe building blocks that typicigl produce luminescence in
MOFs, one can conclude that it is possible to prepare more luminescent MOFs with
phosphonate ligands tweate stronger bonds with metal centersich directly and
positively affect, the final MOF st r uct ur e s dhanksdobthes trigice s s .
molecular backbone, organic linkers containing aromatic moieties are often utilized
in the creation of porous MOFH.is possible to design MIOF by choosing certain
ligands and certain metal ions, yet theafigtructure could still be a surpriseterms

of the final architectureThe predictability of the final structure is not a simple issue
and it requires lots of trisdnd-error experiments in the laboratory. Depending on the
organic linker used in theysthesis, porosity, and pore diameter change in the final
structure.A pre-synthetic evaluation is necessary to assess the size of the metal
center or the electronic configuration of the megalen that these variables directly
affect the framework's stcture and the coordination geometry surrounding the metal
center. In short, organic linkers and metabdesshould be chosen wisein the
synthetic design step to obtasn MOF that shows selective sensing towards
particular chemicals. Commonly used ang: ligands are mainly carboxylates,
phosphonates (as in our studies)ifonates, polyamines, etc. Thestusedmetals

are transition metals and lanthanides. Ed@ughorganic ligand and metalbdeare

the main substituents for the final topolpgynthetic parameters such as solvent
type, exposure time, temperature, the ligand to metal ratio, reaction, eesbelitial

pH must alsabe considered in the preynthetic step. In our studies, we generally
prefer to use the hydrothermal/solvothermal mdthdut there are also
electrochemical, microwavassisted, ultrasound, and slow diffusion methods
available. The most preferred synthetic method for MOFs is solvothermal reactions
of a solution of organic ligands and metal salts in an organic solvenasuetOH,

DMF, DMSO, etcHowever,because these organic solvents also pose environmental
risks it is important to develop and follow a green synthetic route tormza the
negative effect oMOF synthesis on the environmenhis is one of the main reas®

that we follow the watebased route (hydrothermal synthesis) in our studies.

Metal-organic frameworks arérst synthesized to build novel molecules to substitute
some materialshat have beem servicefor years butare not working sufficiently

enowgh, arenot environmentally friendly, aarenot economially viableto produce.

7



From the first publication related to the synthesis of MOFs to these days, a
tremendous amount of new MOF structuhesre beenproduced and published by
scientists around the&vorld. Eventhough theusage areas of those MOFs are
investigated deeply, and it is proventhat they can be useih the storage and
transportation of gases, drug delivery, catalysis, sensing, and biomedical
applicatons, the studies are still on stientiic but not practical level fomost
MOFs exceptfor the onesthat have proven to be efficient fgas storage and
transportation and became commercially available. The porous nature of the MOFs
gives them the ability to capture and store gases and swlaitulesbut it has been
proventhat when fluorescent groups are introduced to the stru¢hey also show

fluorescent emission properties.

There could be an infinite number of final structures obtained from different metal
ions and organic linkersso predictingthe final structure depending on the final
usage area of the MOF is one of the most important challenges in this area.
According to our previous studies, we have concluded that the organic linker used on
the structure affects the final stru@umuch more than the other variabl8s, it is
important to emphasize that deciding which linker should be on the final structure
will affect the luminescent properties too. When highly conjugated organic ligands
are usedn the synthesighe final prodat will provide better luminescent properties
and attract conjugated i natnearlayctteiso n st.h r oAu
functionalization of the organic ligand or addition of secondary ligands to the
structure provides specific luminescent detection of mete nitro explosives, etc.
(Wang et al., 2014; Hu et al., 2019; Ydrak, 2017; Huang et al., 2019).
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Figure 1.5: Formation of coordination polyme(3aniak and Vieth, 2010)

Even though MOFs' main application aresschas gas storagend gas removahre

still hot topics in recent years the applications of MORa&ve also found a new
direction throughthe detection of explosives, some small molecules, solvents, etc.
Chemosensing and biosensing applications are promesiegsfor science and
industry because dheir great features, such as rtoricity, luminescence, and
biodegradability. Four types of MAFased materials have been employed as sensors
thus far: MOF membranes, nMOFs (nanoscale MOFs), crystalline MOFiatste
and MOFbased functional composites. Along with its high surface area and variable
porosity,an MOF is regarded as a promising option for sensor applications since it

can detect variations in luminescence by tuning the dnosst chemistry.



2. METAL -ORGANOPHOSPHONATES

Metalorganophsephonatesre metal/organic hybrid compounds formed by bonding
phosphonate/phosphonic adyanic binding ligands to metal ions or metal clusters
with strong coordination bond€omparing them to counterparts that arematic
carboxylatesthere are still relatively few structurally stiff arylphosphonate linkers
and associated porous metal complergen thougtover 40 years have passed since
the discovery of metal organophosphondfdberti et al., 1978; Taddei &i., 2016;
Gagnon et al., 2011S ¢ h ¢ t etwalm @05, 2017; Bulut et al., 201With their
reliable, repeatable structural patterns and prospective uses in drug delivery, sorption,
and catalysisMOFs based on carboxylic acidave completely cdnged he field of
porous materialg§Furukawaet al., 2010, 2013; Yaghi et al., 2003;8 c | at\al? k
2013;Horcajadeet al., 2010, 2011)Progress in MOF research has led to a renewed
focus on the synthesis of porous metal organophosphonates (MOFs), witle thfe us
carboxylate linkers already being overugeds c h ¢t r u rAQl7; Buwut et al.| . |,
2017 Taddei et al., 2016)

Research on metal organophosphonates is important since these materials are not
sensitive to air and, when compared to traditional MOFscbasecarboxylates, they

show remarkablstability of both chemicals and heat at relatively high temperatures
(Taddei et al., 2016Gagnon et al., 2011; Perez et al., 2016; Zheng et al., 2017)
Naturally occurring in soil, organophosphonates are thoughhate a role in

numerous biochemical processes.

According to recent reports, the primary source of phosphorus that is available to
biological systems may be organophosphon@feset al., 2013) Their potential for

use in industry and biomedicine is veryegt. There are currently no weléfined

synthetic pathways for metal organophosphonate chemistry that can yield reliable
porous platforms. Most metal organophosphonates that have been described have
consisted of extremelpillared-layered and densely lafter structuregCao et al.,

1988a, 1988b, 1990, 199Rpojaryet al., 1996; Rueff et al., 201%)nly a relatively

small number of synthetic porous metal organophosphonates are currently covered in
the literatue (Taddei et al., 2016; Hermer and Stockl20Gagnon et al., 2011;
Tayl or et al ., 2 20077 Bulut ®tcah, 2Q1 Perea et al., 2016; a | . ,

Zheng et al., 2017; Ortiz et al., 201Because of their extensive structural diversity,
10



metal organophosphonates are unpredictable when itscémereating extended
networks(Taddei et al., 203,6Gagnon et al., 2011; Bulut et al., 2015; Bialek et al.,
2013; Clearfield and Demadis, 201Blthough the extensive structural variety of
metal organophosphonates is undoubtedly a tremendous advamtaggdducing

varied functionalities, it should be regulated to create the appropriate activities.

Figure 2.1: The formation ofconsistent voids by engineering the phosphonate
coordination environment.

Figure 2.2: Theformationof 1D zigzagged chains by the use of an additional terpy
ligand to modify the metal coordination environment.

The various ways in which the tetrahedral [RPOphosphonate binding units
coordinate,and the consequent taé coordination opportunities are primarily
responsible for the structural variety seen in metal organophosph@fr@es 2.3)
(Sahoo et al., 2014; Bulut et al., 20168)/hile many factors contribute structural
variety, several techniques coulte enployed to tame unforeseen processes that

arise during synthesis. Using chelating ligasdsh as 1,1-@henantroling 2,2:6,2

11



terpyriding and 2,2bipyridine, is one method of engineering the coordination
environment (Figur@.1) (Bulut et al., 2015, 201@jn et al., 2004; Yucesan et al.,
2005a, 2005b; Liu et al., 2017; Jiao et al., 206&, h lamdRentschler 2016).
Another measure that might be applied to limit structural variety is pH. One of our
earlier studieslemonstrated that low pH synthesis ledthe production of [k
MTPPA)] since only two protons were releasedthe tetrahedralligand, and the
stablelD zigzagged chain architectures with additional organonitrogen chelators in
dimension ondFigure 2.2)(Bulut et al., 2015)Similar to this, Stag et al. formed
expected triangular rectangland prismatic forms using a distinct square planar cis
[Pt(PE®)2]?* corner building unit that has just two accessible coordination sites for
attaching nitrogen dondinkers (Saha et. al., 2016; Cook andrgta2015; Cook et

al., 2012, Chakrabartyet al., 2011 einingeret al., 2000StangandOlenyuk 1997)
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Figure 2.3: The coordination binding mode of the phosphonate part.

The structure of a metal organophosphonate canfbetigély manipulated byhe

use of additional ligand® limit the coordinating environment for metals. However
metal organophosphonate reticular synthesis must be carried out without the need for
additional ligands Although many factors affecphosphoate binding, including
flexible bond angles, charge balance efforts, and multiple protonation modes, it is
theoretically possible to determine appropriate ways to engineer these factors

create extended networks or molecular structures. Thus, estaplishiicular
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chemistry is one of the key goals to be accomplished in metal organophosphonates,
as it will undoubtedly lead to discoveries in the field of MOF chemistry.

Systematic studies with alkylphosphonates have been extensively performed
previously(Gagnon et al., 2011Cao et al., 1988a, 1988b, 1990, 1992; Ortiz et al.,
2014; Finn andZubietg 2000; Finn et al., 2001Burkholderet al., 2003, 2004,
Ouelletteet al., 2004, 2005, 2006Even though their flexible $pC-C bonds of
aliphatic linkers add nre structural richnesssynthesizingpredictable extended
networks with tlem is particularly challenging (Figure 2.4Jonsequently, it is
comparatively more appropriate to keep exploring metal arylphosphonates using
structurally rigid aromatic linkers.

A

Figure 24: The flexible aliphatic phosphonic acids were usefduild 2D layers and
pillared-layered networkgOuelletteet al., 2006)
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ZAG-4 ZAG-6 ZAG-6

ambient ambient 6.9 GPa

Figure 25: Isoreticular structures constructed fromalkeneU ,-
(Ortiz et al., 2014).

g

hosphonates

Comparing known metatorganophosphonatemolecules to MOFs based on
carboxylates, the current search of the Cambridge Structural Database (CSD) shows
that the library is far smaller. While carboxyldiased MOF strctures have
dominatedchemistryliterature over the past 10 years, their frequent air sensitivity
and lower melting temperature make them less useful for industrial use. As a result,
the number of commercializ8dOF compounds based on carboxylates isrictst]

(Ferey, 2016). Compared to their carboxylabmsed equivalents, metal
organophosphonate molecules are far more relevant in this regard since they are
stable at relatively higher temperatures, do not react to air, and have a far greater

number of pasible structural combinations.

It is theoretically possible for metal organophosphonates to construct porous
platforms that resemble MOFs based on carboxylic acids. Interesting characteristics
have been obtained inmany metalorganic solids synthesized Wit
organophosphonate linkers. Because of their better stability and wide range of uses,
metal organophosphonate MOFs are expected to gain significant industrial attention

and commercial succegsdlowing the establishment of their reticular chemistry.
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2.1.Ditopic Linkers
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Figure 2.6: Simple aromatic diposphonicacidé Y¢ cesan et al
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Figure 2.7 Fluorene,anthracenenaphthalene, angorphyrinebaseddiphosphonic
acids( Y¢,cesan )et al ., 2018
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Figure 2.6 and Figure 2.7, respectively, display aryldiphosphonic acids produced
from benzene units and aryldiphosphonic acids derived from fluorene, anthracene,
naphthaleneand ABAB-type porphyrinbaseduilding blocks.

2.1.1. Linear and V-shaped Linkers

The two linear linkers that have been discussed the most in the literatutglare
biphenyldiphosphonic acid and iénzenediphosphonic acidAmghouz et al.
conducted additional research on the-defzenediphosphonic and its lanthanide
solids, resliing in the structures of Ln[¢P(CsH4)POsH (Amghouz et al., 2011)t

was noted that lanthanide complexes of-Hefizenediphosphoniacid were
remarkably stableeven at high temperatures. Their remarkable stab#ityhigh
temperaturessuggests that thewould be significant to the industry with extra
luminescent features once their porous frameworks fatre. | Ma r-AIGc §metzar a
et al. used ligands (4) and (10) witha, Al, and Ga, to produce microporous
compounds whose surface areas reach up to 4@p(che | Ma r-AlCGc §nmettza r a
al., 2006) Cabeza et akeportedZr and Sn complexes of ligands (1), (4), and (10),
with high surface areas ranging from 300 to 48&gn(Cabeza et al., 2008)
Iremongeret al. reported a complex with permanent porosity 264 nf/g BET
surface area by using ligand 1 with Zn(Ilemongetret al., 2011)

From a structural perspective, phosphonate monoesters are interesting because,
unlike phosphonic acids, they have only one negative charge and few coordination
possibilities, just like carboxylatesThe conventional pillared layered structuvesre
reported for the metal complexes of the ligand (5) with Th arftd) ZiDines and
Griffith, 1983; Wang et al., 2008tockhauset al., 2002)In 2002, it was reported

that the ligand (6) formed multilayer films with Zr; howeverot a crystal structure

was provided GomezAlcantra et al. synthesized the ligand (10) in 2004 and
described the pillared layered structures of #malogousZn, Mn, Fe, and Ni
complexes in the same stuffyomezAlcantra et al.2004) Using a variety of metal

ions, nearly all of the2D and 3D compgexes createdwith theseligands feature
lamellar and pillared layered structures wakcinating characteristi¢sigure 2.8).
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Figure 28. Crystal structures of (A) Cuw[O3PGH4PQs] L 20H and (B)
CUu[HOsPC2HsPOsH] (Poojaryet al., 1996)

2D metal oxide layers are necessary for the formation of pillared layered structures.

A solid 3D pillared-layeredstructurewill be created by connéng these layers with
condensed arylphosphonate linkers. The propensity of hydrophobic hydrocarbons to
cluster togetherthrough the synthesisstep is another element thded to the

production ofpillared-layered structuresthere is close packing of bgahg ligands

with about 0 A-lagered nesverks.iThe optimal hnaleséetween the

|l inkers shoul d b e pooousosgsestutiliaing $in@akaromatic cr e a t
phosphonate ligandsurthermore, to enhance porosity, bridging ligaadght b be

linked together throughmall metal cluster nodes to create 3D exterstledttures

One of the initial stages towards thee-designedsynthesis of3D metal aromatic
phosphonateshould be the identification of these metal clustilsst of themetal
organophosphonates that are produced are synthesized in highly polar shiectats
the challenges dafrystallization. Organic units are being forced to pack together into

layers and chains by polar solvents.

17



2.1.2.Naphthalene, Anthracene, Fluorene-, and Porphyrin- Based

Linkers

To promote intermolecular interactions, naphthalene provides the opportunity for
both an increased aromatic interaction effect and divergent functional group
substitution. Substituted naphthalene, with the addition of certBeatures like
luminescence and nonlinear optics, is a useful building block for supranawlecu
assemblies due to its rigiditgnd high aromaticity 2,6-and 1,4 carboxylic acid
disubstituted naphthalendsave been provemo function as rigid, linear links
between metal atomsffering surface areas @00m?/g in literature(Yaghi et al.,
2003; Eddaoudiet al., 2002; Li et al., 1999)Although sulfonic and carboxyl
substituted naphthalenese studied (Deng et al., 2012pnly 1,4, 1,5, and 2,6
positionsmodified naphthalene diphosphonic acitsve beemxtensivelymentioned

in the literature(B i a étalk 2013a, 2013b; Breen a8dhmitt 2008; Bulut et al.,
2016).

Figure 2.9: Perspective view ofhie molecular capsulesrgpduced byusing A) 1,4
phenyldiphosphonic acid ligandB) 4,48biphenyldiphosphonic acid
ligand and C)1,4-naphthalene diphosphonic acid ligafideng et al.,
2012)
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It was Breen et al.who first reorted the coordination of ZIaphthalene
diphosphonicacid (13) to the stable, mivalence {\6Oo} to construct extensible
hybrid molecularcapsulegFigure 2.9)(Breen et al., 2012)The {VsOq} subunit's
stability is significanthereandin otherstudies ofSchmitd because it served as the
foundation for tle formation of expandableapsule structuresn which the
naphthalene unit issubstituted with 1,4-phenyldiphosphonic acidand -4, 460
biphenyldiphosphonic acidamong other substituen{8reen andSchmitt 2008;
Mahimaidosset al., 2014).1,4-phenyldiphosphoic acid and its La sals' crystal
structure werg@ublished byBialek et al. in 2013Bialek et al.,2013. In that study, a
layered La-naphthalenecomplex was synthesized, in which chains of lanthanum

phosphonate are joined by naphthalends ahd4- paositions(Fig. 2.10)
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Figure 2.10: Perspective view dfai NDPA and itsopological representation.

In 2013,Bialek et al. publishedthe synthesis and crystal structuresl @ Hs-NDPA
ligand and different supramolecularsamblies by using this linker with-(N,N-
dimethylamino)pyridine and morpholine DMSO solvent (Bialek et al., 2013a)
When DMSO was added as a solvent, the classic layered structure and connectivity
betweenthe organic linker layers wemisrupted.The ynthesis of 1,1@nthracene
diphosphonic aciavas firstaccomplished byKabachnik et alin 1998(Kabachnik et
al., 1998) In 2012 CattaniScholzet al. published the 2&anthracene diphosphonic
acid and itsTi complex(CattaniScholzet al., 2012) Whenwe came to 2015, we
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saw Hill et al., reported the first study on P,P-(9,10anthracenediyldd,l-
phenylene)bisphosphonic aaadthey usedhis ligandto createbilayers that could
selfassemble on metal oxide surfadésll et al., 2015;Dilbeck et al.,2017) In
2016, 2,6Hs-NDPA was first reported by our research grodjp. manipulate the
basic \fshaped scaffold to create zigzaggeD chains and2D layers without
changing the fundamental form of thestiaped molecular structure by using pH
adjustments rad the {Cu(terpy)¥* corner building unitwas accomplishedIn this
system, tuneable dimensionality was generated by carefully controlling the
deprotonation ofthe ligandto yield -1, -2, -3, and-4 charges as well as tunable
phosphonate binding orientatis(Fig. 2.1 (Bulut et al., 2016).

Tuning the 2D
dimension

3D . 2D

Figure 211 The Cu complexeslerived from2,6-naphthalene diphosphonic acid
ligand (Bulut et al., 2016).

Choosingorganic linkersthat havethe samdength but different adhesive unit

increase the angle between the organophosphonate linkers is an interesting way to
make porous networks.For instance, utilizing 4,4bipyridine with 1,4
napthalenediphosphonic acatound theCu metalresulted ina9 0 A angl e bet \
the 1,4naphtlalenediphosphonate and 4-dipyriding yielding a high BET surface

areaof 132.1 nt/g (Bulut et al., 2017)Gelfand et al., published study of Ba(ll)

complexes in 2017 by utilizing benzenél,4-diphosphonate, benzenel,3,5

triphosphonate, bereenel,3,5 triphosphonate trisgonoisopropyl ester) and
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benzenel,4-diphosphonate bis{onoisopropyl ester(Gelfand et al 2017) In
comparison to trigonal networks, they noticed thgands with isopropyl yield

complexes that have supeitgrin terms of network denisi.

L
s .
%

Figure 2.12: Perspective view of 3D framework and inorganic building unit of
[{Cu(4,4'-bpy).s(1,4H>-NDPA)].

Figure 2.13: Perspective view of 3D framework and inorganic building unit of
[{ Cwe(4,4 -bpy).s}(1,4-NDPA)].

To generate th8D structure, two 1,4aphthalene diphosphonatee coordinated to
the copperwith 4,4tbipyridine, which coordinateson the copper afround1 8 0 A
angles(Fig. 2.12 and Fig. 2.13Previously, pyridyl or cdroxylic acids have been
utilized in conjunction with fluorene to create hybrid cdexes containing copper
and nickelions (Ma et al., 2012Moreauet al., 2011Zhanget al., 2015)o utilize
them aseutral molecule adsorben 7fluorene diphosphoniacidligand synthesis
and its two differentrystal structuresvith detailed crystal structure analysiere
published by our group in 201%¥ig. 2.14 andrig. 2. 15)(Bulut et al., 2015)The
presence of théree acid 2,#florenediphosphonic acidth the macking of thefinal
crystal structure made the structure very interesthogording to magnetic analysis,

the molecule exhibits paramagnetic behavior.
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Figure 2.14. Perspective view of 3D framework and inorganic building wfit
[{Cu(4,4' -bpy)}(2,6-H>-NDPA)] (Bulut et al., 2017)

Figure 2.15: Crystal structure of{Cu(terpy)}2(2,7-H>-FDA);] L 2H4-F D A L.@,H
and thefreeligand (Bulut et al., 2015).

Hugot et al. reported the second fluordmeghonate structure by usir@u(ll) with
9H-fluorene2-phosphonic acid to obtaia Cu(ll) organophosphonattamework
(Hugot et al., 2016).The lamellar structure is made up of inorganic layerSufil)
dimers linked to phosphonate groups and alternatingibldo layers of
fluorenephosphonate molecules, according to SCXRD results indicated (Fig. 2.16)
The adjacent fluorenyl planes are nearly orthogonal to one anotherteddspi
significant amount oaromatic percentage, suggesting thatarking is not pigent.
Because of copper's ability to quench fluorescence, the hybrid molecule lacks
fluorescence in contrast to the fluorene cdieey also used the ligantuéren9-yl
phosphonic acidwith zinc to generate the crystatructure of Zn(HO)PGs-
Ci3Hol: bO. Like tetrahedral organophosphonates, monophosphonate is joined to the
1D chain structure, which is maingponsisting of composed eflgesharing ZrO-P-

O-Zn-O-P-0O rings(Bloyet et al., 2017)
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Figure 2.16: Crystal structure o€u(PQ-Ci3Hg) L® (H2-POs-Ci3Ho: 9H-fluorene
2-phosphonic acid(Hugot et al., 2016).

In a recent publication, Shimizu described how to create microsphere assemblies
with cobalt and the 2;fuorenediphosphonic acitigand in monoester form. The
formationof microsphere formations was influenced by the slightly bent structure of
the monoesterof the ligand Comprising a singkelimensional CoAO inorganic
building block linked by2,7-fluorenediphosphonic acichonoester, the compound's
structure created twdimensional sheets of [(Glo)(H20)2] (Gelfand et al., 2016)

2.2.Tritopic L inkers

Aryltriphosphonic acidsare pictured inFigure 2.17. The phosphonate units of

tritopic arylphosphonate bridging ligands are positioned on a planar surface and

spacedatanmag |l e of 120A, making t he mftegtkeg met r i ¢

are coordinated to create trimeric 1D linear inorganic building blocks, forthiang
base anda3V-s h ap e d cavityonfay rpsultein porous networks that resemble

honeycombs.
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Figure 2.17: Aromatic triphosphonicacidsY ¢ cesan et al

At laBglefhe phosphonate groups anch e | bragneheddssustureliminate
the productiorof the pillared layered or lamellar structures. This sort of ligeam

be used in two major ways to construct porous networks: either 1D metal oxide

chains can be used to form a 3D void, or metal oxide cluster nodes can be connected

to form 3D extended networks. A review article covering mm&tatorganic
compoundssynthesized by using trigonal ligandgas published by Taddei et al. in
2016. Benzenel,3,5p-phenylphosphomi acid was utilized with nickel and cobalt
metals to produc2D metalorganophosphonatdsy Pili et al. in 2016. The obtained
single crystals' proton oductivity potential was examine@Fig. 2.18) They
succeeded in experimentally validatitige "free diffusion inside a sphere model"
using QENS spectroscopy asithglecrystalX-ray diffraction(Pili et al., 2016).
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MFM-500 (Co) MFM-500 (Ni)

7 '

Figure 2.18 Crystal structure oMFM-500(M) along the crystallographic-axis
(Pili et al., 2016).

3D honeycomb structures with significant void spaces are predicted to be created by
using 1D trimeric linear inorganic components connected by trigonal planardink

By conbining the 2,4,6tri-(phenylened-phosphonic acid¥-triazine around the 1D
CwOo(H20)3 inorganic building unit, Hermer et al. obtained a honeyctikeh

structure vith high porosityanda | ar ge voi d spdRKge2.l9 measur
(Hermer andstock, 2015)

i N

Figure 2.19: The porous 3D metalrganophosphonate framewdqp) CuzOg(H20)3
B) [Cus(PPT)(HO)3] L 1O (Hermer and Stock, 2015)

Shimizubds r esear ch sigofastahelD baildimgrlockoiSIQ he sy
by combining benzeng,3,5p-phenylphosphonic acid with @&F). This building

block connecte@achendof the trigonabenzenel,3,5p-phenylphosphonic aciand
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resulted in hexagonal void spaces that could reach 509 (aidhyanatharet al.,
2009; Mah et al., 2013)Similarly, vanadium arylphosphonates were produced by
Zubieta's research group usitigg same ligandThese compounds reported a similar
pattern of hexagonal void spaces i network(Ouelletteet al., 2008) The 3D
void spaces in [YO3(OH)(H:-PPT)] 1HO were formed by molecular trinuclear
{V 303(OH)(HOsPR)} clusters rather than orgimensional inorganic building

blocks.

Fard et al. reported on two  $HI) and B4ll) MOFs
showingcompletelyreversiblewvaterdependentiuorescence thtawas synthesized
with pyridine-2,4,6tris(4-phenylphosphonic acidjFard et al., 2016)By bridging

1D BaO columns witlthis ligand,3D MOF structures were produced.

When the trigonal linkers are used to construct 3D MOFs, 1D inorganic building
units areconnected by the trigonabbands to formhexagonal voids as a honeycomb
structure. According to the structures with tritopic linear linkers that have been
reported, thedistance between the phosphonate unasd the tritopic linkers'
branching nature amucial elements that inhibit the developmen2bfmetal oxide
layers, which are the precursors of pillatagered structuresKong et al., have
described the synthesis of ©uganoiminephosphonate hybrid materials by using
1,3,5benzene triphospimic acid with Cu(ll) in combination with 4,4bpy and 4,4'
trimethylenepyridinavhere hey identified interesting connectivity patteitf®ng et

al., 2006) 1,3,5benzene triphosphonic acihs combined with Kdl) to produce a
highly porousmetalphosphonat¢hat hasa 556 nf/g surface aredt was proven that
this compound could catalyze transesterification reaciiBreamanik andBhaumik
2013) Onedimensional chains were created using the strucamalogof 1,3,5
benzene triphosphonic acid, tris(phospéie)}1,3,5triazine withCu(ll), Co(ll), and
Mn(ll) (Maxim et al., 201Q)Moreover, 1,3,5enzene triphosphonic acid formad
nonporous networkwith Zn, in which the ordered water molecules in the crystal
lattice exhibited facile proton conductiviffaylor et al., 2010) Shimizuusedthe
monoester form of benzerig3,5p-phenylphosphonic acitb reportthe highest pore
widths with tritopic linkergBladek et al., 2018)The derived produdias1030 nt/g

of Langmuir surface area.
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2.3. Tetratopic Linkers

Aryltetraphosphonic acidare shown inFigure 2.20. Since the tetrahedral core
expandsinto 3D space with approximately 109A ar
fascinating linkers. The pillaredlayered and dense lamellar metal
organophosphonates are based oo-dinensional metabxide layers, which are
avoided by opening up the space between
ligands.Tetrahedral ligands also include four trigonal prismatic half cavities, which

are anticipated to generate full cavitiesernhey are joined into higher dimensions

with cluster nodes. Four phosphonate units in tetratopic tetralagttgdhosphonate

ligands allow for various oxidation states or protonation modes.

(HOJz{OlPP{O}t’OH]z fHO}aEO)t’O){OHb (HO)o(O]PP{O]IOHb
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Figure 2.20: Aromatic tetraphgshonicacid§ Y¢cesan et al ., :
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In 2017, Firmino et al. used [I;hiphenyl}3,3,5,5-tetrayltetrakis(phosphonic acid)

to generate four novel yttrium MOFs by utilizing microwaaided synthesis
(Firmino et al.,, 2017b). They also combined [1,1-biphenyl]-3,3,5,5-
tetrayltetrakis(phosphonic acidyvith europium, terbium, and lanthaniuto create
photoluminescenttomplexes (Firmino et al., 2017aln 2006, Vasylyev et al.
reported the copper complex of the first tetrahedral tetratopic arylphosphonate
ligand. 1,3,5,7tetrakis(4phosphonatophenyl)adamantine was combined with
titanium to produce a Ti complex with 55G/mof BET surface area. However, the
article did not report the crystal structure of the compoasylyevet al., 2006)

They also usethe same ligand with vanadium to produce a vanadium complex with

118 nt/g surface area (Vasylyev ahiumann2006)

Figure 221: A) Cu-Hs-PPA B) [Cw(H3-PPA)(OH)(HO)3] LG Me GDH Space
filling representation o& 3Ddiamondoid networkTaylor et al., 2007)

Using 1,3,5,7tetrakis(4phosphonatophenygilamantine, Taylor et al. produced a
different porousstructure with a cluster nod made up@i(ll) centers(Fig. 2.21)

(Taylor et al., 2007).The distinct phosphonate urst of 1,3,5,%tetrakis(4
phosphonatophenyl)adamanteran generateopper oxide clusters without causing

the oligomerizationof metal oxidelayers. Later, [Lax(H20)s(Hs-PPA)] was also
prepared usingl,3,5,%tetrakis(4phosphonatophenyl)adamante@oldog & al.,

2013) Around the LAlIl) ion, adlightly deformed tetragonal antiprismasformed,

and two phosphate groups joined the separated binuclear secondary building units, as

expected from the tetrahedral linkers.

The initial synthesis of tetraphenylmatie tetrkis-4-phosphonic acid andts
pyridinums al t s & c¢ r ywagpablished byrZarebat al.rine2814Zareba et

al., 2014)
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Figure 222 Tetraphenylmethane tetrakdsphosphonic acid (left) and

tetraphenylsilandgetrakis4-phosphonic acidright) (Sc h ¢t r ump f
et al., 2015)

In 2015, our groupreported the crystal structwr®f tetraphenylsilane tetraki&

phosphonic andtetraphenylmethane tetrakdsphosphonic ackl (Fig. 2.22).
(Sc h ¢t et@lmz015)The fird 1D and 2D metal complexes Bs-MTPPA were
alsopublished in 2015 byur group(Fig. 2.1)(Bulut et al., 2015)By changing the
pH, we were able to yielfHe-MTPPAJ and [H-MTPPAJ* from Hg-MTPPA, and
we produced the final structures by obtainsyuae pyramidal {Cu(terpy)}* and
{Cuz(pbterpy)¥* corner building units

We also utilizedHs-STPPAandtetraphenylmethane tetraldsphosphonic aciavith
copper, and zinc metal to produce porous metal organphosphonates in 2017 (Fig.
2.23). By using moleculasimulations, 48.7% void volume and 794/gspecific

BET surface area for G(H+S T P P A Ol 484% void volume and 5652
specific BET surface area for Zh4s-STPPA, and 51.3% void volume and 927gn
specific BET surface arean(Hs-MTPPA were revealedqFig. 2.24 and Fig. 2.25)

(Sc h¢t etalmzni7)
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Figure 223 (A) Cuw(Hs+STPPAYOL ZB) CuP/Ozil 4.8 (C) Cuw(Hs-
STPPAYKScH ¢ t etalm3ni7)
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Figure 224: (A) Znx(Hs-STPPA). B) ZmP040 s chain (Cswoiduct ur €
representationf Zny(Hs-STPPA)(S ¢ h ¢ t etaln3917)
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Figure 2.25: A) Zn(H4+-MTPPA) B) 3D Zn2(Hs-MTPPAYY s c hai rC)veid r uct ut
representationf Zno(Hs-MTPPA) (S ¢ h ¢ t etalmPli).

Gao et al. usetls-MTPPA with Zr(IV) to createan incredibly stabl@r-MOF. This
MOF was demonstrated tiperateon the epoxide and GQ@oupling reactiosas an

effectivecatalyst(Gao et al., 2017)

Like Zmx(Hs-STPPA), edge sharing 0. chains joined by tetraphenylsilane
tetrakis4-phosphonic acid provide the Zi#$TPPA) (Fig. 2.26). Whe#r(IV) was

used with tetraphenylsilane tetralkigphosphonic acid, it was shown that the
tetrahedral BFSTPPA had a significant role in enabling a clusta®ed strategy for
creating metabrganic frameworks that create void spaces. By using the same ligand
with zirconium, Zheng et al. created three unique structltigs 2.27)(Zhenget al.,
2017)
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Figure 2.26. (a) He-STPPA andits coodination environment aroundr(lV) (b)
eightmembered ZO-P-O-Zr-O-P-O ring (c) Zr(H-STPPA)(Gao et
al., 2017).

The La(H-MT P P A Q@ ebrHplex, which has a thick thréseyered structure with

four He-MTPPA units connecting the lanthanum node, wegmrted by Perez et al.
There are eight coordination sites available to build extended networks because of
the distorted La@{H>O)s octahedra. While four of them are occupied byOH
molecules, the remaining four are coupled to ted/HPPA (Perez et al2016)

Zubieta created a novel system that made use of the extremely high bridging
properties ofHs-MTPPA in a Cu/\Morganonitrogen bimetallic system. Vanadium
often interacts with the organophosphonate units in this system, whereas copper ions
show an inkrent affinity for the ligands that donate nitrogen. This phenomenon was
employed by our group to demonstrate how the Cu(tetpydrner building units

lead to the oligomerization of the 3D WKATPPA network surrounding them,
serving as mold castings oratkends (Fig. 2.28) (Bulut et al., 2017b)
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Figure 227: (A) He-MTPPAO soordination around thér (B) Perspective view of
the 3D network(Zheng et al., 2017).

Figure 228 (A) [{Cu(terpy)}sCu(VO2)s(H7-MTPPA)] L £OH(B) 3D network
visualization of [{Cu(terpy)}sCu(VO.)a(H-MTPPA)] L #OHBulut
et al., 2017b).

Ai et al. created &D heterogeneous catalyst usingHs-STPPAcombined withthe
ligand 5(4-(1H-1,2,4triazol1yl)phenyl)} 1H-tetrazole ligand and copper metdlhe
produced MOF was utilized in the cfgs of thecycloaddition of CQto epoxides
(Aietal., 2017)

Zareba et al. published a study on the etrakis[4
(diethoxyphosphoryl)phenyllmethaneCo complex in 2017, where it was
demamstrated thatmetalorganic frameworks may also be mthesized using

phosphonate esterq{Zareba et al., 2017) The -earliest planar tetratopic
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arylphosphonate linker yet discovered was created over a porphyrina @3 by
Odobel et al(Odobel et al.2003) The geometric significance of planar tetratopic
organophosphonates withparphyrincore stems from their @@&ngle phosphonate
group separation.Rhauderwiek et al. published in Z®a variety ofnovel porous
MOFs with cobalt, cadmium, manganesand nickel by utilizing the porphyrin

arylphosphonate co@®hauderwielet al., 2018).

Figure 2.29: (A) 1D chainof CALF-25 (B) CALF-25 viewed along the ¢ ax{£)
Spacefilling representation of CALR5 (Taylor et al., 2012).

A 3D bariumcomplex of tetraethyl,3,6,8pyrenetetraphosphonate monoester,
[Ba(EuH2-T P T P MR, ]which contains rectangular void channels converged by
parallel 1D edge sharing barium oxide chains, was created by synthesizing planar
tetraethy1,3,6,8pyrenetetraphosphonate monoesirra planar pyrenfrfamework

as shown irFig. 2.29(Taylor et al., 2012).

2.4. Hexatopic Linkers

Figure 2.30shows the only arylhexaphosphonic acid that is currently known.
Derived from benzen#,3,5p-phenylphosphonic  acid, the hexakis(p
phosphonatophenyl)benzenalenser than the trigonal linkewhich itproduces with
its extra phenylphosphonatenits. Every phosphonate group is joined para
positionto a phenyl group that is spreading out at @g83@le from the corneisf the
central phenyl core. Making use of this ligand's different protonation modes would

have undoubtedly produced intriguing structural combinations. Although this
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|l i gandds proton conductivity characteris
comgdexes nor the free ligand's crystal structure have yet to be publisheth®n e z
Gar etala2009Wehmeyeset al., 2013Wegenetet al., 2014)

P(O)(OH),

O O P(O)(CH),

O O P(O)(OH),

P(O)(OH),

(HO),(O)P O
(HO);(O)P O

39

NS

Figure 2.30: Aromatic hexaphosphonicaddY ¢ cesan et al .,
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3. MATER IALS and METHODS

3.1.Instrumentation

NMR

Model: Varian Inova 500 MHz
Attachments!H, 3C, 31P, 1%F attachment
u FTIR
Model: Perkin Elmer Spectrum 100 FTIR Spectrometer
Scanning ranget006450 cmt
Detector MCT (Mercury Cadmium Telluridejetector1500:1CSI optics &TGS
U SingleCrystal X-ray Diffraction
Model: Bruker Smart Apex Il Quaza&ingleCrystal Xray Diffraction
Detector APEX Il CCD detector
Light Source: MeK &= = 0.71073 )
U X-ray Powder Diffraction
Model: Ré g a kRay Diffractometer DMax 2200 PCI Device
Bruker D-8 Advance XRay Device

0 Scanning Electron Microscopy (SEM) with Energy Dispersive XRay
Analysis (EDX)

SEM Model:Philips XL 30 FEG

EDX Model: EDAX brandelemental analysis detector
U Magnetic Analysis

Model: Quantum Design Model 6000

Physical Properties Measurement System (PPMS)

U Thermal Gravimetric Analysis
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Model: Metter Toledo TGA/SDTA851e

Hertz: 50/60Hz

Heating rate0-150 K/mn

Max.Temperature 1100 AC

Temperature Accuracy NO. 3 UC
U UVi Vis Spectrophotometer

Model: Shimadzu UV19 1900i

Wavelength Rangel 90-900 nm

Spectral bandwidti nm

Light source: Halogen & Deuterium lamp

Photometric System: Double light beam

3.2.Materials

Brand names and molecular weights of themicals used in the synthesis of the
organic linkers and metalorganophosphonates are given in Table 3fieaigdnds

synthesized as a part of this thesis are listed in Table 3.2.

Table 31: Chemicals used in the synthesis of the organic linkers and -metal

organophosphonates.

Name CAS Number | Molecular
Weight
(g/mol)

2,6-dibromonapthalene 1372006-4 285.96

2,7-dibromofluorene 1643388-8 324.01

Tetrakis(triphenylphosphine)palladn(0) 1422101-3 1155.56

([Pd(PPR)d])

Triisopropyl phosphite (TIP) 116:17-6 208.24
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Table 31: Confnue

9H-Carbazole 86-74-8 167.21
N-Bromosuccinimide (NBS) 128085 177.98
HCI (37%) 764701-0 36.46
Methanol 67-56-1 3204
Dimethylformamide (DMF) 68-12-2 7309
Dichloromethane (DCM) 75-09-2 8493
Dimethyl sulfoxide DMSO) 67-68-5 7813
Chlorotriphenylmethane 76-83-5 278.78
Aniline 62-53-3 93.13
Ethanol EtOH) 64-17-5 46.07
Sulfuric Acid H2SQy) 7664939 98.08
Isopentyl nitrite 11046-3 11715
Hypophosphorous acid (50%) 630321-5 66
Molecular bromine 7726956 588
4-bromobenzaldehyde 112291-4 185.02
Pyrrole 109-97-7 98.10
Propionic acid 79-09-4 7408
Chloroform CHCIs) 67-66-3 11938
Hexane 110-54-3 86.17
Ethyl acetate 141-78-6 8811
Acetone 67-64-1 5808
Zn(NOs)2 7779886 189.4
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Table 31: Confnue

Ni(OAC)2 6018899 176.781
La(NOs)sl 6,6 10277437 433.01
CuSQL 5.6 775899-8 249.69
Cu(NGs)2l- 3268 1003143-3 241.60
Zn(NGs)2L 626 1019618-6 297.49
EuCkL 6.6 1375992-7 36641
Cd(NGs)2l- 4-6 1002268-1 308.48
(CHsCO,)sS m L 20H 10058791-5 | 327.49
Gd(CHCOy)sl x28 100587937 | 334.38
NiSOsl: 6.8 1010197-0 262.85
Ce(NQ)3l: 6.6 1029441-4 434.22
CoSQL 7.8 1002624-1 281.10
IN(NO3) L®A 20739897-8 318.85
ZnSQL. 7.6 7446200 287.56
4,4-bipyridine 553264 156.18
2,2",6',2" terpyridine 1148794 233.27
1,10-phenanthroline 66-71-7 18021
2,2-bipyridine 366-18-7 156.18
Phenylphosphonic acid 1571331 158.09
Oxalic acid dihydrate 615356-6 126.07
N-Methyl-2-pyrrolidone 872504 99.13
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Table 32: Ligandssynthesized as a part of this thesis.

Code | Name Structure Mw

(g/mol)

L1-E | tetraisopropyl (8i-fluorene \( >/ 494.498
J i

2,7-diyl)bis(phosphonate) o/ ' h_—o
ch Q O \OT/

L1 9H-fluorene2,7- /7 ‘i\ 326.178
diylbis(phosphonic acid) i Q.O e

L2-E | Tetraisopropyl naphthalene 456.450
2,6-diylbis(phosphonate) /K

L2 Naphthalene2,6- T“ 288.130
diylbis(phosphonic acid) TH O T:o
ad
o

L3- 3,6-dibromo-9H-carbazole N 324.999
"
Br’ Br
L3-E | Tetraisopropyl 9H N 495.485
carbazole3, 6 Q O
diylbis(phosphonate) BN /0\(
P, P,
L3 9H-carbazole3,6- 327.166

H
N
diylbis(phosphonic acid) Q O
O\ /OH
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Table 32: Continue.

Tetraphenylmethane

E 320.44
L4- Tetrakis(4 ¥ 636.02
Br bromophenyl)methane O
L4-E | Tetraphenylmethane(phosg /}\ 977
onic tetraisopropyl ester) % T
— |
[e] T ﬁ o
o:F"—o
L4 Methanetetrap- T“ 640.35
phenylphosphonic acid A

3
1
O
‘ G
=
N
2
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Table 32: Confnue

L5-
Br

5,10,15,26eetrakis(4
bromophenyl)porphyrin

930.34

L5-E

Octaisopropy! (porphyn- )\
5,10,15,20 % I
tetrayltetrakis(benzené,1
diyl))tetrakis(phosphonate)

1143.32

LS

5,10, 15,20 t I
phenylphosphonic acid]
porphyrin

934.67
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Table 32: Confnue

L6 Zn-Porphyrin 998.03

L7 Ni-Porphyrin & 991.34

O=—P—0H

OH

3.3 Method

3.3.1. General Procedure for the Synthesis of Phosphonic Acid

Linkers

For the synthesis of organic bridge ligahdstwo-step synthesis procedure was
applied. In the first steghe [Pd(PPh)4]-catalized MichaelisArbuzov reactionvas
used to synthesizeslated phosphonategands A phosphonium salt is produced as
an intermediate in the Michaellsbuzov reaction, which is started by the
nucleophilic phosphorus species attacking the electrophilic alkyl halide thrai2zgh S

reaction. The oxygen atom is thempically displaced by the displaced halide anion
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by a further §2 reaction on one of the :Rcarbons, producing the required
phosphonate and another alkyl halide (Fig. 3.1). Fig. 3.2 shows the mechanism of the
[Pd(PPh)4]-catalyzed Michaeli\rbuzov readbn, which is used to produce

aromatic phophonate ligands.

The reaction mixture was heated on a sand bath wrd&rgon atmosphereanda
reflux system wasised to maintain the reactionftér that, acidic hydrolysis was
applied to the ligandvith 37% HCI to syntlesize related phosphonic acitihe
synthesisapparatus for these synthesis staepictured in Fig 3.3.

DN

RIOW" R —_— Rlow" N + Xe
1\ AN
(o]

o]

R1 k R0 Z
R2

R'0Ouy,,, / / R
/ \ R1OIm

D O/F\O ¥ Rz/\x
w‘/

R2

RZ

Figure 3.1: MichaelisArbuzov reaction mechanism.

[Pd°(PPhy);] == [Pd°(PPhy);] 2= [Pd’(PPhy),] e

PPhy Ph

| ) PhP(O)(OEY), |
Ph——Pd'—PPh, Br——Pd"—PPh,

P(O)(OEt), I!’Ph;,
Ph Ph

PhyP——Pd'—PPh, PhyP——Pd!l—PPh,
P(O)(OEt), Br
Et;NH*Br- HP(O)(OEt),
+
Et;N

Figure 3.2: [Pd(PPh)4]-caialyzed MichaelisArbuzovreaction mechanism.
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Figure 3.3: Synthesis apparatus for tHealladium catalyzed Michael&rbuzov
reactiors (left), synthesis apparatus for thacidic hydrolysis of
phosphonate estefisght).

3.3.2 General Procedure for the Synthesis of Metal

Organophosphonages

For the synthesis of metal organophosphonates hydrothermal and/or solvothermal
synthesis methods were used. Phosphonic acid ligand, metal salt, secondary ligand if
necessaryand watemereputinto the PTFE vessel, stirred BT, and then inserted

into an acid digestion bomb. The bomb was then heated to a certain temperature in
an oven forsome time After that the bomb was taken from the oven, coole®R19

and the final product was filted, washed with some solventnd air-dried

Hydrothermal synthesisg@cedure is pictured in Fig. 3.4

45



Phosphonic Metal Salt

Acid Ligand
Seconder Solvent

Ligand

Figure 34: Hydrothermal synthesis procedureaimacid-digestion bomb
3.4. X-ray Data Collection and Structure Refinemeat

All crystal structures were solved using SHELKSheldrick, 2015and then refined

by full-matrix leastsquares refinements &% using the SHELXL(Sheldrick, 201B)

in Olex2 Software Package (Dolomanov et al.,, 2009) In [{Cu(phen}}(Ha-
MTPPA)].4H0, it is not possible to attach two hydrogen atoms to one solvent water
molecule from the Fourier difference map or a riding model due to the big thermal
ellipsoid of the water oxygen atom (Ol1@)he aromatic and aliphatic-Gound H
atoms were positioned geotrieally and refined using a riding mode. The positions
of all H-atoms bonded to carbon and oxygen atoms were geometrically optimized
with the following HFIX instructions in SHELXL: HFIX 43 for the CH groups of the
aromatic rings and HFIX 147 for tfi€i OH groups of the phosphonic acid moieties.
Finally, their displacement parameters were set to isotropic thets@Elhcement
parameters (Uiso(H) = 1.21 Ueq-Of)oQystaCHgr o u
structure validations, geometrical calculations, dralvings were performed using
Platon(Spek, 2009and Mercury softwar@Vacrae 2020)

3.5. Photocatalytic Dye DegradationMeasuremens

Photocatalysis experiments were carried out in a 250 mL borosilicate glass vessel

under atmospheric conditions, employimechanical agitation and exposure to UVA
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light (365 nm) from six Philips Actinic BL 8W lamps. The light intensity, validated

at 4.1 mW/ cmj|, was c on t365r light theteu ©Optima a L
conditions included a 100 mL dye solution volume, p¥¢le ranging from 5.0 to 5.5

based on the dye type, and an optimal catalyst loading of 300 mg/L. Photocatalytic
removal experi ments were performed at 25
assynthesized [{Cu(terpy}(Hs-MTPPA)(H:O) ] #02 HAB200) [{Cus(2, 2 O
bpy)r}(H2-MTPPA)(H--MTPPA)] (AB211)were introduced into 20 ppm of 100 mL

dye solutions. The resulting 20 ppm dye/MOF suspension was stirred without light
irradiation for 30 minutes to achieve adsorptdesorption equilibrium.
Subsequently, it was conuously stirred under light irradiation for a specific
duration. At regular intervals, a 4 mL aliquot of the sample was withdrawn from the
reactor. Samples were collected every 15 minutes, and the catalyst particles were
separated via centrifugation. @olremoval from the dye solutions was analyzed by
measuring absorbance using a Shimadzu-1990i spectrophotometer at the
respective maxi mum absorption wavel ength
for degrading MB and MO were determined by varyintalyat quantity and initial

dye concentrations. Dye degradation efficiencies were measured using a UV/is
spectrometer, tracking absorbances at 665 nm for MB and 463 nm for MO. The color
removal was calculated using Equat®h, and degradation kineticseve fitted to a

pseudefirst-order model as expressed in Equafidh

Color Removal % = [(€T C) / Cg] x 100 (3.1)

a®d T Qo (3.2)

where G is the initial concentration, C is the concentration at a specific timeést, k

the degradation rate constant, and t is the reaction time (EqG&tjon

Photocatalytic degradation of dyes is a complex process involving the interaction of
light-activated catalysts with organic dyes. Within this mechanism, scavengers play a
pivotal role in minimizing unwanted side reactions and optimizing the efficiency of

the degradation process. In understanding the intricate photocatalytic mechanism
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governing the degradation of organic dyes in MOF structures, scavengers play a
crucial role in fire-tuning the efficiency and selectivity of the process. Specifically,
we investigate the distinct mechanismssaciated with three scavengers
Benzoquinone,lsopropyl Alcohol, and EDTAn the context of photocatalytic
degradation. Benzoquinone, functioniaga superoxide radical scavenger, intercepts
07 radicals and forms stable adducts, effectively dampening their reactivity. This
scavenging action serves to prevent unwanted side reactions linkedl tadicals,
ultimately boosting photocatalytic efficiency. Beyond Benzoquinone, additional
scavengerssuch as Isopropyl Alcohol and EDTA contribute to refining the
photocatalytic mechanism. Isopropyl Alcohol, acting as a hydré@yi radical
scavenger, intercepts reactive hydroxyl radicals, thereby mitigating their impact on
the degradation process. Orethther hand, EDTA, functioning as a metal chelator,
forms complexes with metal ions that might inadvertently engage in undesired side
reactions, thereby enhancing the selectivity of the photocatalytic degradation and
activate the holes *h Measurements car i e d out in the- prese
benzoquinone, IPA and EDTA indicate a slight improvement in the rate of dye

degradation.

Figure 3.5: Experimental setup for photocatalytic dye degradation.
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4. EXPERIMENTAL STUDIES

4.1. Snthesis and Sructural Characterization  of
Phosphonic Acid Linkers

1 Tetraisopropyl 9H-fluorene-2,7- dylbis(phosphonate)(L1-E)

The [Pd(PPRh)4] catalyzed the MichaelisArbuzov reactionand was used to
synthesize tetraisopropyl 9#uorene2,7-dylbis(phospbnate). 1 g of2,7-dibromo
fluorene(3.085 mmol) and 35 mg of Pd(P#h(0.015 mmol) were added to a 100

ml flask under argon atmosphere to prevent air and moisture from entering the
reaction medium. 12 mL of triisopropylphosphit® fnmol) was then addedabth as

a solvent and as reactive agent and the reaction temperature was gradually
increased to 200thcA@ mpreréathbhoer ssasWhielpé st
mL of triisopropylphosphite 16.2 mmol) and 35 mg of Pd(PBa (0.015 mmol)

were addeca f t er ward the temperature wahe gr addl
reaction continued at this temperature for 48 hours. The reaction mixture was slowly
cooled down to room temperature. The colorless solid product was crystallized. The
colorless crystals are filtered with a Gooch filter and washed wih excess

amount of rhexane Yield; 0.95 g, 6%). *H NMR (500 MHz, Chloroforred): U

8.04 (d,J = 13.2 Hz, 2H), 7.89 (ddl = 7.4 2.6 Hz, 2H), 7.88 7.82 (m, H), 4.72

(dp,J = 8.1, 6.2 Hz, 4H},.40 (d,J = 6.2 Hz, 12H), 1.24 (d] = 6.2 Hz, 1H). 13C

NMR (126 MHz, Chloroforrad): 0 1 4 4 J2 Z9 Hz)d 143.71 (d) = 16.2 Hz),

13069 (d,J = 10.7 Hz), 129.82, 128.63 (d~ 10.3 Hz), 128.32, 120.50 (d~ 16.4

Hz), 70.84, 70.80, 36.83, 24.12 (5 4.0 Hz), 23.90 (dJ = 4.9 Hz) 3P NMR (202

MHz, Chloroformd): G 1 HpnilFT-IR 3ma/cm™: 3047, 2974, 2927, 1601, 1468,

1382, 125, 1087, 973, 891, 541

e O
T Y%

Figure 4.1: Synthetic pathway for the preparationtefraisopropyl 9-fluorene2,7-
dylbis(phosphonate)
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Figure 42: ™ NMR spectrum © tetraisopropyl 9Hfluorene2,7-

dylbis(phosphonate).
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Figure 43: C-NMR spectrum of tetraisopropyl 9Hfluorene2,7-
dylbis(phosphonate).
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Figure 44: 3PP-NMR spectrum of tetraisopropyl 9Hluorene2,7-
dylbis(phosphonate).
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Figure 45: FTIR spectrum ofetraisopropyl 9Hluorene2,7- dylbis(phosphonate).
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1 2,7-fluorenediphosphonic acid(L1)

The product of the Michaeh&rbuzov reaction, tetraisopropyl S#tuorene2,7-
dylbis(phosphonate) (0.9 g, 1.82 mmol), was subjected to acidic hydrolysis with 37%
HCI (20 mL). The reaction was <carried
mixture was obtainedl'o remove hydrochloric acid from the reaction mixture, 10
mL of methanol was added and then evaporated umdacuum. The final product
was obtained as a white pure solid (Yield; 0.56 g, 95%).NMR (500 MHz,
DMSO-dg): U 8 . 0J3=7.8,8.0 Hz, 2H), 7.90 (d,= 12.8 Hz, 2H), 7.73 (dd] =
12.7, 7.7 Hz, 2H)}*C NMR (126 MHz, DMSGdg): U 1 4 3 .J8&215.3( Hb),
143.12 (dJ = 2.8 Hz), 133.49 (d) = 180.1 Hz), 129.84 (d] = 10.6 Hz), 127.84 (d,

J = 10.3 Hz), 120.74 (d) = 15.4 Hz), 36.88%'P NMR (202 MHz, DMSQds): U
13.28.FT-I Rmaf®mt: 2720,2302, 214, 1610, 1412, 1157, 1109, 997, 924, 828,
688.

[o}

\$!%§ HCI (37%) HOTO/ F/f Q'D (il\;w

Figure 4.6: Synthetic pathway for the preparation ®f7-fluorenediphosphonic acid
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Figure 4.9: 3'P-NMR spectrum oR, 7-fluorenediphosphonic acid.
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Figure 4.10: FTIR spectrum oR,7-fluorenediphosphonic acid.

1 Napthalene2,6-dylbis(phosphonic diisopropyl ester)L2-E)

Naphthalene,6-dylbis(phosphonic diisopropyl ester) was obtained with [Pd{FPh
catalyzed Michaelig\rbuzov reaction by conventionaéating method. A mixture of

2,6-dibromonapthalene (1.0 g, 3.5 mmaljiisopropylphosphite (12 mL, 49 mmol)
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and [Pd(PP$)4] (35 mg, 0.015 mmoljvas added to a twoeck round bottom flask

and heated on a sand bath to 208cAKXh under
of heating, reflux wasbservedandthet e mper at ur e was Kkept at
h. While thetemperature was stable, triisopropylphosphite (4.0 mL, 16.2 mmol) and
[Pd(PPB)4] (35 mg, 0.015 mmol) were added to the reaction flaska ascoml
addition and the temperature was increas
room temperature after 48 h of heating by checking the reaction medium with TLC
control every 24 h. Upon fast coolimg the refrigerator, the white crystalline solid
productwas precipitated and filtered with a Gooch filter by washing witfexane

(Yield; 1.39 g, 87 %)H NMR (500 MHz, Chloroforred): U 8 . 4 6 15(4 dHz,

2H), 8.00 (dd, = 8.4, 3.8 Hz, 2H), 7.84 (ddd,= 10.0, 8.4, 1.4 Hz, 2H), 4.74 (dp,

= 7.8, 6.2 Hz4H), 1.41 (dJ = 6.2 Hz, 12H), 1.23 (d] = 6.2 Hz, 1M™). 1*C NMR

(126 MHz, Chloroforrad): G 1 3 3 . J=516.6, 211dHz), 133.47 (d,= 10.2 Hz),

130.35, 129.16 (d] = 14.2 Hz), 128.86, 127.58 (d,= 9.6 Hz), 71.11 (dJ = 5.5

Hz), 24.00 (dd,) = 28.5, 4.4 Hz)3'P NMR (202 MHz, Chloroforad): i 1 5FT-7 7

| Rmadgm: 3492, 2981, 2933, 2876, 1638, 1373, 1243, 1090, 975, 761, 643.

PN TJ\
= ales
Br I o o
Q AP (] Y
o

Figure 4.11. Synthetic pathway for the preparation of htgalene2,6-
dylbis(phosphonic diisopropyl ester)
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Figure 4.13: 3C-NMR spectrum of napthales®6-dylbis(phsphonic diisopropyl
ester)
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Figure 4.14: 3P-NMR spectrum of napthaler&6-dylbis(phosphonic diisopropyl
ester)
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Figure 4.15: FTIR spectrum of napthaleri&6-dylbis(phosphonic diisopropyl ester)
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1 2,6-naphtalenediphosphonic acidL?2)

1.15 g naphthalen2,6-dylbis(phosphonic diisopropyl ester) (2.5 mmol) and 20 mL
of HCI (37 %) were addetha 50 ml flask and heated
synthesize naphthaler®&6-dylbis(phosphonic acid). Adr 8 h of heating, a white,
pastelike mixture wasobtained,and this mixture was treated with methanol to
remove excess hydrochloric acid and isopropyl chloride which shows up @uring
acidic hydrolysis reaction. This metharswlde product mixture wadried under
vacuum and the solid product was obtained as a white solid (Yield; 0.720 g, 99%).
H NMR (500 MHz, DMSGde): i 8 . 3 % 14(8 d#z, 2H), 8.11 (dd] = 8.9, 3.1

Hz, 2H), 7.77 (tJ = 9.7 Hz, 2H).13C NMR (126 MHz, DMSGdg): i 13B. 91
132.23 (m, 130.89 (d,J = 10.0 Hz), 128.40 (d] = 13.4 Hz), 127.18 (d] = 9.9 Hz).

3P NMR (202 MHz, DMSQdg): Ui 1 2FT-1 Rmademl: 2713, 2319, 2112, 1591,
1269, 928, 809.
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Figure 4.16:. Syntheticpathway for the preparation of 2n@phtalenediphosphonic
acid
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Figure 4.17: *H-NMR spectrum o®,6-naphtalenediphosphonic acid
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Figure 4.18: 3C-NMR spectrum oR,6-naphtalenediphosphonic acid
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Figure 4.19: 3'P-NMR spectrum oR,6-naphtalenediphosphonic acid
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Figure 4.20: FTIR spectrum oR,6-naphtalenediphosphonic acid
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1 3,6-dibromocarbazole (L3-Br)

1.50 g 9Hcarbazole (8.97 mmoljvas dissolved in 10 mL dimethylformamide
(DMF)ina50mLtwenecked round bottom fIl| ask. The
on an ice bath while mixing with a magnetic stirrer. 3.20 g dfrdmosuccinimide

(NBS) (18 mmol) was dissolved in 15 mL DMF and th@uson was added
dropwise to carbazole solution underargon atmosphere. The reaction temperature

was kept at OAC during NBS addition whi
mixture was allowed to room temperature and stigeR.T. for another 1éours.

The reaction mixture was then poured into 500 ml distilled water in a beaker and the
resulting greenishwhite product was filtered with a Pore 4 Gooch filter and dried

under vacuum (3.35 g). This crude product was treated with DCM (10 mLx3),
filtered and concentrated under reduced pressure. The final product was obtained as
awhite solid compound (2.30 g, 80%MH NMR (500 MHz, Chlorofornd): i 8i. 15

8.10 (m, 2H), 7.55 7.49 (m, 2H), 7.30 (dd] = 8.6, 2.2 Hz, 2H)}*C NMR (126

MHz, Chloroformd): 4 138 . 53, 1 2J9-106.8 Hz),112.88. (#<449.9 d ,

Hz). FT-l Rmat®m': 3428, 3059, 1873, 1738, 1599, 1479, 1432, 1287, 1123, 1057,

801, 561.
H
N
NBS
[
Br Br

Figure 4.21: Synthetic pathway for the preparation ®f6-dibromocarbazole

ZT
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Figure 4.22: *H-NMR spectrum of 3 &libromocarbazole
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Figure 4.23: 3C-NMR spectrum of 3libromocarbazole
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Figure 4.24: FTIR spectrum of 3 &libromocarbazole

1 Tetraisopropyl 9H-carbazole 3,6-diylbis(phosphonate)(L3-E)

A mixture of 3,6dibromocarbazole (1.0 g, 3.0@Mmol), triisopropylphosphite (12

mL, 49 mmol) and [Pd(PP¥)4] (35 mg, 0.015 mmoljvasadded to a 100 mL two

neck round bottom fl ask and heat ed on
atmosphere. After 1 h of heating, reflux wasservedand the temperatureas kept

at 200AC f or atmedempermiure Was stable, Wisdpropylphosphite

(4.0 mL, 16.2 mmol) and [Pd(PBA (35 mg, 0.015 mmol) were added to the
reaction flaskass econd addition and the temperat.
reactionwas cooled to room temperature after 48 h of heating by checking the
reaction medium with TLC control every 24 h. Upon cooiimghe refrigerator, the

white crystalline solid product was precipitated and filtered with a Gooch filter by
washing with srhexane and dried off (Yield; 1.035 g, 68%H NMR (500 MHz,
DMSO-ds): 0 12. 02 ( s ,J=18dHz 2H 7.631(ddd} d12.1, 8.4, 1.4

Hz, 2H), 7.64 (dd) = 8.4, 3.2 Hz, 2H), 4.55 (d@,= 8.0, 6.1 Hz, 4H), 1.28 (d,=

6.1 Hz, 12H), 1.15 (dJ = 6.2 Hz, 12H)X%C NMR (126 MHz, DMSQde): i 142 . 15

(d,J= 2.7 Hz),129.00 (d,J = 11.8 Hz), 124.92 (d] = 11.7 Hz), 121.75 (d] = 16.4
63



Hz), 119.60 (d,) = 191.8 Hz), 111.53 (d} = 16.0 Hz), 69.74 (d] = 5.4 Hz), 23.71
(dd, J = 21.6, 4.4 Hz)3'P NMR (202 MHz, DMS@dg): U 1 8FT-2 Rmaden®:
3134, 2975, 2927, 1604477, 1374, 1283, 1219, 1091, 964, 773, 589.

Q O
MY

Figure 4.25. Synthetic pathway for the preparationtefraisopropyl 9kcarbazole
3,6-diylbis(phosphonate).
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Figure 426 H-NMR spectrum of tetraisopropyl 9Hcarbazole3,6
diylbis(phosphonate)
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Figure 427. C-NMR spectrum of tetraisopropyl 9Hcarbazole3,6-
diylbis(phosphonate)
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Figure 428 3P-NMR spectrin of tetraisopropyl 9Hcarbazole3,6-
diylbis(phosphonate)
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Figure 429  FTIR spectrum of tetraisopropyl 9kcarbazole3,6-
diylbis(phosphonate

1 9H-carbazole 3,6-diylbis(phosphonic acid)(L3)

The product of the Michaek&rbuzov reaction, tetraisopropyl 9darbazole3,6
diylbis(phosphonate) (1.0 g, 2.02 mmol), was subjected to acidic hydrolysis with

37% HCI (15 mL). The reaction was carried out at'8¢ f or 6 hour s. T
mixture was cooled down to R.T. and the white fmiéate was filtered with a Gooch

filter and dried off The final product was obtained as a white pure solid (Yield; 0.65

g, 98%).'H NMR (500 MHz, DMSGde): Ui 8.5 (d 2H), 7.81 (s2H), 7.62 (s, 2H)

13C NMR (126 MHz, Chloroforrd): i 1 4 1 .J4 2.9 H)d128.40 (dJ = 11.9

Hz), 124.75, 123.23 (d] = 10.8 Hz), 121.53 (d] = 17.1 Hz), 110.97 (dJ = 15.1

Hz). FTI Rmaf®mt: 3277, 2700, 2301, 1598, 1475, 1294, 1129, 924, 810.
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Figure 430. Synthetic pathway for the preparation of -@Hrbazole3,6-
diylbis(phosphonic acid)

Figure 4.31: *H-NMR spectrum oBH-carbazole3,6-diylbis(phosphonic acid
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