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Abstract

Metal organic frameworks (MOFs) have received significant attention in recent years
in the areas of biomedical and environmental applications. Among them, mixed metal
MOFs and highly pmus MOFs, although promising, are relatively few in numbers.
Therefore, the ultimate goal achieved in this dissertation is to 1) synthesize novel
highly porous and/or mixed metal MOFs, and 2) investigate their ability to encapsulate
guest molecules focusy on drugs for biomedical applications or dyes and metals for
environmental applications Chapter 1 provides a detailed literature review
introducing MOFs, theirproperties, and their use in both biomedical and

environmental applications.

The first goal this thesis is concerned with is the synthesis and structural
characterization of mixed metal MORShapter 2 introduces theNUIG Family of

MOFs where is present@&tlJIG1, a biocompatible ZnNaMIOF based on the organic
linker berzoprenone 4,4 dicarboxylic acitlUIG1 displays a novel topology and is a
rare example of a mixed metal MOF based on 1D rod secondary building units. Due
to its biocompatibility, determined using M&Fcells and an MTT assay, it was
investigated as a drug carrier for biomedical applications:visy HPLC, TGA,
XRPD, solid statdNMR and computational studies indicated tNatlG1 exhibits a
record amount of Ibuprofen (Ibu) encapsulation and high nitric oxide adsorption
capacity.NUIG1 can also be used in environmental applications where it exhibits
good performance in the adsogsti of metal ions (Cg Ni'", Cu") from aqueous
environments, as was demonstrated by\iB8/ EDX, ICP, SEM. Direct and alternate
current magnetic susceptibility studies revealed that the magnetic propektlgk3if
depend on the amount and type of the encapsulated metal ion. This work has been
published n Material Advances, 2020,1, 22£2260.

The employment of benzophenefe -dicarboxylic acid (bphdck in MOF
chemistry was further investigated @hapter 3, provding access to the 3D mixed
metal MOFSNUIG2 andNUIG3, and the 2D homometallic MOFBMF. NUIG2
and NUIG3 are structural analogues BUIG1. Both NUIG2 and NUIG3 display
high metal ion (Cb, Ni", CU') adsorption capacity, comparable to thatNofIG1.
Monte Carlo simulations were conductedNWIG1 in order to assess its adsorption

capacity for other guest molecules and revealed that it possesses an outstaading CO
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uptake at ambient pressure, which is larger than that of the previously reported best
functioning species (104 vs 100 eifstp)/cn?). This work has been published in
Dalton Transactions2021, 50, 69977006

Chapters 4and5 focus on the synthesis of highly porous MOFs and their ability to
encapsulate larger organic molecules. Specific#ilg, ability of these materials to
encapsulate and release the anticancer ddogorubicin (Dox) and/or other
environmentally hazardous species, such as dyes, was thoroughly investigated. The
employment of multitopic elongated linkers in MOF chemistry piedi access to
highly porous 3D MOFS\NUIG5, NUIG6 andNUIG7. These MOFs are all structural
analogueswvhich were synthesized by slightly modifying the synthetic process; in
particular, the replacement of Zn(@ED,).-:2H.O (used for NUIG5) with
Co(CHCO,)2-2H20 provided access tdlUIG6 and the replacement bl (used for
NUIG5) with L2 provided access tdUIG7.

Chapter 4 covers the synthesis, characterization, and propertiedW6G5 and
NUIG6. N2adsorptiormeasurements revealed that these MOFs are pghbus with

a surface area @841 nt/g. It is noteworthy to mention, there are very limited number
of MOFs with a surface area of around 5008 g!. NUIG5 showed a high
encapsulation for the large axtincer drugDox (1100mgDox/g NUIG5). The HDF
cell line was used to assess the toxicityNafIG5 and its organic linker, they are not
toxic and can be used as potential drug carriers. The cytotoxic efleok@NUIG5

was also investigated, revealisgnilar LGso values to that of unloadeddUIG5 and
less toxicity towards healthy cells in comparison to De&. NUIG5 showed to also
encapsulatdarge amounts of Rhodamine B (RhB) and Brilliant green (BG) dyes
determined by UV Vis studieNUIG7 and itsDox encapsulation is presented in
Chapter 5. UV-vis, FTIR and TGA, studies indicated tHaUIG7 also exhibits an
exceptionally higibox adsorption capacity (1850 nigpx/g NUIG7), larger than that

of NUIG5. Cytotoxicity studies revealed an kfvalue of 70uM

Finally, Chapter 6 discusses the synthesis and characterization of other members of
the NUIG family of MOFs using novel, polytopic, Schiff based carboxylate linkers
(L1-L5). The employment of multitopic elongated linkers in MOF chemistry provided
acces to series of highly porous 3D MOH3ue to their highly porous nature, they

can potentially be used to encapsulatge organic molecules lirlBoxorubicin Qox)
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or organic dyes. Cytotoxicity studies of these ligands and MOFs revealed that they are
nontoxic at concentrations typical needed for the administered dosage anticancer
drugs like ofDox and as a result can be potentially used in biomedical applications.
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1.1 Porous Materials

Porous materialare a family of substanceshat containvoids or poresithin their
structures to forntomplex networks of channedsid theyare broadly classified into
two major categories: (i) amorphous and (i) crystallif@rous amorphous solids do
not display any ordered repeated units within their structdr@n theother hand,
porous crystalline solidscomprise of ordered structures withreproducible
pores/channels and topologi&Bhis gives thenmigh thermal and mechanical stability
making them moradvantageous Thesestructures caibe classfied into three sub
families depending on poriameter:microporous, mesoporous angcroporous’
Microporous materials typically have pores of ldkan 5/ 20 nm in diameter,
maagoporoushavepore sizes oves00nmand mesopmus betwee@0i 500nm. ® The
pore size can be determined using-geléd BET adsaptionisotherms’ The modern
versionof IUPAC classificationshowssix differenttypes of isothermdepending on
the type of the materigFigure 1.1). Type 1lis a typical isothermprovided by a
microporous materialvhereasdependingn the strength of the gaslid interactions

mesoporousnaterialsexhibita Type Il or Type Il isotherrf.

Amount adsorbed

Relauve pressure

Figure 1.1: The different type of isotherms for porous materials. Type | shows microporous where
mesoporous exhibits a type Il or Ill isothetm.
The size of the poreandin turn,the sub class the materla¢longs top as wellas the
presence of functional groups that favour suitable intermolecular interactions,
determinethe typeof guest molecule they can encapsulét€he abilty of porous
materials to encapsulate guest molecules has expanded the researchrioudields

andbeen applied to a wide range of applications suatatasysst?, ion exchangé?
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energy?, envirormentl application¥* drug delivery® etc. Well known members of
this family of materials include pure organic materials likesomes® and micelles
17 or pure inorganic materials such as sitéas zeolites®. In more recent yearthe

porous materialbave expanded intan amalgamatiorof both inorganic or organic

units such ametal organic franeworks.

1.2 Metal Organic Frameworks (MOFs)

Metal OrganicFrameworks MOFs) are a class afrystalline2D or 3D coordination
polymersand a key member of the porous materials farfilyhis family of polymers
are built from the seldssemblingf metalions orclusterslinked throughmultidentate
organic linkers creating porous network?! Although MOFs are considered
coordination polymerdor a coordinatiorpolymerto beclassifiedas a metal iganic
framework there are three main factors to consitiethe material must bavo or
three dimensional2) they must be crystallinen nature and 3) they mustlisplay
considerable porosity??> The generabtructureof MOFs can be seen in the Figure

below.

o L] o &)

@ O @ Q
| »

00 i /
Q

@

Metal lon or Organic ¢ b ? s

Cluster Linker

) ®

@ ® ® Q

Metal Organic Framework

Figure 1.2: Generic scheme showing thailding units and how they arrange to form a Metal
OrganicFramework

This type of coordination polymer was first recordeth@1960s by Tomi& but the

actual term 0 Meta@&l wasingaurdy 1985 by maneeong k

material chemist Omar YagFt when heand his ceworkerssynthesiseda complex

consisting ofl, 3,5 benzentricarboxylat(btc) -basedobalt layesbridged by pridine

creating a 3D MORvith the formulaCo3(BTC)2.H20. It was aftetY aghi 6 s di sc o)
of MOF-5, thatresearch in this field of materidi®gan tesoarrapidly. MOF-5 made
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history with a recordlevel of porosity andh surface area of over 6,00¢/gy much
higherthanthat of currenporous material& These porous solids exhibit unique and
outstanding propées such asnprecedentedore volumes and surfaeeeasplaang
them far ahead of zeolites and othErous materialsDue to this many groups
internationally,are inspired by a g h i 6 and asaaeswkt, MOF researcis now a
leading area in materialchemistrywith 99,075 structures reporteavithin the CSD
MOF subsetfound in theCambridge Crystallographic Data Centre (CCLCAS) of
January 202. 6

With the increase in the number of MOFs synthesised eachtliearaming system
for these materials has alteredriginally, MOFs were initially grouped based on
unique featureandthen numbereéh chronological order of discovefy This is the
case foiZIF (zeolitic imidazolate framework) based frameworks, kke-8, bioMOF
or MBioF (metal biomoleculdramework) based MOFand IRMOFs (soreticular
framework)such adRMOF-8. Recently, MOFs are more commonly named after t
place where they were first synthesidédror example,MIL (Materials Institute
Lavoisier),UiO (University of Oslo), HKUST (Hong Kongniversity of Science and

Technology)are allentitled after the university where they were discovered.

1.3 The Building Blocks of MOFs

As mentioned previously, etalorganic frameworksconsistof inorganic clusters
bridged by multitopic organitinkers, forming 2 or 3 dimensional networksWith
these two units forming the MOF skele{dhis constitutes them as a type of hybrid
material.The generic structure of a 3D MOF can be seéfigarel.2 Typically, rods
are used to represent the organic component. These rods bridge the indcgeic
which is represented by a sphere, fying the hybrid nature of the material. The

MOF structure shown is extended in all directs creating a porous network.

MOFs similarly to zeolitesand other families of porous materiakre able to
encapsulate guest moleculago their poreg® however theydisplay substantial
differencesvhen compared to the former, ioh can be advantageou# boundless
variety of structures with different surfadeaturesand pore structureare easily
synthesised as a result of thiethora ofsupply or combinatiompotentialof building

units that can be used in their synthé&isBy carefully choosingspecific building
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blocks, it is possible to tailor the structures, pore sizes, ard@#etopologies® This

can in essencaffectthe size and amount of guest molecule as well as effect what
application the MOF may be suited fot!A topology is used to describeghe
connectivity between the inorganic SBUs and the organic rdds. suggested
procedurgor naming thenetwork topologies is to use the three letter cdeed on

that topologysuch asicb = honeycombsql = setc3? Different topologies caaffect

the physical properties of the frameworkWhere more flexible nets can induce
flexibility to the overallframework More complex topologies can also provide
stability to the networks.

nbo-a Ivt-a

Figure 1.3: Different examples of MOF topologi&s.

Due to the vast range of ligands and metals used iR Bi@thesis an infinitaumber

of networks can exist.Luckily though, only a handful of these occur with any
regularity, making the MOF topology easier to determifi®ata for many of the nets
mostseen in MOFchemistry are collected in a searchable database known as the

Reticular Chemistry Structure Resource (RCSR).

Incrystall ography, simpl a@andst t ok o. tanthis e iver e
the balls were the atomasith the corresponded bonds exigj between nearest
neighbouratomsrepresented as stiskSimilarity theserepresentationsan be used to

describe MORrameworksreferred to agets 3
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Figure 1.4: Example of how the coordination between the linker and the metal cluster can be
represented®
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A net isasort of graphwherethere is at most one edge that links any pair of vertices

A net is also connected, meaning that every vertex is linked to every other by a
continuous pdt of edgesHerethe vertices of the graph corresponding to the atoms
and the edges of tlggaph corresponding to the bond$e edges and vertices of the

net could be respectively polyatomic linkers and clusténe local topology of a
vertex in a netan becharacterized bgeveral symbols, with the most common being;
Schlafli symbols, point symbols (PS), vertex symbols (VS), and the already mentioned
threeletter codes of the RCSR databpsent symbol or a véex symbol.The Schlafli
symbol is a symbol of the form {p,q,r¥hile p stands for a regular polygon with p
edges, q expresses how many polygons meet at each.déxaenples ofSchlafli
symbols are as follows: tetrahedron {3,3}, octahedron {3,4}, cub&}{4cosahedron

{3,5}, and finally, the dodecahedron {53} In contrast to Schlafli symbols, VS
designate topological descriptions of vertices. The general recipe in order to achieve
the symbol for a given vertex is to look at all possible arigtegs means pairs of two
edges that meet atcorner and inspect in which shortest the vertex is involved and
specify the the number of vertices in the rimpisis donefor all angles, and separate
eachringsi ze specification with a poinmt nA. O
etc. The pont symboltakesthe formof A2.B°, and signifies that there are a angles

at which the shortest cycle is anckcle, b angles at which the shortest cycle is a B
cycle, etcThe basic principle of deriving PS is very similar to that of VS, namely, that
we again inspect all angles of a given verf&Roint symbols for nets are conveniently
obtained from TOPOY. TheseRCSR symbols work as identifiers for nets, and their
underlying structural and topological attributes are listed for each entry in the RCSR
databasé®

1.3.1Inorganic Secondary Building Blocks (SBU)

The SBUs often display wetlefined metal topologies such as linear, trigonal,
tetrahedral, octahedral, &cOnerepresentativexample of a tetrahedral SBWMOF
chemistryis the [ZnsO(CHsCQ;);], *® where four zinc atoms are linked together
through CHCO, groupsand £-O? ions Examples of the inorganic unit comprising
of a 1D polyme which are then bridged by the organic linkers have recently been
reportedn literature eg Wei Meng published amprecedente@o(ll) ribbonshaped
secondary building unit a novel 3D MOF[ Co 2 . 5 ( d€OdHp pH£03](HeO3n
(Hadcpp = 4,50 i scardolyjphenyl)phthalic acid) The main original feature of the
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structure is the infinite inorganiabbonshaped SBUwhich is built of infinite
guadranglesof CasO14 units further linked toneighbouring ribbonsthrough the

organic linkerforming a complicated 3D framework withD microchannels®®

Al t hough OO0 K e etlatgporous MOF$ vith rocdhSBWsearnd rod nets often
exhibit pr onounc e dthefirbdsaraacthas miggéproviding whi c
additionalflexibility, limited MOFs have been published with this type of SEU.

Figure 1.5: Examplef common inorganic SB&Jand how the coordination number of the metal
impacts the shape.

The inorganic SBU plays a major role in the geometry and overall topology of the
MOF. ** The SBU may provide vacant coordination sites or favour the formation of
intermolecular interactions, impacting the overall topology of the MOF. For example,
a MOF consisting of a tetranuclear Znstir can coordinate to 6 organic linke¥s,
whereas MOFs with Ln based SBUG6s can coor
in oxidation state, providing a differemfeometry’® The chemical and physical
properties of the overall structure can be altered simply by changing these building
blocks. By choosingpecific components, the MOF can gain certain properties such
as flexibility, luminescerit or magnetit® etc. Recent work by Garchaldivia et al
has shown the significant effect of the SBU in the properties and applications of MOFs.
In particular, the synthesis of three isostructural frameworks has been reported with
each MOF differingbyth nat ure of the met al pr-esent
2ainy]-DMF},[M"= Co, Ni , Zn]) Bot h t heghibitCo an.
antiferromagnetic interactions between the metaltresand were investigated as

magnetic sensors. The Zn analogue, though diamagnetic, was also investigated as a
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sensor through its photoluminescent characteristics. All three MOFs, with identical
topologies, encapsulated €uFe, and F&* ions from aqueousolutions but the way
they sense the encapsulation is altered by the inorgani¢*SBU.

A wide range of different metal sources can be found in liezathen discussing th
inorganic SBU where ypically transition metal ions such asZZnCw*, Ni?*, etc’,
areused butlanthanide®, alkali and alkaline earthmetals havalsobeenemployed
Thesemetak can remain stable in a range of oxidation states resuls in a range
coordination numberdJsing the similar multitopic linkers but changing the inorganic
SBU often affects the overall structureand/or the propertiesf the MOF. This can be
seen when comparing MGPC®° and MOF39%%: both MOFsare based on the
4 , 4-(endeNghB,5 triyl-tris(benzenet, 1-diyl))tribenzoate (bbg tritopic ligand
but containdifferent SBUs In the case of MOROQ, a tetranuclear Zn cluster is used
whereaghe commonlyobservedCu paddlewheel is present in M&#99. Due to the
different coordination number of these two clusters, MXDB has gom-net topology
and MOF399 has #@bo-net topologydemonstratinghecrucial role that thenorganic

SBU playson the overall MOF framework.
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Figure 1.6: The impact the inorganic SBU has on the overall togplaf the MOF where the organic
linker is the same.

1.3.20rganic Ligands

The organic linkers are uséo bridge the inorganic clusters, forming the 3D network.
They can be anionic, cationic or neutrdlwide range of ligands with different sizes

and shapes have beeportedand briefly discussed belowpme provide rigidity to

the framework using a ses of aromatic rings, whereas the more flexible ligands can
help the framework encapsulate larger amounts of guest molecule due to the breathing

phenomenol? While many forms of ligands can be employttey must contain at
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least two functional groups that cana@alinate to the metal cluster at two different
directions favouring the formation of a polymeric netwd@lonsequentlymultitopic
carboxylate or nitrogen donor ligands are riyossed with thefirst being the most
popular.For example, th@egatively chargedarboxylategroupsprovide a charge
balance with the positively charged inorganic SBU. Carboxylic acids have shown to
offer high thermaktability and due to thbasicenvironmenm, these ligands are more
readily deprotonated improving thate of MOF formation >3

o OH
) = =N
HO o) HN -/ \_NH
1,4-Benzenedicarboxylic acid (BDC) 1,4-Di(4’-pyrazolyl)benzene (H,BDP)

HO_ _O
T T s
OH OH
1,3,5-Tris(4-carboxyphenyl)benzene (BTB)

Figure 1.7: Common aganic linkers found in MOFs.

Carboxylatebased organic linkerare ableto coordinate to metalwith a variety of
different ligation modesHence they canprovidea range of topologies and therefore
producing MOBE of different structuresvhich can as a result impact the uptake of
guest moleculedDifferent coordination modes catffect the thermal and chemical

stability of the network as well d@is rigidity and flexibility.>*

The type ofthe organic linkerchosenfor the MOF constructiortan have a major
impact onits porosityasthis can change in both size and shapeed on the length or
nature of the ligandlsoreticula synthesis of MOFs is &ey research area that
demonstrates thigsoreticular growth refers tanancrease in the distances between
the inorganiclusters, while keeping treameconnectivity between the metal and the

ligands®®
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Figure 1.8: IRMOF familyshowing the impact the use of elongated likers provides to por size

Yaghi et al synthesised a seriessoireticular MOFsn 2002,namelylRMOF-n. (n=%
16, where n is thehronological order of discoveryt is reported thatlatheIRMOFs
have theCaBstopologyadapted by the prototype IRM@E in which an oxidecentred
Zn,O tetrahedron is bridged by six carboxylates to give the octahsteped
secondary building unit (SBWreating a 3Dcubic porous networkThe organic
linkers presenin IRMOF-1, 10 and & differ by the addition of one exteromatic
ring each timgFigure 1.8). As a result, ltefree space volume increases from 56.8
to 91.1% when comparin®MOF-1 and IRMOF16; similarly, thefree porediameter
increasesvith theextensiorof the linkerand additiorof the aromatic ringsvhere the
diameter i$8.1, 15.4and 19.1A for IRMOF-1,10 and 16 respectivefy.

1.3.3Mixed Metal MOFs( MM6 MOF s )

Mixed metal MOFs (MM6 MOF s ) ar elessinvestghtetitmilywofeVIO¥s in

which the inorganic unit comprised two or more differentetals With the inorganic
SBU6s having a major impact on the geome
the presence of additional metals can result in the formation of a more complex
framework®” MM-MOFs frequently show superior advantages over homometallic
MOFs with respect to their pperties and applications, possessing enhanced chemical
and thermal stability and increase in overall flexibility of the M®FFhis could be

due to that presence aflditionalmetals and complexity of tH@BU providingfurther
coordinationbonds to the organic linkefThe addition of a second metafers new
opportunitiesn terms ofmultifunctionality and tuning of thproperties of the material

to agivenapplication.For example, extra metals in the SBaveshown to influence

the flexbility of the framework.Serreet al reported the influencef inorganic SBU

in the breathindpehaviourof MIL -53 wherea mixtureof Cr: 60%/Fe: 40% exhibits a
breathingbehaviourthat is totally different from that ahe parenMIL -53(Cr) and
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MIL -53(Fe)MOFs This breathing profileseen in the XRPs different from both

the monometallic compounds. M&3(Cr) shows a direatarrow pour p) to large

pour (p) transformation and/IL -53(Fe) presents a twaiep np tcclosed poredp)
transformation. The bimetallic compound shotlie hydrated np form at 293 K
changes to a cp form at 343 K and it shows a Ip form upon further heating above 463
K.59

Kozachuket al showed how this increase in flexilbylican influence and improve the
sorption properties of the MOF Isynthesised a mixed metal MOF consisting of Cull
and Znll. The parent MOF, containing only Znll, was previously assessed fyasH
adsorption. While these outcomes proved promising, thekepmeasurements of the
mixed metal MOF, with only 5% of Zn being replaced by Cu, surpassed in
performancé? In another study, different % of Zr ions were exchanged with Ti ions
in UiO-66. These MMMOFs were examined for their ability to improve the CO
uptake. This showed that the g@dsorption capacity of UiB6 increased from 2.3
mmol g to 4 mmol ¢ after martial replacement of Z by Ti**. UiO-66(Ti/Zr) exhibits
smaller pore sizes in comparison to the original48&)resulting in a stronger reaction
between Cwith Ti* nodes®! Thiscould be due to the psence ofinoccupiednetal

sites

1.4 MOF Synthesis

The mat common synthetic routesvialve a homogeneous liquid phase reaction
between the metal salt and organickéirs.®> The reactioncan bemixed to ensure
complete dissolution of both components and tesated where after periodof time,

crystalsareproducedThis general synthetic approach can be seénguarel1.9

While the synthetic approach istraightforwardwith limited number of steps
achieving single crystals of a MOF da@ demandinglhe synthesis dhese materials
involves the crystallizatioprocesswherenucleation and growth of crystals occur.
Both the nucleation andrystal growth of MOF involve the selissembly between

metal cluster§SBUs)and organic linker& Due tothe complexity of the frameworks,

the only true way to characterise these materials is through XRD and as a result, single
crystals are require@*To grow crystals from clear solutions, the concentration of the

reacants must be adjusted in a way that the critical nucleation concentration is
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exceeded. This is commonly achieved by changing the temperature or by evaporating
the solventUnderstanding the influencing factors on the nucleation and growth of
MOF crystals dring their synthesis will enable accurate controlling of crystal
morphology and siz® To achieve thismany different reaction conditionare
investigatedsuch as compositional (molar ratios of starting matergalscentration,

pH, solvent, etc.) and process parameters (reaction time, temperature, and pressure)
Changing these conditiotsve shown taffectthe natureof the productproducing
crystallineor amorphousamplespolycrystalline or single crystals or evafiecting

the size of single crystal3hroughout the yeamnany different methods have been
exploredaiming at synthesisinigigh purity, high yield, crystalline MQFand these are
briefly described below

B-

. & —

Figure 1.9: Scheme showing the general steps involved in MOF synthesis. a) metal salts and organic
linker placed in closed vial and dissolved in solvent, b) reaction is stirred c) sealettbreplaced in
high temperatures for a time, d) formation of crystals

1.4.1Solvothermal Synthesis

SolvdHydrothermal is the most commowpe of synthesis for MOFs reported in
literature.lt is a form ofconventional synthesis where a forinetectrical heating is
appliedto reactions taking place in closed vialederpressure where the solvent has
reached its boiling poitff The difference between hydrothermal and solvothermal is
the type of solvent useWater is used in hydrothermal wieasother organic solvents

are used in solvothermal. These can inc|i@MF, DEF, EtOHandMeOH.?°The long
reaction times andigh-pressureconditionsprovided by solvothermal reactioaiow

for the formation of welshaped single crystals of thdOF. As alreadydiscussed,
many different reaction conditions are investigated during this type of synthesis in
order to achieve single crystals. This includestal: ligand ratio, solvent,

concentration and temperature.
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1.4.2Synthesis of Mixed Meal MOFs

MM6 MOFs can be synthesised using the tect
such as solvothermal, conventional heating and slow evaporatdne synthetic
approach commonlysed is the simple one pot synthesis where different ratios of
metal precursors and ligands are added to the same reaction vial at the start of the
experiment’ This approaclis attractive due tis simplicity and the reduced number

of stepshowever, @pending orthe synth&c conditions and th nature of theliverse

metal precursorghe thermodynamic or kinetic control may influence the distribution

and location of the metal$he use of metalloligands is another approach reported in
literature that allows for the addition of another metad thie network? In this case,

there is a metal already incorporated in th&dmsuch agporphyrin basedinkers

While this tactic is easily the most convenient method, with equal distribution of the
second metal it however results in thegance of two different metal sitesther at

the lattice nodes or at the linker in sditel positions which can limit some of the
attractive properties (such as flexibil
Reactions involving this method can be a one or two step reaction, where all the
precursors can be placed in the one reaction avinsteps wher@reparation of a

single metabifunctional ligand that subsequently forms the complex wise@nd

metal ion resultingn the MM-MOF. 58
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Figure 1.10: Three ways of synthesising MM'MOFs. a)one pot synthesis with all metals and linkers b)
using metalloligands and c) metal exchangpast synthetic modifications.
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The most common synthetic approach for this class of MOFs is the addition of a
second metal throughoptsynthetic approachesThis has huge impact when
synthetisingheterometallic MMMOFs which cannobe achieved through noal
synthesis because of the differeefctivity of the metal ionsThe postsynthetic
modification(PSM) approach allows falifferent percentages aifetalsto beincluded

in the new MMMOF.®® This ntrol can tune the MOFproperties for specific
applicationsln PSM, netal exchange is often carriedt by stirring the homometallic
parent MOF with the second metah solution The partial replacement of metean

be tuned byontrollingreaction conditionssuch as concentrati@ndreaction time®

1.4.3MicrowaveAssistedSynthesis

Microwave synthesis of MOHs an example of neeonventional synthesis that has
received increasing attention in recent ye&®licrowaveassisted synthesis relies on

the interaction of electromagnetic waves with mobile electric chafgdhe
effectiveness of microwave heating depends on the dipole moment of the solvent
molecule, and hence solvents with large dipole moments, such as DMF or NMP are
good candidates for microwave assisted synthesisolution, polar molecules titp

align themselves in an electromagnetic field so that the molecules change their
orientations permanently. Thus, applying the appropriate frequency, collision between
the molecules will take place, which leads to an increase in kinetic entithg

sygem.’?

Microwave assisted synthesibas several advantages over typicainvertional
synthesisThe rapid temperature rise amomogeneous heating throughout the sample
is possible minimizing reaction timesn comparison toconventional heating’®
Nucleationis favoured over crystal growtldecreasing the reaction tinfe For
example,high quality crystals of théamous WO MOFs havebeen synthesiseih
120min under microwave irradiation whereas crystals of similar quality were

synthesised in 2Boursby solvothermal conditiong®

This type of synthesis alsoadvantageous controlling crystal size and morpholggy
being suitable for the formation bigh quality nano sized crystals have been reported.
As already mentioned, these conditions favoucleation over crystarowth thus,it

Is not surprising thathey favour thereduction of crystal sizelhe use of smaller
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particle sizes<500nm- <10um) prompts may advantages in potential application
MOFssuch as biomedical or gas encapsulatién

Figure 1.11: Change of particle size in Zi6 MOFs with the change of synthetic conditions. a)
solvothermal, b) microwave assistéd.

1.4.4Ligand In-Situ Synthesis

Traditionally, MOFs are created using psynthesisecdor commerciallyavailable
organic linkersHowever an alternatgath wouldbe in situ ligand synthesisn this

case thdigand precursorsre added instead of the ligand itgelthereaction.In situ

linker synthesis has many advantages over conventional synthetic ficusesco
friendly tacticavoidsthe necessity of ligand synthesis prior to building MQiating
reducing significantlythe number of steps in the synthetic roupayrticulaty
complicated ones with arduous preparatibhe metal ionmay play a role inthe
ligandformationi.e. similar reactions but in the absence of the metal ions do not lead
to the production of the ligan@hese linkersnay bedifficult or even impossible to
obtainfollowing common organic syntheti@pproachesnd producinghesein situ

often favourghesynthesis of new MOF$’

Hydrothermalin situligand synthesis has become a powerful approach in the crystal
engineeringThe slowformationof thein situ generated linkers in presence of metal
ions can lead to the growth of better crystalline products or even larger single crystals
thatallow X-ray singlecrystal structural determinatioBy slowing down thgroduct
formation rate crystal growth is favoed over nucleatioand as aesult high quality

single crystahre formed instead of polycrystalline powdés.
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1.4.5Modulated Assisted Synthesis.

Differentcrystallizatiormethodsare currently being investigated aiming at developing
efficient techniques for controlling the crystal si2® example of this ishe use of
modulators during the MOFeaction.A modulator is usually anonotopic ligad that
canmimic the functionality of the multitopic MOF linkeksy terminally coordinating

to the metal SBU during theolvothermal synthese$ypically, modulators are acids

that can bind to metals through carboxylate groups. They can range in size from
smaller molecules such as acetic acid and benzoic acitietonuch larger 4
decylbenzoic acid has been us&tle modulatocompetes with thenker, acing as

the kinetically stable productThis dows down the formation of thelesired,
thermodynamically favoured MQFprevening the occurrencepolycrystalline

powdersbecause ofast precipitation’®

O]

AOH HOY\/\/\/\/\/
0]
Acetic Acid Dodencanoic Acid
0
©)J\OH HO\ﬂ/@/\/\/\/\/\/
(0]
Benzoic Acid 4- decylbenzioc Acid

Figure 1.12: Examples of modulators used in MOF synthesis.

In oneexample,dodecanoic acivas usedn particle size and morphological control
over HKUST1. Addition of increasing quantities of modulator to microwave
synthesesdjusted thearticle size from the nanometre to the micron staBzhrens

et al reported in 2008, structure$theUiO-66 isoreticular seriesolved from powder
X-ray diffraction dataThis work demonstratedhat modulation could dramatically
enhancehe crystallinity andthe particle size of Zr MOFs. Modulation with benzoic
or aceic acid enhanced both particle size and porosity in-66Cand UiG67; in
particular, following this approach single crystalsl®0 mm of UiG68-NH were

produced and as a res{iRD was used toletermineits crystalstructure 8!
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1.5 Activation of MOF s

After MOF synthesis, mimportant step isheir postsynthetic treatmenn order to
empty their pores and improve their encapsulation capaSitce assynthesized
MOFs usually contain guest molecules (such as solvergdulators,or unreacted
linkers), it isessentiato remove these species through etivation processallowing
encapsulated guestccess the pore spac® This canoften be challengingas
removingthesemoleculesrom a porous structure by heating case the framework

to collapse, especially if the guest molecules and the framevawrk strong
interactiors. There are different methods for simplifying the activation of MOFs. The
most common among them is replacement of the solvent by a more volatile one, which
makes it possible to decrease the treatment tempefasiree the majority of MOFs

are synthesized in high boiling postlventdike DMF andDEF, vacuum evacuation
athightemperatures after exchanging with low boiling point solvents, such as acetone,
is a routine way to activate MOFR® some cases, if ligand present in the pores, the
framework is stirred in a solvent that can dissolve the ligaapableof removingit

from the pores before vacuum evacuation. By removing thesecules more vacant
space is available in the pores improving the uptake e$tguand performance of

MOFs in various applicatiorf$.

1.6 Properties

MOFs have a wide range of new unique properties, making the use of these porous
materials an attractive option imamerous applicatiofy choosing particular metals

or ligands you can providbe framework with a certain set of propertiEise chemical

and physical properties of the overall structure can be altered simply by changing these
building blocks. By choosing specific components, the MOF can gain certain
properties such as flexibility, luminescerft or magnetit® etc, as well as effecting

properties like porosity and surface area.

1.6.1 Highly Porous MOFsand Large Surface Areas

One of the most notable characteristics of M@Rheir high porositgnd large surface
areas.They are known t@xceed in these areas whmmpared to other members of
the porous materialor example, Zeolites, a commonly uspdrous material

typically have surface areas under 100%* 8%and pore diametersf about 2nn#’
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belonging to the microporodamily of porous materials. MOFs hasarpassethese

values and continue to do so with increasing surface areas or pore sizes reported each
year.Currently the record for the largest surface area reported is held by the NUMOF
family. This family of MOFsis an excellent example of highly porous frameworks,
where nostmembers have surface areas over 40§, with the largest reachinipe

value 0f9140 nt g*. &

A W A N4 )
SO o,
A A L =

w Y \1\‘{: -~

Qe H __: /‘ﬁk . Trigonal Prism Metal Trinuclear Node
= N
acs-a ¥ Y/L‘
N J
B (@] 0
— "
— \x/‘j\k/a’ S | rd
— @ = 4
/ L7 -4}“\ 77 iy
-y \ 174 "\B
Trigonal Prism PET r PET-2 (’J
-

" e g sl » " =D
.- ¥
.»,jgf;\;m“\N%@« _ ‘NU-1501-Fe

NU-1500 NU-1501 NU-1501-Al

Figure 1.13: structure of NU1500 and NU1501. a) overall MOF connectivity, b) the organic linkers
PET and PET2, c) crystalstructure for both MOF$

NU1501 and NU1500 were reported kyorthwestern University ahwere both
synthesised usinggid trigonal prismatic triptycenbased organic ligasdhat were
then coordinated to MD (aluminum m3oxo-centered trinuclear clusjanetal trimers
forming anacsnet8 Similarly, high surface areas aaehieved by other members of
this MOF family.NU110 that waseportedin 2012with a BET surface areaf 7140
m?g 1 after activation and a total pore volume of 4.4Ggrh Most membersf NU
MOF family consist of elongated polytopic carboxylates ligands that allow for
numerous coordination groupsmd with aromatic rings to add stabilityrhis work
indicated the importanceof linker design wheriming to produceMOFs of these

characteristic&®

It is worth mentioning that the activation procesalso essential in enabling the access

high levels ofporosiy. Failure to completely removpresent guest moleculesin
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result inlowerandinaccurat8ET surfacearea and pore volumé-or example, Dinca
et al. reported that morethorough removal ofesidual DMF molecules in (M¢btc)?)
(btc = 1,3,5 benzentricarboxylatejangenerate digher BET area than previously
reported (169 vs. 1280 rhg?). This was achieved bgoakingthe MOF in anhydrous
methanol for prolonged timallowing for complete exchange to a more volatile

solvent.?°

Langmuir Model Brunauer Emmett Teller (BET) Model

3rd Layer

2nd Layer

m Tst Layer

MOF Surface MOF Surface

. = N;molecule

Figure 1.14: Two different models used to determine surface area. a) Langmuir model, b) Brunauer
Emmett Teller (BET) model.

The pore size and surface area can be determined expetisnesing a number of
different techniquessuch as thermal stability and gas adsorption measurerRergs
sizecan be indicated looking at the crystal datal by TGA(thermal gravitational
analysis’™ To distinguish the permanent porosity of the material reversibe
sorption isotherms must be takefhis shows how stable the framework is once the
gas has been removdsbr the latterl.angnuir or BET (Brunauer, Emmett and Teller)
calculations can be used to determine to total surface are of the MOF framework. Due
to the large void space in their frawarks, more than oreglsorbancéayer is achieved
and therefore BET calculatiorsften gives a more accurate resulthe difference

between the Langmuir and BET model can be seen in Figéte X.

1.6.2Flexibility

Althoughmost crystalline materials are associated wéimg rigid in structure, MOFs
can be designed tmave a degree of flexibility to thefiramewok. This characteristic
allows MOFsto adjusttheirp o r shapénd sizeasa consequence dhe removal or
incorporation of a guest bthis alterationcan also be a result of an external stimuli

such as change in pressure ortphinducedThis unique poperty is referredat as the
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6breathing phenome n%%Whie thene ardi@dny examplesiofs t r vy .
flexible MOFs (FMOFs) they can be divided into three main classes (FigLBe

1. PillaredLayers
This can be seen when a MOF is madpérs and pillardf the pillars consist
of non-rigid linkers, they carcause elongation whortening This can be a
reversiblephenomenordue tothe channeldeing soflexible that the initial
channels mayaformeven after thegollapseupon removal of thguests®*

2. Expanding and Shrking Grids
This group consists of MORsith flexible ligands with additional functional
groups that show spongdike dynamic behaviours In response to guest
remova) these MOFs can reduce and shrink tim@rior spacing dramatically
The pores can once agaiongde it with the inclusion ® guest molecules
Here the topology remains the same but due to interactions between the
framework and guest molecules the pore volume is alféred.

3. Interpenetrated Grids
This class is only relevant to MOFs that have derpenetrated framework.
These MOFslensely packed in the absence of guests, however guest molecules

caninitiate framework sliding and therefore the pore volume exp3nds.

(@) 3-D Pillared Layers

P>

(©)  3-D Interpenetrated Grids

A
1
L <3

Figure 1.15: Types oflexibility commonly seen in MOFs. a) pillared layers, b) expanding and
shrinking grids, cjnterpenetratedyrids.®’

36



Results provided by Millange et sthow the true impact the inorganic SBU has on the
flexibility of the framework.In particular two analogues of MH53 were compared
regardng their expansion of pe size upo hydration.Both MOFsconsistof the BDC
organic linkerbut thenature of themetal differs with the first MOF containingr®*
and thesecond ond=€**. The different metalscau® different degrees of flexibility
between the two analogud$e dehydrateMIL 53(Cr) has open pores which coentt
upon hydration with a large change in the pore volume of 28Be behaviour and
volume changes with the hydration of MIL 5&. The pores expand once hydrated
in contrast to the Cr analogue. The change in pdenwais also much smaller with a
change of 87A % This work was continued b§chneemann and eworkers where
theyinvestigatedother analogues ¥lIL -53 (formula [M(OH)(bdc)]» (M = Cr, Al,

Fe, Sc, InGa) againshowng different flexibility behaviourbased on t nature of
the metakentre TheAl- and Gaanalogues of MIL53 displayedthe samebehaviour
as Crupon activation at 300°C. Howevéine Scanalogue behadesimilarly withthe

Fe MOF.As addressegbreviously adding another type of metal cluster, cregta
MM6 MOF , has sddexvaflexibitity tathesframeworR

Several reviews have also addresseddteeof the ligand in MOF flexibilityevealing
that thedegree of breathing deeases when theordinationmode increasefsom di-
to tri- or tetratopic linkersAromatic rings are typically added to linkersitwrease
stability but as a result can make the frameworks very mgdlucing the amount of
these groups and replacidgem withlarge sectioaof alkanebonds oretherbondsor

introducingimine, azo oralkenecan lead to framework flexibility-®

1.6.3Interpretation

Interpenetration, sometimes also referred to as catetffiaa an interesting
phenomenon seen through crystal engineeringndis currently becomingnore
common with significant increases in the numberepbrtedVIOF each yeat®?Here,

two or more identical frameworkare intertwinedThese networkareheld together

by a series of supramoleculateractions such as van der waals, and hydrbgeds.

While there are no chemical bonds between the interpenetrated networks, they cannot
be separated® Generally, MOFs constructeslith elongatedigands usually have

larger poresresultirg in instablity. As a result, mterpenetration 3D MOFR8MOFs)

aremore commondue to the neetd reduce pore space in order to meet the systematic
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stability needed. There are different degrees of interpenetnatiaing from 2fold to
beyond 16fold, depending on theumber ofnetworks involved?*

Figure 1.16: Examples of interpenetrated networks.

Interpretatiorcan sometimes b&een as a disadvantage andbe avoidedDueto the
fact thatits formation is aconsequence ofoid spacethe pesence of the additional
intertwined network cadecreas¢ h e  MOrE $izeWhen applyingnterpenetrated
MOFs to certain applications that requaege pors, this can be seen as a hinderance.
IMOFs however, have also displaystdme great advantages. These M@&s be
more thermally and chemically stablereventing collapsing of the framewobly
favouring the MOF stability after the removal of the guest mole€diléhis can be
important when using them in different applications whererémeoval of a guest
molecule or theaddtion of the MOF to aspecific environment may result in
degradationThis strong stability can therefoeed in the characterisation of some
MOFs where they can break down during gas adsorption measurements or loose
crystallinity once removed froraolventpreventing structural elucidation by XRD.
Otherthanstability, the presence of the additebmetworks can also providéurther
adsorptionsites for guest molecules to interaicbproving the uptake and storage of
the guest molecul&his can in some cas lead to thécrease in surface area of the
MOF. 106

In most casg it seems that the formation of structurally interpenetrated systarat
targeted and is often a result of a. ss§embly proces§’ Saying thatresearch in the
controlled synthesis of theddOFs is expanding.The most commonly observed
interpenetratedtructuresreportedin literature consist of diamondtype structural
topology. The4-connected networ&omprising otetrahedratlusterand linear linkers

haveshown to have very highprobability of producing this characteristit®®
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Figure 1.17: Left; dia-net topology. Right; example of interpenetration wiite-net topology®.

The large datbase of characterized MOFs provide valuable information on the
chemical features that are likely to yield interpenetrated sp&téastion parameters,
such as temperatyreoncentratiorand timehave been found tplay a rolein the
determination of thelegree ofnterpenetration of MOE®Due to theelongatedinkers

of the IRMOFs, it is common &ncountehighfolds ofinterpenetratiom this family.
However the employment adlilute reactiorconditionsproducechoninterpenetrating
MOFs with consideraly largerpores.Pairs of interpenetration isomenshere each
MOF exists in anorrinterpenetrated antthe 2-fold interpenetratetorm, for IRMOF-
10,-12,-14 and-16 have been obtainetf’

1.7 Applications

With MOFs having attractive propertiescbuas high porositgnd large surface areas
tuneable geometriegtc they have beerappliedto many different fieldssuch as
biomedicat!! and environment&?2. For example, MOFs can be used as
photoluminescent materialsherelight emittingcomponentsvith tuneable emission
can be chosen in the shesis'®® The tunable porouszesand large surface areas
make these materialsideal candidates for molecular sorption and separation
applications,especiallyenergyrelated gases such as hydrogéncarbon dioxid&™

and methané!®. In addition, MOFs can be used aatalysi$!’, renewable energy
system&t® and in more recent timesedicine!!®, and environmental applications as
sensor¥®. This PhD thesis will cover the areas of biomedical and environmental

where MOFs will be used as either drug carriers or in the removal of environmental
hazardousvaste.
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1.8 Biomedical Applications

The use of MOFs in biomedical applications is stileaeathatremains unexplored in
comparison to their oth@elds. So far literature has demonstrated that the use of these
materials in medicine have advantages such as biocompatfilityigh drug;
loading??and a conwlled releas&? over conventuanaterials already on the market.
The biomedical MOFs can be divided into two main categories.
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Biomedical MOFs Type 1 Biomedical MOFs Type 2

Bioactive agent
==

Figure 1.18: Biomedical MOFs can be divided into two groups. a) the bioactive agent is encapsulated
into thepores, b) the bioactive agent is present within the framewaitkedimker or metal node.
1. MOFs for the delivery of active agents.
The building units chosen when designing the first group of biomedical MOFs must
be biocompatible but do not have to be botive. In this case, an active agent, is
encapsulated into the pores of the MOF with the framework acting as a drug carrier,
transferring the drug to the target cells. This research will focus on this first group of

biomedical MOFs and will be further disgsed in more detail.

2. MOFs that can act as active ageifs
In some instances, the MOF itself is bioactive where the drug acts as one of the
building units of the framework. This can be either an organic drug acting as bridging
ligand or using biologicayl active cations as the SBU, or even a combination of both.
Representative such examples are the Biofl®> and BioMIL-2'%% both MOFs are
constructed ftm endogenous metals (Fe and Ca) coordinated to the therapeutically
active nicotinic acid or glutaric acid linker respectively. MOFs that can be employed
for magnetic resonance imaging (MRI) applications also fall into this category. MOFs

consisting of natoxic ligands such as Xpkenzenedicarboxylate (bdc) are coordinated
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to metals with magnetic properties that also contain terminally ligat®ctblecules.
Example of this is a family of MOFs by Taylor et al. Here,?fras used to replace

the toxic Gd*, leading to the formation of [Mn(bdc)é®)z] and [Mrs(btc)(H20)g],

which display great performance as MRI agéft€One of the main factors that
influence the efficiency of MRI contrast agent is the number of water molecules
coordinated to the paramagnetic metal ion of the contrast agent and their exchange
rate. The Mrbased MOF nanoparticles pripally displayed theiifi-relaxing
behaviour as MRI contrast agents where they exhibit relaxivities at high magnetic
fields (tit. 7. BJ'anbres e2 0 4'S'rad when probed at a low
magnetic field (7.0 T) asnt®eO #dhaddeEvi ti es
11 7 "siMhowing an efficient shortening of the longitudinal relaxation tifg (

of the water proton¥2

1.8.1Drug delivery

The scientific community hee worked together discovering cures to a wide range of
sickness worldwiddut designing a treatment feome of thesdiseasesaveproved
challenging Many resources, such #me and moneyhas gone into designing the
active pharmaceutical ingredient (ARh) the hope to positively impact human life.
While these APIlhave shown promising resultsthey are presented with many
challengeghat preventthem from becoming commercially availabome of the

challenges facedre discussed below

Burst effecti this refers to the cases in which the API is released, activated,
or broken down before it reaches the site of action; this can be a result of
mechanical or chemical degradation during digestit minimum, the burst
effect leads to a loss in treatment efficacy, as the API is released in an
uncontrolled and unpredictable manner. If, howeadarge volume of a toxic
drug is quickly released into the body the result can be fatal. Besides being
unfavourable in a biological point of view, the burst effect is economically

inefficient, as much of the costly drug does not reach the tefget.

Side effects while being transported through the circulatory systeRisAan
form different types of interactions or chemical bonds with biomolecules

present, which can cause undesirable side effects such as nausea, weight
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loss/gain and hair loss. A toxic API can also cause the death of healthy cells
within the body. Thiss commonly seeing with toxic anticancer drugs which

are associated with many side effeéts.

Bioavailability T the bioavailability of a substance refershe percentage of

an administeredrugthat has entered thogrculatory system.If the
bioavailability of the drug is poor, it can prevent the APl from entering the
circulatory system and therefore does not reach the site of action. For the drug
to have good bioavailability, all anajority of its components and physical
properties must be biocompatible.  Therefore, due to the human body
consisting of over 70% water, hydrophobic or less soluble drugs have poor
biocompatibility*3*

Poor targeting- For most drugs, only a portion of the API actually reaches the
site of action. These drugs are not target specific, interacting with healthy
noncancerous cells, producing side effects. By creating a targeted system, the
dosage frequency taken by the patiis reduced, there is a reduction of side

effects, and a more uniform delivery is achieVél.

Large, frequent dosesi As previously discussed, the burst effect and poor
bioavailability affects the total amount of API tliaaches the targeted site. As

a result, larger and more frequent doses of drug must be administered to
achieve the required therapeutic effect. This affects patient quality of life as it
costs in terms of both time and money. Smaller, less frequentwos&tsalso

economically benefit pharmaceutical companies.

In order to address the abedescribed drawbacks, the development of targeted and

controlled delivery systems is highly important and has attracted much attention in the

recent years. Alrugcarrieris a compound or material that is used to deliver an API to

improving its selectivity, safety, and effectiveness by providing a controlled réféase.

The use of drug carriers can improve Adebperties, specifically thieioavailability

without makng chemical alterations or reducing the therapeutic effectiveness of the

API. Currently, pure organic systems (liposoftand micelle¥) and pure inorganic

systems (silic&uantum dots and quantum &8} are being usedWhile both types

of carriers can be used fihre efficient delivery of the drug to the target cells, they also
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exhibit significant disadvantages: organic systems are biocompatible, providing high
bioavailability. However, they lack a controlled drug release mechétfishhis is the
opposite regarding inorganic drug carriers, in which a controlled release is possible
due to the porous network of inorganic systems. However, their drug loading capacity
is low and they possess poor bioavailabift§.

1.8.2MOFs as drug carriers

Forthe past decad®OFs have been investigated as potential drug delivery vehicles.
Due to the hybrid nature of these materidd)Fs combine the advantages of both
pureinorganic and organic systenaidressingany challengeaced individually**
Carboxylates, imidazolates and phosphonates present in the organic linkers provide
biocompatibility**° while the inorganic SBUs grant a controlled delivery of the drug

to the target celt*! The long list of attractive properties found in MOF cletny has
resulted in them being considered optimal systems for drug deli8erge of these
properties for instance, porosity and

Figure 1.19: A generic scheme showing the drug delivery pathway usin@R& &% drug carrier.

flexibility was previously addressed. The addition of functional groups to the linker

can favour suitable interactions with the drug. Carbonyl groups can form hydrogen
bonds with the alcohols present in some drugs as seen in Higiieegarding

| buprof en. I f aro-matmtceraocogisoareapr esemth
the framework itself. These interactions can be tactically used to prolong API release,

delivering a drug release in a controlled manner, in some caseasiegrthe release
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kinetics from a few hours to days. This allows for the administration of smaller and
less frequent dosé&?
&

morF O-m
(3

Ibuprofen

Figure 1.20: The types of interactions commonly seen between the drug and the MOF framework. a)
"-" interactions between aromatic rings, b) hydrogen bonding.
The desig of highly porous materials is crucial for drug delivery. The high porosity
of MOFs allows large quantities of drug to be encapsulated. Once the drug is
encapsulated in the pores it is protected until released, preventing degradation of the
API. As a resli, more quantity of the drug enters the blood stream and in turn the
active site. This resolves any challenges seen in drug design like bioavailability and
the Oburst ef f ecdhe pareeoltheoMOF tayp beedzsigheato n e d .
encapsulate molecules of diffetechemistry and poor bioavailability. MOFs with
hydrophobic pores can absorb drugs that have poor aqueous stability. Poor stability is
a common challenge in drug design. Cationic MOFs can also be used for the

encapsulation of negatively charged drugs.

Ferey et al were the first to provide the scientific comityuwith proof of the real
potential that MOFs have in the field of biomedical applications. In 2006, the MIL
(Materials of Institut Lavoisier) family of MOFs were used to encapsulate Ibuprofen.
These trivalent metal centred MOFs consist of high poro&B34A) and large
surface areas (31305900 nt /g) making MIL 100 and MIL 101 ideal candidates for
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drug delivery. A clear difference in drug uptake can be seen, consistent with an
increase in pore size. MIL 100 achieved a drug loading of 0.347g ibupgydv&DF.

However, MIL 101 has a larger pore volume of®2DA and exhibits a high drug

loading of 1.37g ibuprofen/g MOF. Both MOFs have a prolonged drug release. The
controlled rel€asetesaatiress| betoween the
ibuprofen and the rings of the organic ligands. Again, the difference in pore volume

has a drastic impact on the release. MIL 100 showed a complete release after 3 days
whereas it took 6 days to totally release ibuprofen in the highly porous MI301.

This release was due to ttlegradatiorof theframework

Flexibility is a key advantage in the use of MOFs as drugerariThe ability of the
materials 6to breathed permits the encap
previously cited in literature by other materials. MB3 is famous for its flexibility

and Obreathing effecto. T ik a@llowing fomlegivo r k e
ibuprofen absorbance. It was Horcajada et al. who studied the drug uptake of the
famous flexible MIL-53. This MOF adsorbed 20 wt%0.22 g ibuprofen/g MOF,

releasing the drug over three weeks in simulated body fluid (SBF) at 37°i€. Th
prolonged release is a result of the flexibility of the MIL 53 framework where there is

a strong interaction between the ibuprofen and the ¥MOF

MILS3-Ibu

Figure 1.21: Chemicalstructure of the famous, flexible M83 withlbu encapsulated in the por&S.

1.8.3MOFs astargetd delivery systems f@nti-cancer drugs

Doxorubicin Dox) is a very commonly used anticanceugand an ideal example of

an APl that requires a developed delivery system. It is isolated Bteptomyces
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peucetiusbeing one of the most effective drugs for eradicating tumour'teiBox

forms interactions between the sugar and the phosphate backbone of DNA as well as
its planar aromatic rings intercalating DNA. Intercalation of the double helix by
Doxorubicin preventsapoisomerase Il from aiding in the replication of DNA resulting

in the strands of DNA breaking thus cancer cell déatifhe use oDox in the
treatment of many forms of cancer including Kaposi sarcoma, bladder cancer and

breast cancer has had a major positiwpact

Dox, like many anticancer drudeveadverse side effects hindering their therapeutic
potential. Doxorubicin exhibits low bioavailability of approximately 0.52%6 due to
cytochrome P450 enzymatic attack, chemical degradation by stomach aciasand p
membrane permeatidfi? It has also been associated with high cardiectty leading

to congestive heart failure. This toxicity is a result of multiple mechanisms including
mitochondrial dysfunction, upregulation and alteration of genes resulting in cell death,
and the generation of reactive oxygen spetds.

With the above in mind, research in the noyement and development of new delivery
systems forDox has become a hot topic. Many groups are using drug carriers,
specifically liposomes to achieve this. Several pegylatedegylated liposomal
anticancer nanomedicines have already been approveat@amdrrently available on

the market. The biodegradable, biocompatible andtoxic carriers can be used to
deliver chemotherapeutic agent with reduced cytotoxicity. An example of sach is
liposomal drug carrier Doxil, by Johnson & Johnsoft! In comparison with
conventional Dox, LiposomalDox showed a prolonged circulation hiife Efficient
loading of the APl was achieved with a successful release at tumour site. However,
because of its high lipophilicity, these carriers can display high affinity for skin, long

expasure and circulation time.

For most therapeutic agents, only a small portion of the medication reaches the
required location. This is especially common for chemothebased drugbke Dox

where roughly 1% of the drugs administered reaches the tuAi®As.a resultthe

large, frequent doses administeresh beq ui t e har mf ul to patie
toxicity requiredto kill cancer cells is often too toxic for healthy céffTargeting

drug delivery improves the therapeutic efficacy while also reducing the systemic
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toxicity of many anticancer agents. Thus, the need for developing specifically targeted

drug carriers encouraged research in this area.

One approach is the addition of targeting molecules on the drug carrier itself. MOFs
with folic acid attached to is currently the ss@ommonly type targeted therapy cited

in this field®* Folate receptors are overexpressed in cancer '€elissulting in an
increase in uptake of MOF and therefore -@aticer drug. Of course, there other
examples of overexpressed receptors in cancer cells, which researchers can exploit for
active targeted therapy. For example, the addition of glucose on the foaknean

exploit the over expression of GLUT receptors commonly associated with turtburs.
Another approach that has seen an increase in attention in recent years is a pH targeted
release !’ Tumour cells tend to have hypoxic environments due to an increase in
lactate secretion and a decrease in‘ffiue to the cancer tissue consisting of a lower

pH than normal, healthy cells, ptdsponsive drug carriers have become one of the
most widely investigated environmentally responsiegriers in recent yeatg® A
plethora of metal organic frameworks have also been reported to display pH responsive

drug release, where in acidic conditions the frameworks break deivn.

ZIF-8 iscommonly used ihis applicatiorbecause it releases the drugsnnaaidic
tumourenvironmentyet remains stable under normal physiological conditwwhsre

no drug release is seetheng et alhas shown thiby encapsulang Dox within the
ZIF-8 crystals ZIF-8 crystas loaded withDox provided efficient drug delivery
systems using pliesponsive releasedeal forbreast cancer therapyhe drug is
released slowly at low pH (5.6.5) and not responded under physiological conditions
The release kinetics can be seefRigurel.22, where morelrug is rdeased in lowe
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Figure 1.22: The pHresponsive release BfOX from DOX@ZIF-8 particles. (a) The typical release
system. (b) The stepped release systém.
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1.8.4Considerations for MOF design

When introducing a foreign bodyn this case a MOF, into the human bodgny
aspects must be considered. This can inclhedollowing:

1. Toxicity
2. Stability
3. Particle size

Thetoxicity of the MOF is the most imptamnt consideration regarding their biological
applications. Sincghe main mechanismof drug release is degradation of the
frameworkthere is gotentialof theleaching of metals and ligan¥8 Because of this,

all the components must have low to no toxicity in order to have no detrimental effects
on patient healthRecently the use of biomolecules has shown to be the ideal linker
for MOFs in this application due to their biocoatipility.'®? Biomolecules suclas
amino acid¥® peptide®* nucleotide¥®, and carbohydrat¥¥ have been
investigated.Transition metalsas the inorganic SBU are highlpxic in larger
amountst®” However,some ofthesemetals aralready present in thgody and have

no harmful effects. For example, iron which is toxic in large amounts is a key
component in haemoglobin with 22um found in the blood. Copper, manganese, and
zinc are also found in tissue at 86um, 180and 180um, respectivelyherefore,

these metals are chosen as the metal cluster compétient.

The LDso value is used to determerthetoxicity of the compound where it corresponds

to the aboubf compounl needed to kill 5@ of the viable cellsThe LDsg values may
differ depending on certain ligands they are coordinatedLikke any biomedical
device or medicinein vitro andin vivo toxicology studyto determine LB values

must beperformedor the MOFand its individual components for the drug carriers to
become commerdig available!“® The use of MOFs in biological applications is a
newer field and because of this there is a lack of these studies found in literatigre. LD
values can be determined by tissue culturing different cell line, dosing the cells with
different compound concentrans, and then using biological assays to determine the
number of viable cells. Depending on the cancer treatment, different cancerous cells
can be used for example M@Hs used for breast cancer treatments. Commonly, HDF

cells (human dermal fibroblastaje used to determiriexicity towards healthy cells.
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Many assays can be used to reveal cells viability. A common assay is the MTT assay.
The MTT assay involves the reduction of a yellow tetrazolium sal4B
dimethylthazol2-yl)-2,5-diphenyltetrazolim bromide] tetrazolium, to an insoluble
formazan crystal by the metabolic activity of living cel® The steps involved are

shown in Figurdl.23

ey B ; =
lyah

Tissue culture cells in media and incubate Plate cells and incubate

Apply assay, incubate and then 2
gather results i

Dose cells with MOF and incubate

< |

Figure 1.23: schematic showing how cytotoxicity studies are performed to determine LD50 values of
MOFs.Cells are cultured in media andcubated. They are then plated in 96 wigltubated for 24

hrsthen dosed with the compound in question. An MTT assay Is used to detewetahelic activity

of cells.

Stability is a constant issue concerning MOFs for biological applications. While
MOFs are known to exhibit strong thermal stability due tgtiesence of strong bonds
present in the framework, chemical stability is challenging. Solvent can displace
ligands causing the framework to break down. Because of the range in metal and ligand
combinations the chemical stability varies greatly. The udeaad acids with high
valent metals with high charge density, such &% Z&**, etc, and coordinating them
with O donor ligands (hard bases) MOFs with strong coordination bonding, and
therefore good chemical stability are produced. This is due to théh&these high
valent metal ions require more linkers to balance the charges, leading to a high
connection number of metal clusté?éMixed-metal MOFs have also been used in the
synthesis of chemically stable MOFs. The formation of stronger coordination bonds

and the presence of metal cluster with enhanced of theassrtras shown these types
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of MOFs have stronger stability then the parent, single metal M&He stability
of MOFs can also be improved mtroducing interpenetration into the framewdtk.

Ligand

L Metal

Figure 1.24: MOFs can release drugs by twidferentmechanismsl) release through diffusion and

2) release by degradation of the framework.
In theory, MOFs require extent of chemical stability where they should be resilient to
hydrolysis in biological environments e.g. stomach acidity, and ehistalsis in the
oesophagus and intestines, where they commonly go through pH change in the
composition of the body fluids. If stability is weak, the framework could degrade,
releasing the cargo too early. However, for drug delivery a certain amousitadfility
is favoured degradability of the framework becomes necessary to release the cargo.
1%The degradation of the framework is one of two main mechanisms for drug release
in biomedical MOFs. This is when the meligands bonds break down in situ due to
physiological conditions sthicas pH®®, temperatur€! and ions presetf®. The drug
can also be released by diffusing across the framework. If this is the release mechanism
involved, the framework must still breakdown to enelogus accumulation of the
component$* Release studiesn members of the MIL family have shown that it can
take days, or in some cases weeks, to release the drug. The degradation of these MOFs
demonstrated faster results when placed under physiological conditions. This slow
release of the APl can be explaineg the stability of the framework and can be
deemed a solution of the burst eff&étAs already mentioned, the instability of some

MOFs in acidic conditions has been exploited, where groups have successfully
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released anticancer drugs by pH targeting. The different release mechanisms can be
seen in Figurd..24

Lastly, particle sizeof theMOF can be investigate@he use of smaller particle sizes
(10nm - 10um) prompts many advantages in potential applications of MOFs.
Conversely, small particle sizes are often desirable for biomedical applications where
molecular drug delivery and imagisgstems must traverse a complex physiological
impacting the biodistribution, circulatory lifetime in vivo and targeting abilities
roadmap-"3 Controlling the particle size of the MOFs where various methods such as
hydro/solothermal and microwave assisted synthesis has been investigated. Even
though the correlation between the MOF size and their biological impact is still
uncertain, it could be concluded that a smaller or nanosized has unigue physiological
properties. Literare has shown that the size of the particles can determine velocity,
diffusion, and bioavailability of the MOF in the body as well as influencing cellular
uptake, internalized in tumour cells or excretion from the bédy size study of the
Zr-MOFs (30 and 190 nm) was investigated by Liu andvodkers. Hergthe size

effect of Dox-loaded MOFs (ZIF8) was studied, looking at vivo biodistribution,
cellular uptake and therapeutic effect of tumour cells. They found that the 60 nm size
of Dox@AZIF-8 showed the best therapeutic responsdd@{@AZIF-8 exhibited
prolonged blood circulation and higher tumour uptake compared to the larger sized

particleg®°

1.9 Environmental applications

With population rates increasing rapidly each year there has been a surge in demand
for material which in turn has led to a growth invieaonmental pollution.This is

caused by synthetic substances introduced into the environment or the use of natural
materials at very high leveldddressing environmental pollution has become one of

t he gr eat e scientistshhave lfaeeth ghe @t century. Two forms of
environmental pollution resulting from industrial processes will be addressed in this

work. These are water and air pollution, with focus on the'first.

1.9.1Water Purification using MOFs

Human activity has influenced the increase in water pollution throogbstrial,

agricultural, domesticwaste. Ineffective wastewater treatmemb industries or

51



domestic dwellinghave resulted in widespread pollutitgading to an insufficient
and scarcelean water supply.® Contaminated watesuppliespose real health risks
where it carcause diseases such as typhbamonal disordeor cancet’”.

Water pollution can be defined as the accumulation of one or more substances in the
water until theconcentrationbecome harmful to life.These pollutants carelalivided

into

1. Inorganicspecies

2. Organic species

Inorganic species leaching into the environment has become a major Hsee.
emission of heavy metafsosesa threat to the human health, ecosystamd thus
cannot be ignored.iing organisms are being exposed to toxic mé¢alding tdethal
consequencesConsumption of heavy metatsan generag reactive oxygen species
within the body that can lead to neurotoxicity, cardiovascular issues, and rena
impairment ’®Heavy metals are defineds any metal with a density more than
5 g cimudkhg metals such asuch as lead, mercury, and coB&ltWhile
elements such agn, Cu, and Nican already be found naturally in water and are
necessary dietary componentssmall amountsthey also become toxito living
organisms at higher concentrationgnlike organic pollutantsheavy metals are
abundant in the environment and difficult to degratiherefore, removing heavy

metals becomesraquirement.

Many different techniques to remove metals from industrial waste have been
employed. Thesednvolve chemical precipitatidf®, ion exchang®l, membrane
filtration®? and adsorptiotechnique¥3 The use of adsorption materialpigferred

as it does not requirthe high operating temperatigeseen with the other techniques
mentioned Currertly, many absorbents are being investigated. An example of such is
nano metal oxideNMOs). These materials have relatively high surface areas and
high stability!8* However, due to their nanoscale size they tend to aggregate resulting
in a decrease in adsorption efficien&eolites have also been commonly used to
remove metals from water however they exhibit low adsorption capacity, leaching, and

bedclogging The adsorbent capacity these materialsan be effect bgeverafactors
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such as pH range, physicochemical instabiligbility to regeneate or low surface

area. 18°

Organic pollutants have been noted as the main toxic waste category listed on the
EnvironmentaProtection Agendy s ( EPA) priority poll utant
waste from a wide rage of different industriés Antibiotics, PPCPspesticides,
plasticizersandorganic dyesre examples of theserapounds and deserve to be of
concern to environmental agenct®s Most organic pollutants sharsimilar
unfavourable characteristicsin regard to biological impact. They arfeard to
metabolize, higly toxic to healthy cells and accumulation in biological bodies
resulting in harmful illnes&’ These compounds not only effect human life but can
also be detrimental towards aquatic life. High concentrations of PPCPs in lake water
have shown to &ct fish health where antibiotics have caused hormone imbalance.
Industry waste fromninting and dyeingompound$iove shown to have large impact

on water quality, changing the pH needed for aquatic life to thfi¥e.

Currently,sewage plantare usedo remove organic pollutants planthis involves a
multi-step, time consuming process where wastes undgrigoination, ozonation,
photocatalytic oxidation, adsorption, electrochemical oxidation, and coagiilation
anaerobic digestion, disinfeati often using ultraviolet light. This process, in some
cases does not efficiently remove all pollutants, generating toxic sludge using high
energy technologie'$® As a result, new more efficient and economical methods are
an attractive area of research for these companies. Like with the removal of inorganic
speciesleveloping new materiales become a haipic with porous materials leading

the way.This method has shown to le@vironmentally sound, and cesffective
Activated carbonsd® and zeolited?! have alreadyshown to outperform traditional
methods howeer have their own set of limitationsuch aslow selectivity pore
recyclability and due to the microporous nature only organic material of a certain size

can be absorbed

The high surface area, high porosity and tunable pore size of MOFs make them more
atiractive in comparison to the traditional adsorbents used in environmental
applications. The diversity of pore size allows MOFs to accept a broader range of
compounds, form large organic molecules to smaller metal ions. The ability of MOFs

to retain theirstructure through harsh environments, selectively encapsulate guest
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molecules and the recyclability makes them ideal for industrial use. The crystalline
MOF can be used as a filtering membrane in industrial waste systems as shown in
Figurel.25 The MOF ca encapsulate the toxic materials produced in the synthesis
of the commercial compounds, producing clean waste that can either be collected in
the case of organic solvents or into the environment in the case of Watecan be

seen in Figure 1.25The hazardous materials can them beaesd from the pores

allowing the MOF to be recycled for further use

Hazardous
material
encapsulated

by MOF
Waste

/ Clean Waste

Hazardous
material
presentin
waste

Figure 1.25: An example of how MOFs can be ussdourification systems for industry waste. The
MOF acts as an absorbance membranereht encapsulates hazardous species.

1.9.2Inorganic wastewater adsorption in MOFs

MOFs 6 application i n i masrbgea heavly stwdhes tne wat €
recent years, showingroundbreakingresults.MOFs hae desirable features for
adsorptive removal of heavy metaldsing short organic linkers, the pores can be
designs to encapsulate these ions. They canb&spostsynthetically modified to
further target specific contaminanks; adding functional groupsat can coordinate

to these metafS? In addition, the MOF adsorbents can function within a wide range
of pH values, acidic, neutral or basionditionst®®* Wang et al successfully removed
nickelions using a chitosalmased MOFThenickel adsorption reliant on Lewis agéid
base interactiondietweemickel ions andthe NH2 siteson the organic linker of the
MOF. 6 0 t@f nigkel was absorbed within 8 hout¥ Similar results were
achieved bylrahmasebi et ah 2014. TMU 5 showedkffective cobalt(ll) absodmnce.

Again Lewis acid base interactions betweerthe functionalized azine
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andimine groupsand themetal ionsThe maximunuptake capacity of this MOF was
f ound t o'beachedl B 15mgn, showing fast absorbance kinéefies

The presence of uncoordinateetal sites in the inorganic SBU or the coordination of
heavy metal traps to the SBU of the MOF can positively impact the metal absorbance
of MOFs. They can allow for chasorption of the metal ions. Growhdeaking result
addressing this modificationag published in Nature CommunicationsRgnget al

in 2018.This groupproposed the concept oftmoadspectrumheavy metal ion trap
(BS-HMT) by coordinatingethylenediaminetetraacetic ddqEDTA) into the pores of
MOF-808. EDTA is astrong norspecific chelating groupith six binding sites: four
hard carboxyl and two relatively softer tertiary amine groupgprovidesstrong
binding affinityfor both hard and softetals. Atotal of 22 kinds of metal ions covering
soft acids, har@cids, and borderline acidgere used for the investigatiavhereall

the metal ions with removal efficiencies of >99%for industry use, wycle
performance of porous material is also crucla test the regeneration tife metal
ionsloaded MOF808&EDTA, EDTA-2Na solutionwas used. After several washed
the MOF was completelyregeneratedand subjected to the next round metal ion

removal The adsorption capacity can be retained over 90% for all the metaviens
after 4 cycles!%
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Figure 1.26:Top: a) Crystalstructureof MOF808 b) Crystal structure of MOBO08 functionalised
with EDTA. Bottomgraphshowing all the metalemoved by the MOF from aqueous soluttéhs
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1.9.30rganic wastewater adsorption in MOFs

MOFs have been widely used in organic wastewater adsorption mainly due to large
pore volumewith channelsand interactions with guest moleculés$sing organic
linkers with additional functional groups pointing into the pores, MOF can form a
series of interactions with the guest molecules such'as i nt er acti on,
adsorption, hydrogen bond intetian and covalent bond play great rol€sAn
example of an organic product commonly found in industry wasteganic dyes
These compoundare chemiclly stable and not considered biodegradable in water.
They have shown to have a harmful effect on aquatic life when inhaled, with results
being fatal. While normal wastewater treatment can renaokaege portion of these
chemicalsnot all are separatedoim waste and eveextremely low concentration of
organic dyesan behazardous to the environmemhese dyes are usually large in size
and as a result thelsorbent materials would need to be mesoporous. MOF have shown
excellent result in this area wheteey have removed large quantities of dyes from
waste. AZn-MOF showing high selective adsorption for cationic dyes such as
methylene blue (MB), rhodamine B(RhB/as synthesises by Jie et®The MOF
consisted of @arbonyl group based on fluorene2g-dicarboxylate ligangroviding

ahigh surface area and open channésnarkaby large amount of MB was achieved
(326 mg @) due to thanesoporous/OF having the appropriate pore size needed for

this large organic mekule.
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Figure 1.27: Chemicalstructureof common organic dyes found in industry waste.
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Other than pore size, electrostatic interactions between MOFs and adsorbed dyes plays
a role in a MOFs higladsorption performancéligh functionality of MOFs allows
scientists to engineer the interactions between MOFs and organic polandras a
result the chice of functional groups present is importangpically, thesemolecules
consi st o fbordohnomaplgoeasite alixochromesi(COOH,T OH, T NHo,
etc.), and other functional groups (suchiaS O rbup to improve water
solubility).!®® Adding functional groups to the organic linker can exploit these
interactions for selective encapation.Jia et alused MIL-100(Fe) toMB (cationic),
methyl blue (MyB, anionic), and isatin (neutr&dm aqueous solutiong.he MOF
showedselectiveadsorption toward MB and MyB due to the electrostatic interactions
No uptake of isatin was achieved®

1.9.4MOFs as magnetic sensors in Environmental Applications

MOFs have shown a great potential fds@bance and separation of pollutants from
contaminated waterand with their unique luminescent, fluocest and magnetic
properties theyre now being investigated as possible sensors. The concept of a sensor
is based on its transduction mechantgqpically conssting of a sensing unit and a
transduction This mechanisminvolves changes in the optical, plogthysical,
magnetic or mechanical properties of the sensing element when it interacts with the
analytes®* They are many factors to consider when designing a sensor, such
sensitivity, selectivity, response time, reusability, and €8skIOF-based sensors
have been used relying lumines@&haind electrochemical signa¥. These unique
properties can be introducing into the framework by choosing the appropriate metals
and |igands. For example, |l anthanide base
unique luminescent properties. As a result, this type of sensor has been heavily

researched?®

The magnetic properties of MOFs and theie as magnetic sensors is an area that has
seen little attention. One of the most desirable properties of magnetic MOFs is the
incorporation of two or more properties into the same material, a challenge to the
magnetic materials field. The high porosityMOFs introduces the ability talsorb

guest molecule into magnetic materials leading to stimuli responsive matéfials.
Depending on the way in which the two components ategiated into the

coordination material, one can differentiate these MOFs into two groups. The first
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beingnévbwoek materialséd, in which the
present within the same material. In simpler terms, the MOFs framewditie
magnetic material, providing both magnetism and porosity to the one material. These
porous materials offer the possibility of inserting additional molecules into the pores.
These guest molecules can act as external chemical stimuli tuning thetisTagsfe

the framework. The second type of MMOF is the 4vedwork material, where these

of two properties (porosity and magnetism) are independent features each of them
providing one physical property. In this case the framework itself is magnetically
inadive, only providing porosity. The magnetic property is introduced by the

adsorbance of a magnetically active molecule into the p&fes.

Magnetic MOFs have potential for chemical detection, such as heavy metals, in an
agueous solutionMagnetic susceptibility studies on MMOFs will provide each
framewor k wi Tvalud. @wsng to their gnigee parasity they can provide

selective capture of heavy metals. Once

of the MOF with the guest molecule will change and therefore one would be able to

sense the encapsulation. By builgl a library of guest molecule encapsulated by the

MMOF , l i sting all the unique emT values

be identified.

Figure 1.28 Scheme showing how MMOFs can be useshagonmental sensors. a) Magnetic
susceptibil iTt wadtuwediuens qgievd o framewor kanaT b) o
value changes.
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1.9.5Air purification

Another form of environmental pollution is air pollutid®.This is when toxic gases

are released into the atmosphere at high concentrations, resulting in lethal effects. Our
energy footprint associated withesega®sis immense wittcarbon dioxide, methane,
ozore anadhitrous oxideas the main contributors. Thamedyassadsorb and releases
infrared radiation in the atmospheesulting in the depletion of the ozone layer and
increase in temperaturéhe increase ahesegreenhouse gaaill leadmanyserious
environmental dilemmas such as global warming, risef sea levelsand

desertificatiort®®

Although the effect of carbon dioxidle global warmings less compared to the other
greenhouse gases, carbon dioxide is the mbghdant resulting in a 60% overall
impad of all greenhouse gasédlith this, thecapture and storagd carbon dioxide
has attracted much attentiorby the scientific community.Liquid amine
adsorptionor amine scrubbings currently the protocol used within industries
capturing CQ. They can eRibit high separation/purification performandee to
chemisorption of the COHowever the useof liquid aminegesults in a&igh energy
footprintoutput due to the large cost for amine regeneratimhthe inherent corrosive
nature of aminedsorbentslue to the generations bicarbonateNew approachefr

a morecosteffective and energgfficient carbon capture are urgently neededines

suffer from cost and corrosion challenges.

Like with water purification, the use ifdaorbent materials as provided better
performances, then traditional methods used in industdeslites, along with
activated carbons, are considered to be the best commercial options for both CO
capture and conversion. Faujasite zeslhitavereportedhigh affinity towards carbon
dioxide with high performance GQapture?!® Unfortunately, these materials have

l i mitations. MOF 6 s p utilizatiarray sordbgnts toiachaevei o n

CO; separatiorand storage

Interaction betweegas moleculeandMOF frameworkscan selectively target certain
cases duringadsorption The addition of functional group in the framework can
strengthen these interactionkarge amounts ofresearch regangg to which

functionalizing compound performs the best ato@@pturehas shown that groups
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such as plyethyleneimingPEI) works well with MOFsChenet al.functionalised the
already famous MIt101with PElwhere it showed high carbon captwfe2 mmol/g
even with a smaller surface area due to the B0 m2 /g. Pure MIL-101achieved

a carbon capture df.5 mmol/g (for a surface area of 2400 m2 73

’i//? +  Mg(NO);6H,0 ~——>

2,5-dioxidoterephthalate (DOT)

solvent exchange
_—
activation

Mg-MOF-74-DMF Mg-MOF-74

Figure 1.29: Crystal structure of M@VIOF-74 with terminal DMF molecules attached to inorganic
SBU andhe MOF structure after activatiom,e sul ti ng i n UMC®6s.

The presencéi o pen me( &6 MC @&gshe maganic SBU has shown huge
positive impact in gas adsorptiandare one of the most commonly employkssign
in MOF chemistry.UMCs in MOFs are typically created lifte removal of any
terminal solvent molecules present in the metal cldste@nce the solvent molecules
are stripped the UMCs serve as binding sites for £@olecules This binding is
driven by the high quadruple moment of £f@rming strongdipole quadrupole
interactionsMg-MOF-74 is an excelled example of this as it can dsoabance of
8.1mmolg'?, the highest reportedilg-MOF-74 is composedf [Mg202(02CR)]
rod-shapedpolymer as itssecondary building unitsvhich is coordinated t@,5
dioxido-1,4-benzenedicarboxylate (dobdirikersforming a 3D framework with pores
of 11A in diameter The Lewis acidity of the UMCs dramatically impactsapture
performance as reflected in the respec¢€CQ;) values under conditions relevant

to C-capture '3
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1.10 Project Aims

The overall aim of the research presented in this thesis is to expand the field of mixed
metal and highly porous MOFs, where both families have shown admirable advantages
over single metal or nano porous franorks in several properties. Due to their unique
flexibility or exceptionally large pores, these two categories have significant potential

in applications such as environmental or biomedical.

To achieve this, a family of novel MOFNUIGMOFs will be syntesised by either

the addition of multiple metal sources or the use of elongated Schiff based linkers.
While solvothermal synthesis will be the prime focus, other synthetic routes will be
investigated for optimal conditions needed for single crystal foomatThese
frameworks will be characterised by several techniques including XRD, XRPD, IR,
TGA and SEMEDX. Once characterised and activated, they will be applied to various
applications depending on the chemical components of the framework. For example,
if the metal SBU and the organic linker is biocompatible, they will be used in

biomedical applications.

One goal of th&NUIGMOFs is to address the main problems associated with cancer
therapy, which is the high toxicity, side effects and poor targetingaofy anticancer

drugs. Biocompatibl&UIGMOFs will provide the large surface ardaneablepore

size and relatively low toxicity needed in the delivery of these drugs. The investigation
into the drug delivery potential of ti¢UIGMOFs will be executed byadsorption
studies using drugs such as Ibuprofen &ukorubicin. The drug uptake will be
monitored by UV Vis and HPLC and characterised by IR, TGA etc. Drug release will
be explored wusing various pHo6és of PBS
Cytotoxcity of the MOFs, the components and MOFs with encapsulated drug will be
performed using HDF or MGF cells and an MTT assay.

If an NUIGMOF is not biocompatible it will still be applied to environmental
applications as a magnetic sensor. Investigations into this application will be achieved
similarly to that previously mentioned in biomedical applications, using the same
analytical techniquesin this study, however, before the adsorption of the guest
molecule, in this case an organic dye or a metal ion, magnetic susceptibility studies

wi || be performed on the framework where
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After adsorption, these sties will be performed again, where the presence of the

guest mol ecul e wi || cause a shift in

G6mT values associated with each guest

being adsorbed.
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Figure 1.30: A schematic diagram showing the project aims and how they will be

achieved
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2.1 Abstract

Metal organic frameworks (MOFs) have receiggghificant attention in recent years

in the areas of biomedical and environmental applications. Among them, mixed metal
MOFs, although promising, are relatively few in number in comparison with their
homometallic analogues. The employment of benzophefgnaiaarboxylic acid
(bphdcH2) in mixed metal MOF chemistry provided access to a 3D MOF,
[Na2Zn(bphdc}(DMF)2Jn (NUIG1). NUIG1 displays a new topology and is a rare
example of a mixed metal MOF based on 1D rod secondary building unitgisyV
HPLC, TGA, XRPD, solid state NMR and computational studies indicated that
NUIG1 exhibits an exceptionally high Ibuprofen (Ibu) and nitric oxide adsorption
capacity. The MCH cell line was used to assess the toxicityNaJIG1 and
Ibu@NUIG1, revealing that both spees are nottoxic (cell viability>70%).NUIG1
exhibits good performance in the adsorption of metal ions (Coll, Nill, Cull) from
agueous environments, as was demonstrated byi§)\EDX, ICP, SEM and direct
and alternate current magnetic susceptibilitydigts. The colour and the magnetic
properties of the M@UIG1 species depend strongly on the kind and the amount of

the encapsulated metal ion into the MOF pores.

2.2 Introduction

Metalorganic frameworks (MOFs) are a family of hybrid porous materials that have
attracted an immense research interest in recent decades due to their appealing
structural features? They often possess large surface area, high porosity, flexible
structure, ammphiphilic internal microenvironment, and the possibilitintdfoducing
functional groups in the pores and frameworks in a spatially controlled way, which
make these materials especially suitable for encapsulating a large variety of guest
molecules As such, MOFs can be used in a wide range of applicaganggs storage

and/or separatiohmagnetism, catalysis, sensing, drug delivery and imaging related

applications*®

In relation to the use of MOFs in drug delivery applications, they were introduced into
this field nearly ten years ago, with one of the fiegiorts being by Horcajad al,
who showed that the mesoporous MOFs MO and MIL-101 display remarkable

ibuprofen adsorption and release perform&n8ce then, many MOFs with high
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drug uptake have been reported, representative examples beingethbers of the

MIL family, Bio-MOFs, CDMOFs, UiO-MOFs, ZIFMOFs, Zr MOFsgtc”® MOFs

offer significant advantages over the currently used drug delivery systems that are
based on liposomes, micelles, dendrimers, gold/iron/silica nanoparticles, carbon
nanotubes, and quantum ddéfd? MOFs often exhibit high drug upload capacity,
biocompatibility, thermal stability, inexpensive and rapid scglesynthesis, and thus

can address major challenges related to the poor active pharmaceutical ingredient
(API) stability and/or solubility, burst effect and toxicity1*The use of MOFs in drug
delivery has recently been expanded to anticancer drugs and the targeted, and
controlled delivery has been achieved by a variety of different techniques, such as pH
controlled, photodynamic and magnetically triggered drug refedde.

In a similar vein, MOFs can capture and sense toxic compounds in the enviréhiment.

20 The adsorption process may occur via a variety of mechanisms, such as interactions
between acid and basdectrostatic interactions between adsorbates and adsorbent, H
bondi ng asntdacki ng, and h%°dheoggmbvalof toxic i nt er
metals from water is important and contemporary techniques involve chemical
precipitation, ion exchange, membedfiltration and adsorption, with the latter which

can employ MOFs being the most preferred as it does not require a high operating
temperature. The adsorbents that are currently used either possess high porosity but
are prone to aggregation, which decesastheir efficiency €.g. magnetic
nanoparticles), or have high stability and efficiency, but low surface &ea (
zeolites)?! MOFs display all the desirable features to provide an efficient solution to

the removal of toxic metals from water, and ashsmany MOF families (MIL, UiO

66, HKUST, etc) have now been reported for their ability to adsorb toxic métals.
MOFs often have sensing properties, which is based on the effect of the toxic/guest
metal ion to the physical properties (colour, electrochamiuminescencetc) of the
MOF.2324 One recent such example is the-E8 MOF2* which exhibits a high
sensitivity for Fé*wi t h t he detection | imit -being
conjugated aromatic ligand with free/uncoordinatecahd G atoms, which interact
strongly with the encapsulated*@ns affecting the emission spectrunttoé anionic

FJI-C8 MOF-.
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The advantages that MOFs offer in important biomedical and environmental
applications, constitute an increasing need for the isolation of new such species with
high stability, porosity and firuning properties. One recent apptiodaowards this
direction involves the presence of a second metal ion in the MOF strétttiiseoften
increases the robustness of the framework, which results to high thermal and water
stability. Furthermore, the synergism between the different megh@asmbeen proven

to enhance MOF features and functionalities, including, among others, the breathing
effect, catalytic activityetc?® It is noteworthy that althougta. 6000 new MOFs are
reported per year, relatively few of them are mixeetal, with te mixed metal MOF

field being still in its infancy?®

O o)

. o T T

. ON O O
Zn” “Na Zn Na~ “Na

Zn

Type A Type B

Figure 2.1: A schematic representation of benzopherbnedidarboxylic acid(bphdck) and the tw
differentcoordinationmodes that it adopts INUIG1: d?:d:  dus (Type A | e f1t 9 d &@n

(Type B,right)

With the above mentioned in mind, we decided to expand the family of mixed metal
MOFs by using benzophenode, -4diéarboxylic acid (bphdckl Figure 2.1) as the
organic linker; this ligand has been extensively used for the synthesis of homometallic
MOFs, et its employment towards new mixed metal MOFs is limitdd.particular,

the combination of bphdeHvi t h ot her br i dgi nlgpyridimnegands,
(bpy), 4diazabicyclo[2.2.2]octane (dadco), and others, ith Zmd Cl coordination
chemistry ha yielded new 3D MOFs with interesting properties; among them,
[Cuz(bphdcX(bpy)l» and [Zn(bphdc)(dadco)} display very high H and CQ
adsorptior’’® Herein, we report the synthesis and characterization of
[NazZn(bphdc)(DMF)2]n (NUIG1), which is a rare example of a mixetetal MOF

based on an 1D rod SBU. Herein, the drug uptake performaidelGl have been
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studied and discussed in detail for Ibuprofen and Nitric Oxide. The metal adsorption
capacity ofNUIG1 was also examined usingvariety of techniques, including UV
vis, EDX, ICP, SEM and magnetism.

2.3 Experimental

All manipulations were performed under aerobic conditions using materials as

received.

2.3.1Synthesis of [NaZn(bphdcy(DMF)2]n (NUIG1)

1M NaOH (0.5 ml) and Zn(C¥CO,)A 2,8 (0.03 g, 0.1 mmol) were added to a
solution of bphdck (0.07g, 0.3 mmol) in DMF/EtOH (10/8 ml) and left under
magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven
at 100°C for 24 hours, after which time white polyhedngistals ofNUIG1 were
observed. The crystals were kept in mother liquor faay analysis or collected by
filtration for other solidstate studies. Yield: ~70%. Anal. Calcd (Found)NG1:

C, 54.46 (54.71); H, 3.81 (3.66); N, 3.53 (3.64) SelectediR data (KBr, cm'):
3437(b), 2928(b), 1655(s), 1614(m), 1558(w), 1498(w), 1438(w), 1361(m), 1298(w),
1256(m), 1127(w), 1094(s), 1063(w), 1016(w), 933(m), 880(m), 833(s), 811(w),
786(w), 734(s), 705(w), 661(m).

2.3.2Physical Studies

Elemental analyses (C, H) Mere performed by the-house facilities of the National
University of Ireland Galway, School of Chemistry. IR spectra (#8000 cm?) were
recorded using a Perkin Elmer 16PC-IRT spectrometer with samples prepared as
KBr pellets. Powder Xay diffracion data (XRPD) were collected using an Inex
Equinox 6000 diffractometer. Sofstate, variabléemperature and variabfeeld
magnetic data were collected on powdered samples using an MPMS5 Quantum Design
magnetometer operating at 0.03 T in the 300 to R.@ange for the magnetic
susceptibility and at 2.0 K in the 0 to 5 T range for the magnetization measurements.
Di amagnetic corrections were applied to
constants. TGA experiments were performed on a STA625 #haanalyser from
Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept constant

at 10 °C/min, and all runs were carried out between 20 and 600 °C. The measurements
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were made in open aluminium crucibles, nitrogen was purged in ambielet, suad

calibration was performed using an indium standard.

2.3.3X-ray Crystallography

Crystallographic data foNUIG1 were collected in an Oxford Diffraction Xcalibur

CCD diffractometer using graphiteo noc hr omati ¢ Mo Ka r adi at
at room terperature. The structures were solved using SHEE®@mbedded in the

OSCAIL software?® The norH atoms were treated anisotropically, whereas the
hydrogen atoms were placed in calculated, ideal positions and refined as riding on their
respective carbon atws. The program SQUEEZE a part of the PLATON package

of crystallographic software, was used to remove contribution of highly disordered

solvent molecules.

Unit cell data and structure refinement details are listed imppendix Table2.2).

The CIF fie can be obtained free of charge at www.ccdc.camac.uk/retrieving.html or
from the Cambridge Crystallographic Data Centre, Cambridge, UK with the REF code
2008513.

2.3.4Drug adsorption and release experiments

The Ibu adsorption capacity &fUIG1 was investigeed as described below: drug
(0.23 g, 0.70 mmol) was added to a glass vial containing EtOH (10 mL) and stirred
until all solid is dissolved. SolilUIG1 (0.05 g, 0.07 mmol) was then added and the
mixture was left stirring at room temperature. For the kirgtidy, small volumes of
aliquots were taken at designated time intervals, centrifuged, and the drug content in
the supernatant solution was determined by spectroscopic-vid)V and
chromatographic (HPLC) techniques. For the thermodynamic study, the same
procedure was repeated with varyig/IG1: drug ratios; the mixture was stirred for

120 hours, filtered, and the filtrate was analysed for its drug content. The drug release
properties ofNUIG1 were studied in D and phosphate buffer solutiorPBS):
Ibu@NUIG1 (0.05 g) was added to a glass vial containing solvent (10 mL) and left
stirring at 37 C. Batch studies were per

amount of the released drug was determined byld\and HPLC techniques.
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2.3.5Metal adsorptionkinetic and thermodynamic studies

The metal adsorption capacity NfJIG1 was investigated using the same method to
the drug adsorption: the hydrated acetate salt of a metal ion (0.10 g, 0.40 mmol for
Co?* and Nf*; 0.05 g, 0.22 mmol for Ct) was addeda a glass vial containing
distilled HO (10 mL, for Cé* and N?#*; 20 ml, for Cd*) and stirred until all solid is
dissolved. SolidNUIG1 (0.10 g, 0.14 mmol, C6and N#*; 0.05g, 0.07 mmol, Ct)

was then added and the mixture was left stirring at roonpéeature. For the kinetic
study, the sample was centrifuged at designated time intervals, and the metal content
in the supernatant was determined by spectroscopievis)Mechniques and by using

an Elan DRGe Inductively Coupled Plasmilass SpectrometrfCP-MS, [Perkin

Elmer, USA] in standard mode in a class 1000 clean room (ISO 6). For the
thermodynamic study, the same procedure was repeated with valyiGfl: metal

ratios; the mixture was stirred for 30 minutes, filtered, and the filtrate was anfdysed

its metal content.

2.3.6Solid state NMR

All solid-state NMR spectra were collected on a Bruker Avance Ill spectrometer with
magnetic field strength of 9.4T operating at frequencies of 400 MH#¥0100.6

MHz for 3C, and 105.842 MHz fo®Na, respectivilg. For the acquisition of the data

a 2.5 mm HX probe was used, employing magigle spinning (MAS) frequencies of

up to 30 kHz.

The?Na spectra were collected at 30 kHz MAS. The-pulse spectra were acquired
using a RF pulse with a 136kHz nutatioecuency and small flip angles (0.¢g) and

a recycle delay of 16s. Twaimensional ongulse doublequanturdfiltered satellite
transition MAS (TOPDQF-STMAS) spectrél®3Pwere acquired with a sampling
interval 0f33.33es and128 increments in the indirect dimension, with 192 scans per
increment for the MOF and 96 scans for the lbuprofen loaded MOF with a recycle
delay of 4 s. Pulses with a nutation frequency of 136 kHz and lengths of 1.1 s and 1.2
s were used for satellteansition coherence excitation, and centrahsition
reconversion respectivelyThe centratransitionselective pulse had a nutation
frequency of 12 kHz and a length of 1&4. Solid NaCl was used for RF pulse
calibration and for referencing the cheali shifts at 7.21 ppm. For the ene

dimensional*C spectra, cross polarization (CP) Y *3C experiments were performed
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at 10 kHz MAS. Acquisitions employed &l excitation pulse of 71kHz nutation
frequencyand 3.5 s | engt h f ol | o-laok fieldbof 81lrkidztfodth e d s p |
and 71 kHz for3C, and a contact time of 1250 ms. SPINA#64lecoupling of 71

kHz was used during acquisition. Betwéd®2 and 16384 transients were collected,
depending on the sample, with a 4s recycle delay. Thelinwension&heteronuclear

correlation (HETCOR) experimeft was acquired using the same experimental
conditions as CP, but with 80 increments in the indirfét} dimension and 256 scans

per increment Adamantane was used for rf pulse calibrations and chemid& shi
referencing for botAH and*3C.

2.3.7Computational studies

In order to explore the ability dUIG1 to adsorb NO and Ibu, Grand Canonical
ensemble Monte Carlo simulations were conducted. According to these simulations,
the chemical p o & af tne system (V{, anyl the teémperatuve @Tl) arem
kept constant, whereas the number of particles of the system, N could fluctuate. During
the simulations trial moves are attempted: particle insertion or deletion, particle
translation and particle rotationitiv each trial move having the same probability of

selection??

The chemical potential was determined for NO by using the-Rebgison equation

of staté® with the appropriate physical constsune. critical pressure, Pc, critical
temperature, Tc, and acentric factor. Temperature was setto 121 K. The Lennard Jones
potential was used to describe the Van der Waals interactions between framework
atoms and guest molecules. Parameters set foatitceus atoms were taken from the
Dreiding force field®**whereas the Lorenterthelot mixing rules wenesed for cross
parameters. The minimum image convention was used, placing the atom under
examination at a centre of a sphere having radius equal to the potential cut off distance,
i.e. 12.8 A. Interactions of the atom under examination with atoms lyirsideuthis
sphere were not taken into consideration. The potential beyond this distance was
truncated and no tail corrections were used. A super cell of 2x2x2 unit cells was used
for the simulations to ensure that each direction, x, y and z is at leasti@icut off

distance.
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Together with Lennard Jones for the Van der Waals interactions, the Coulomb
potential was considered for describing the electrostatic interactions between the
framework and fluid atoms. Point charges for the atoms of the framewerd
calculated using the Gaussian 03 software package and applying the cluster method
applied: An appropriate part of the framework was cut and this part was first
geometrically optimized applying Density Functional Theory at the B3LYP fével.

The charge of the atoms for the optimized part were then calculated using the
CHELPG method?®

N2: The TraPPE force fief§ was used for describing the interactions of Nitrogen
molecules according to which the molecule is described as aditegaodel, one for

each atom and one for the centre of mass. A charge-0f482 was assigned to each

atom with Lennard Jones paramrete U=36 K an d+0.064 @asBldced; . A

to the centre of mass without any LJ interactions.

NO: For Nitric Oxide a two centre model was used, both centres having LJ parameters

and Coulomb interactior’§® The NO bond length was kept fixed at 1.15 for
oxygen, U=96.986 ¥ and G=2.875 and for
These parameters were able to reproduce the heat of vaporization during NVT
simulations. In addition, prior to proceeding with simulations, these parameters
successfully repduced the NO bulk density at all thermodynamic states used for the
GCMC simulations.

Ibuprofen: Ibuprofen molecule was modelled following the methodology reported by
Bernini et a’®The parameters for the atoms or beads of the drug were taken from the

corresponding references of the TraPPe Force. The molecule was treated as flexible.

2.3.8Cytotoxicity Measurements Using the MTT Assay

The MTT assay involves the reduction of a yellow tetrazolium sal4B
dimethylthazol2-yl)-2,5-diphenyltetrazolium brome] tetrazolium, to an insoluble
formazan crystal by the metabolic activity of living cells. For this analysis, MTT assay
was used to investigate the cytotoxicity dfJIG1, and Ibu@UIG1. MCF7 cells

were seeded at a density of 1000 cells/mL in-av86 micro assay culture plate and

all owed to grow over a piacubatortiUIGfinfresh h at

culture medium was added into each well with different concentrations from 0.01
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30uM and incubated for 72 hours. Culture medium only was graglas the control
group, and wells containing culture media without cells were used as blanks. 20uL of
a solution containing 43.2mg MTT dissolved in 8.6mL RPMI was added to each well,
and the cells were incubated for another 3 hours. The excess MTDiolEs then
carefully removed from each well, and the formed formazan was dissolved in 100 pL
of DMSO. The optical density of each well was then measured at a wavelength of 550
nm using a microplate reader (BRad, xMark). The results from the three indial

experiments were averaged. The following formula was used to calculate the viability:

Viability (%) = (mean of absorbance value of treatment grblgmk)/(mean
absorbance value of control blank) x 100.

2.4 Results and Discussion

2.4.1Synthesis

Various reations with differing reagent ratios, metal sources, solvents and other
reaction conditions have been systematically explored towards the isolation of new
nont oxi c, mi xed met al MOF s . The nramcti on
NaOHinal:2:1.5molarat i o i n Et OH/ DMF (1:1.25) at
access to colourless cubic crystals of [ZgNphdcy(DMF)2n (NUIG1). The
stoichiometric equation of the reaction that led to the formatidfid€ 1 is presented

in Eq. (2).

EtOH/DMF

Zn(CHyC0,) 210 + bphdcH, + 4NaOH +2DMF —— 3 [ZnNay(bphdc),(DME),Jn + 2CH,CONa+6H,0 (1)
NUIGI

It is noteworthy that the nature of the solvent affects the crystallinity of the product;
for example, reactions in DMF yielded white microcrystalline powdéWIG1 (IR
evidence) Similarly, the source of Ndons does not play a crucial role in the identity
of the product, but it affects its crystallinity and the yield of the reaction. In particular,
when Na(CHCO,) A®Hwvas used instead of NaOMUIG1 was produced in

polycrystallne form in lower yield. The employment of significantly different molar
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ratios resulted in amorphous precipitates that could not be further characterized.
Several bands appear in the 166860 cm' region in the IR spectrum MUIG1.
Contributions from cdooxylate udCOz) and W CO;) modes would be expected in this
region, but overlap with the stretching vibrations of the aromatic ring and the carbonyl
group renders assignment difficult. IR spectrdloiG1 can be found ithe appendix
(Figure2.29)

2.4.2Desciption of Structure

Representations of the ZnNeepeating unit, the rod SBU and the 3D network of
NUIGL1 are shown irFigures2.2and 24. NUIGL1 crystallizes in the monoclinic space
group C2/c and its structure contains three crystallographically inequivalent metal ions
(Zn1, Nal and Na2) and bpHdaands that adopt two different coordination modes,
ddt:o:dkes (typeA, Figure2.1), anddt:dt:dt:d e+ (typeB, Figure2.1). The metal
ions within the ZnNarepeating unit are held together through two tipand two
typeA ligands with one of the latter being coordinated througtritnd, whereas the
other through itg 3 end. Furthermore, three typeand two typeB bphd& ligands are
linked to Nal and Na2 and bridge the ZaMath five neighboring units. This results

in the formation of a Zn/Na 1D chain, which is the secondary building unit (SBU) of
NUIGL1 (Figure.2.2, botton); all the Naatoms are aligned in a collinear fashion, with
the Zn atoms lying in aig-zagconfiguration. Each 1D chain is crelgsked to four
adacent rod SBUs through the organic bphtigands, leading to the formation of the

3D microporous networi-igure2.4).

Figure 2.2: Representation of the ZnNepeating unit (top) and a part of the 1D zgg Zn/Na
SBU (bottom) ilNUIG1. Color code: N (dark blue), Zn (light blue), Na (green), O (red)

87



Znl adopts a tetrahedral coordination geometry being linked to four carboxylic O
atoms, that come from four fikrent bphd& ligands. Both Na atoms are
hexacoordinate with a distorted octahedral coordination geometry. Nal is coordinated
to four oxygen atoms (equatorial plane), which come from four different organic
ligands, as well as to two terminal DMF moleaulm the axial positions. The
coordination sphere of Na2 consists of six carboxylic O atoms from six different
bphd& ligands

Employing a standard reggentation of the crystal structureNdfIG1 and taking into
account the Na atoms, both types of ligands and all metal ions can be considered as
connection pointé? this gives rise to the formation of a nowblee dimensional
4,4,4,5,6¢ network, with pant symbol
{42.8°.10}{42.8*}2{4 *.6%}2{4 *.6°.8%}2{4 8.6°.8} (Figure2.3); the latter has never been
reported in the past, thusUIG1 exhibits a network with a unique architecture.
Alternatively, the determination of tHeUIG1 topology can be performed without
taking into account the Na atoms as they are weakly bonded to the organic ligands. In
this case, the structure consists of patgnated Deriodic fourcoordinated networks

of undulated shape with aqjl topology.The latter is common witba. 100,000 such
structures in different representations (complete, standard or cluster) been currently

known.

< - ZA(1)
0. ZA(2
o- zC(1
v-2C(2
o ZD(1

Figure 2.3: Simplified 5nodal net of the NUIG1 crystal structure in tsteandard representation of

valencebonded MOFs with new topology; nodes ZA1 and ZA2 correspond to benzophgttone

dicarboxylate ligands, ZC1 and ZC2 correspond to Nal and Na2 atoms, and ZD1 correspon
atoms, respectively.

88



Figure 2.4. Representation of the 3d structureNdfiIG1 along the a axis (top) and its pore netwc
shown in yellow (bottom). Colour code: N (dark blue), Zn (light blue), Na (green), O (red), C

The solvenaccessible volume dNUIG1, calculated by PLATON (excluding all
solvents from the pores), is 4D0 A% and corresponds to the 46.5% of the ceit
volume (8610.8 A). A representation of the voids using the structure visualization
program MERCURY reveals a complex 3D pore network, where ldnge
compartmentalizedtavities communicate through réleely wide channels with a

di ameter 04

NUIGL1 is a new MOF with an aesthetically pleasing crystal structure and interesting
structural features. It is a new addition to the growing family of mixetal MOFs,
being the first Zn/Na MOF that contains tigand bphd&. It is a rare example of a
mixed metal MOF based on a rod SBU, being the first such Zn/Na sp&tissvorth
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to mention that the vast majority of the flodsed MOFs are homometallic and exhibit
special properties, such as breathing amdifiden catenation; their SBU can be either
a simple rode,.e. equally spaced points on a straight line, or it can be more
complicated,e.g. displaying azig-zag topology or being based on edge sharing
tetrahedraetc®® FurthermoreNUIG1 displays a neel three dimensional 4,4,4,5¢6

network, whose topology has not appeared in the past in a MOF.

. |
A = / | i

\
"M—/\J‘_../“/-wl AN A ANV e MALAAACNANA

Figure 2.5: XRPD pattern of MOF2 showing the breathing effect of the MOF

The breathing effect dlUIG1 can be seen by XRP[Pigure2.5 shows the powder
diffraction for this MOF. The bottonE), shows the calculated powder diffraction
based on the crystal structure obtaimdtereaghe top(A) showsthe actual powder
diffraction obtained. The MOF was placed in 130°C to evacuate the DMF from the
pores. After 4 hours at this temperature the powder diffraction was taken. Due to the
removal of the solvent, the pores of the MOF contract and the strpetiialy loses

its crystallinity; this can be seen(B). The peaks have lost their intensity and become
broadgetting lost in thénalo. While there is still a lot of noise present the sample is
not completely amorphous as the peaks are still preseot @moved from heat,
DMF was slowly added. After 5 minutes of adding the solvent, the XRPD was
observed(C) shows how the MOF starts to regain its crystallinity. The peaks start to
become more intense. The addition of the solvent was continued for iioreedb5
minutes. After this time, the diffraction pattern was observed again; this is shown in

(D). The MOF has regained nearly all its crystallinity. The peaks are sharper and match

90



that of the calculated pattern. The ability of the MOF to withstarg dhange of
environment and then regain its shape shows how stable the framework. The MOF is

able to contract its pores upon removal of the solvent and then once solvent is added
regains its crystallinity, showing how the MOF can change the 54 shajze @f she

pores to adapt to the new environment. TAh
of the MOF.

2.4.3Drug adsorption and release studies

The inherent porosity iNUIG1, and the existence of open channels in its structure,
prompted us to assess its potential for drug delivery applications. Ibuprofen (Ibu) was
chosen as aroof-of-conceptmodel drug due to the availability of literature reports
that would allow the evaltian of NUIG1 as drug carrier. The MOF crystals were
activated prior to the drug encapsulation in order to reduce the amount of solvent
present in the pores, and thus facilitate the drug adsorption; this was performed by
stirring the MOF in DMF for severalours and then exchanging this solvent with more
volatile acetone, which is easily removed at 80°C. The adsorption of IDlWhEy1

was initially confirmed by IR spectroscopy with the appearance of peaks at 2800 and
2900 cm!, whi ch cor r édsvibatioms oftthe métHylegroupg filom the
Ibu. There is an increased intensity at the broad peak at3B@Dcm' due to the
additional aromatic rings coming from the Ibu (V{A) at ~3100 cm) and the
increased amount of hydrogen bonding interactiésthermore, there is a typical
increase in the intensity of the peaks at 1500, 1430 and 104Gharacteristic of the
COO groups. see AppendixFigure2.30)
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Figure 2.6: Equilibrium data for the Ibu adsorption NUIG1 (contact time: 144 hours)he solid
line is aguideto the eye.
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The impact of the IbuMIOF molar ratio on th&lUIG1 drug loading performance was
studied; it was found that the Ibu uptake (mg IbMIdIG1) increases as this ratio
increases from 1:1 to 1:6, where it reaches its maxiroapacity (Figure2.6). The

latter was determined by HPLEigure2.7) and U\tvis (Appendx Figure2.31)which
revealed that the maximum Ibu upload is 70% by weight, corresponding to 2.8g Ibu/g
NUIG1.

mg Ibu /L mg lbu/g

MG o solution NUIG1
Ibuprofen
1:2 9200 1640
1:3 13000 2280 Ligand ul
f | - 1 ] [ Q]lours_
1:4 18000 2650 J| |
| J\ | 24 hours
1:5 23000 2700 ,{ J
._ / |.\ J | 48 hours
1:6 27000 2800
| ,Iu . 72 hours
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"II'_"|_ LY ‘.I.'u" L 96 hours
|
| /
I - Lt N 120 hours
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Figure 2.7: HPLC data showing the uptake and amount of Ibu after 144 himitsTable showing
the peak area for eaddUIG1: Ibu ratio (right).

NUIG1 possesses an exceptionally high lIbu uptake capacityhwiihigher than
previously reported for Ibu or any other diighis unusual behaviour is attributed to
an enhanced breathing effecNJIG1, i.e enlargement of its pore diameter upon the
encapsulation of a guest moleclé® In order to further investigate the breathing
property ofNUIG1, XRPD studies were carried o&igure2.8 shows the comparison
of the XRPD pattern of a physical mixture dfUIG1 and lbu with that of
Ibu@NUIG1, as well as that of the activatdliUIG1. Ibu@NUIG1 shows a similar
pattern taNUIG1 with additional characteristic peaks attributed to Ibu.
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Figure 2.8: XRPD patterns oNUIG1, Ibu, Ibu@NUIG1, and a physical mixture ®fUIG1 and Ibu. Th
encapsulation rate then slows down slightly before it reaches a plateau after 144 hours. The ini
drug uptake rate, followed by a sharp increase, is related to the breathing effddt@1, indicating

that the pore expansion is initiated after the encapsulation of a small amount of lbu over the fi
hours.

The peaks that correspondNidJIG1 have been shifted in the PXRD pattern of lbu
@NUIGL1, indicating a change in the cell volume and/or symmeftthe MOF after

the drug encapsulatio® The latter is a strong indication of the breathing property of
NUIGL1, which is further supported by the slow kinetics of Ibu encapsuléfigure

2.9); in fact only the 15% wt of the drug is adsorliedhelbu@MOF complexn the

first 24 hours. There is a gradual increase in the adsorption in the first 40 hours, after

which a sharp increase is observed in the next 24 hours, reaching the amount of
2600mg Ibu/NUIG1.
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Figure 2.9: The uptake kinetics ®fUIG1 and Ibu where the drug waslsorbed withing 144 hours

To confirm the unprecedently high drug adsorption capacitiNll@fG1 and gain

insight into the interactions betwe®&UIG1 framework and Ibuthermal stability
(Figure 2.10) and solid-state NMR studies were pursued The TGA plot of
Ibu@NUIG1 reveals an additional tveot ep mass | oss bet ween
attributed to the decomposition of the drug. The drug uptake based on the TGA is
approximately 1300 mg Ibu/gMOF, which is in close agreement with the value of
1600mg Ibu/g NUIG1 expected for a 1:2 MOF:lbu ratio
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MOF
80 4
g 104
2]
4
S 604
o
o 504
s
404
304
20 T ] T T T 1
0 100 200 200 400 500 600

Temperature (°C)

Figure 2.10: TGA showing the encapsulation of Ibu (in green), Ibu@NUIG1 (in blue) and ©
(in red)

Solid-state NMR has proven to be able toyyde significant information on the local
environments of host systems such as MOFs, zeolites and covalent organic
frameworks, and subsequently probe the Jgostst interaction of those systems,
ranging from adsorbed GQo encapsulated drug molecufé$?The H Y3C CP
spectra are showin Figure2.11. Thereis a distinct difference in the chemical shifts
due to the carboxyl functional groups of the samples, with deprotonated (CZ8D

ppm) being observed in the unloaded MOF, whilst the proton&@e&mH is seen in
crystalline ibuprofen (183 pprt)
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Figure 2.11: The 2D *H Y*°C cross polarization spectra for lbu (blue), pristiN&IG1 (red), and
Ibu@NUIG1 (green). Insert: The expanded spectral regions, highlighting the aliphatic and carb
species that are present in both the Ibuprofen and the Ibu loaded MOF. Spinning sideband
labelled with asterisks.

Both resonances are seen in the spectiuime loaded MOF, with a very low intensity
COOH resonance being slightly shifted to 181.5 ppm. Additionally, peaks at 21.8 ppm
and 16.3 ppm, corresponding to the aliphatic region of Ibuprofen, are also visible in
the spectrum of the load&tJ1G1 (but rot for the unloaded MOF), whose correlation
with the respective proton shift at 0.9 ppm is further manifested in the HETCOR
experimen{Figure2.12). The presence of both sets of resonances in the spectrum of
ibu@NUIG1 indicate that ibuprofen is indeedké&m up into the MOF. The
comparatively small change in chemical shift of the carboxyl resonance of ibuprofen
on adsorption suggests that there is no deprotonation of the ibuprofen, and no covalent
bonding to the MOF network, suggesting that the adsorpti@chanism is
predominantly physisorptidfp.

To obtain a better understanding of the mecharfi$a, MAS NMR experiments were
carried out.>®Na is a quadrupolar nucleus (spin 3/2), whose quadrupolar charge
moment interacts with the electric field gradiefthe local electronic environment.
The one dimensionaf*Na MAS NMR spectrum of the unload®tDF (Figure2.13,
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Figure 2.12: The 2D *H Y**C HETCOR spectrum for the lbuprofen load¢édIG1 sample,
correlating carbon shifts in the direct dimension to proton shifts in the indirect dimension. |
marked peaks are attributed to the spinning sideband manifold

top) exhibits a resonance broadensgdthe quadrupolar interaction centered -on
20ppm, with two sharp peaks likely due to sodium salt impurities. TheOQR
STMAS spectra Kigure 2.13, bottom lefj clearly show that this broad feature is
actually two distinct resonances, due to the two different sodium sites present in the
structures oNUIG1. These sodium sites lack the distinctive features of the second
order quadrupolaline shapeswhich indicaes a structural disorder that induces a

distribution of quadrupolar coupling constants.
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Figure 2.13: Top: ?>Na solidstate NMR spectrum of unloaded (red) and loaded (green) MO
Bottomleft: DQF-TOP-STMAS23Na spectrum oNUIG1. Two separate resonances (1) and (2) «
be identified. Horizontal extracted slices of these resonances are also repreBeitigah right:
DQF-TOP-STMAS®Na spectra of unloaded MOBimilarly, to the loaded MOF, two separate
resmances (1) and (2) can be identifi@dhe arrow indicates the direction of the second orde
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The TORDQFRSTMAS spectrum of Ibu@NUIG1 (Figure 2.13, bottom right) is
largely unchanged, and the two sets of resonances yield chemical shifts and
guadrupolar products that are the same within experimentalAppendix table2.3),

which suggests that the sodium sites are not extensively affected by the presence of
Ibuprofen. This result corroborates with the full hexacoordination of both Na sites and
confirms that physisorption is the dominant mechanism of adsorption of Ibu by
NUIG1.

The drug release performans®JIG1 was also studied toJ@ and PBS at 37°C in

order to sinnlate physiological conditions. 50mg of the loaded INI@G1 was
immersed in the corresponding solution and left under stirring; at certain time intervals
a sample from the suspension was removed and analysed usiag.BNgure 2.14

shows the Ibu release kinetics in botsCHand PBS. In the first case, the maximum
amount of the released Ibu is 73% with the release being completed within 50 hours;
40% of the drug is released over the first 35 hours, after which an increase inabe rele
rate being observed. The remaining 33% of the drug is released during the next 15
hours. On the other hand, a faster release is observed in PBS conditions with the 30%
drug loss being evident in the first 5 hours. A plateau is reached after 24 hloers, w

the 55% of the drug has been released.

100 ~
—I—H2O
a0 - = PBS
80
70 - .
o
@ 80
§ A
T /
& s0-
=) -
2 s E
[a] ' -
x 30 @ .
20 4 w
10--.'-
L L s e e e e R e N
0 10 20 30 40 50 60 70 80 80 100
Time (hrs)

Figure 2.14: Release kinetics of IbuiJIG1 in water (black) and phosphate buffer solutio
(red).
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2.4.4Cytotoxicity studies

The MCFR7 (breast cancer) cell line was used to assess the toxickyiss1 and
Ibu@NUIG1. The cytotoxicity was determined using the MTT assay revealing that
bothNUIG1 and Ibu@UIG1 are nortoxic (cell viability > 7®6, Figure2.15). This

is not surprising as previously reported' ZMOFs have been proven to be Aomic,
whereas ibuprofen does not show anticancer activity against breast canéétloetls,

it has been found to show a chemo preventive effect against the developmeasbf bre

cancer, only under regular u¥g.
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Figure 2.15: Biological toxicity ofNUIG1 (blue) and Ibu@UIG1 (orange) usindMCF-7 cells and
MTT assay showing the framework is not toxic.

2.4.5Metal uptake studies

The outstanding drug delivery performanceNafiG1 prompted us to study its metal
adsorption potential. The metal encapsulation studies were carried out by soaking
activateccrystals oNUIG1 into aqueous solutions of €pCu** and NF, repectively.
Immediately, the MOF crystals underwent a color change from wRit#G1) to

purple (Co@UIG1), blue (Cu@UIG1), or green (Ni@UIG1), the colour change

is directly related to the adsorbed metal; this property can be used for theeyaked

detecton of a range of metal ions.
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Figure 2.16. Picture showing the colour changeNIG1 (white) upon metal encapsulation.

The metal encapsulation was initially investigated by batch studies usirgsUV
spectroscopy(Figure2.16). The maximum loading capacity obtained foPC&w*
and Nf* were 6% wt (equivalento 67mg Cé'/g NUIG1), 8.3% wt (equivalent to

81mg
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Figure 2.17: UV Vis data for the metal encapsulationMyIG1.
Cu?* /g NUIG1), and 3.8% wt (equivalent to 37mg?Nig NUIG1), respectively.

The metal adsorption BMUIG1 exhibits fast kinetics; there is a smooth increase in
the adsorption capag over time for the three metals, which after 20min reaches a
plateau (Figur@.18, top). Therds no metal adsorption after 20min. In order to get a
better insight into the metal adsorption mechanism, the experimental kinetic data were
fitted to a thecetical model® pseuddfirst order and pseudsecond order kinetic

models were used according to Equations (2) and (3), respectively.

IN(Qe-t) = INQe-kat (2)
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Wherek; andk: are the rate constants for the pseftitki, and pseudsecond kinetic
models, respectively. A good fit was obtained for the psesedond kinetic model
(Figure 2.18, bottom), whichis indicative of a chemisorption mechanisne,, the
formation of a strong interaction or coordination bond between the encapsulated metal

ions andNUIG1. The corresponding fitting parameters are listetahle2 4.
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Figure 2.18: Top: metaladsorption capacity (mg7j versus time (h) plot. The solid lines is a guid
the eye; bottom: simulation of the experimental data to the pssemiind order kinetic model. Th
solid lines represent the fitting of the data.

The metal adsorption eqilitium data are plotteth Figure2.19. The best description
of the data is provided by the Langmuiodel (Figure2.19, right)*® consideringa

monolayer adsorption with a finite number of homogeneous and equivalent active sites

(Eq. (4)):

= | 81
J~| 8~1

P
A0

100



where g (mg/g) is the amount of metal ion per granNOIG1 at the equilibrium
concentrationCe (ppm of metal ion remaining in solution)» @5 the maximum
adsorption capacity of tHeUIG1, and K is the Langmuir constant related to the free
energy of the adsorption; the fitting parameters arelisid able2.2.1

Coa. @ L)

] ¥ Ni

. Co
3 .
10 ' 2 C‘u
n
’ ’ Cy lppm)

Figure 2.19: Left Equilibrium data for the metal adsorption BUJIG1 (contact time: 30 min). The
solid lines are a guide to the eyRight Fitting of the metal adsorption data to the Langmuir mot

Table 2.2.1: Fitting parameters of the metal adsorption data to the Langmuir model

Metal ion gs (mg g*) KL (10*L mol?) R?

Co?* 76.92 1.9696 0.9979
cw* 70.42 20.2860 0.9956
Ni2* 42.55 5.0000 0.9985

The metal adsorption capacityMUIG1 was further investigated by EDX, ICP, TGA

and SEM studies. Figurg2.20 shows the EDX spectra dfiUIG1, Co@NUIG1,
Cu@NUIG1, and Ni@NUIG1 samples. Zn, Na, C and O are detected in the four
samples, with the spectra of the NN®IG1 (M= Co, Cu, Ni) displaying one
additional peak corresponding to the metal ion that has been adsorbed, hence
confirming the metal uptake. This was further confirrbgdCP studies, from which

it was found that the maximum % wt M content in the M@G1 samples is 5.0%Co

(in Co@NUIG1), 6.8%Cu (in Cu@UIG1), and 3.8%Ni (in Ni@IUIG1); this is in

good agreement with the results from the-U¥ studies.
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Figure 2.20: EDX spectra oNUIG1 (a), Co@NUIG1 (b), Cu@NUIGL1 (c), and Ni@NUIG1 (d).

The M@NUIG1 samples are decomposed in two steps (FiglaB, with the step at

450 C corresponding to the framework bre
evidence of thedsorbed metal, with the mass loss at this temperature being less than
10%, in accordance with the ¥. M content in the M@IUIG1 specieshat has been
determined by the UWis and ICP studies.

TGA of Cobalt Uptake

TGA of Nickel Uptake

TGA of Copper Uptake

e MOF + Cu

Figure 2.21: TGA plots of the three M@NUIG1 samples

The SEM images of the four MOF species are depicteBigare 2.22. NUIG1
comprises a significant number of parallel nanosheets. It is noteworthy that, upon
metal encapsulation, sponlijee nanospheres are formed, with the ratio of the
coexistent nanosheetnanospheres depending on the kind of the metal ion that has

been adsorbed. In particular, the number of nanospheres is high INO&G®, and
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considerably lower in the case of CM®IG1 and Ni@NUIG1, whose morphology
is very similar to that oNUIGL1.

Cu@NUIG1 Ni@NUIG1

Figure 2.22 The SEM images ®fUIG1, Co@NUIG1, Cu@\NUIG1, and Ni@NUIG1.

The regeneration diUIG1 by M@NUIGL1 is not feasible possibly due to the strong
interactions between the metal ions and thenéaork, as suggested by the kinetic
studies. Several attempts were performed, that included washi@odfUIG1 with

a concentrated aqueous solution of EDTA or 1M HCI. While the guest metal was

removed in all cases, XRPD showed degradation of the framework.

2.4.6Magnetism studies

The magnetism properties of polycrystalline M@IG1 samples were measured as a
means to confirm the metal uptake capacitiNofiG1l, and also perform an initial
investigation of the potential of this technique to be used for the development of novel
MOF-based sensors. Note thBJIG1 is diamagnetic, hence any paramagnetic

component would be due to the presence of paramagnetic rmetahio its pores.
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Figure 2.23. /T vsT plot for the three M@ UIG1 species.

Direct current magnetic susceptibility measurements were carried out for
Co@NUIG1, Ni@NUIG1 and Cu@UIGL1 in the 2300 K temperature range. A
closerinspection in Figure.23 revealsthat the presence of the metal ions into the
NUIGL1 pores affects the magnetic properties of the MOF with the obse Veglue
depending on the kind and the amount of the entdaiesl metal ion; this is a very
desirable property for the magnetic sensing of environmentally hazardous species. The
values of themT products at room temperature indicate that the %M w/w uptake is in
good agreement with the values derived from theipus\characterization techniques:

0.6 cm'mol*K for Ni with ag=2.30; 0.25 crdmol?*K for Cu, with ag=2; 2.3 for C4

which is slightly higher than the expected value taking into account the anisotropy of
the Cd ion (g=2.45). ThemT value remains esstially stable until low temperature
indicating weak interactions between the metal ions. There is an increasesdtdhe
lower temperatures which can be attributed to a ferromagnetic coupling between the
cations. The decay of the curve at very lowpgenatures for the Cu and Ni cations can

be attributed to intramolecular interactions, whereas in the case of the Co analogue this
is due to the presence of axial zero field splitting. The ferromagnetic response of the
three complexes evidences that theéoret are not isolated inside the pores, forming
polynuclear aggregates that according the low temperature data should be of
medium/low nuclearity. Looking at the static magnetic properties of Qd@G1

and Ni@\UIG1, we decided to investigate the dynamiagnetic properties and the
slow relaxation of the magnetization potential. Both aggregates present cledr out

phase peakd-{gure2.24), which are observed at relatively high temperature for the
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Ni case. In both cases, there are frequency depemg@réignals in absence of an
external dc external field, which indicates an SMM behaviour for the complexes.
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Figure 2.24: Representation of the for Co@NUIG1 (left), and Ni@NUIGL1 (right) under O dc
applied magnetic field.

2.4.7Computational studies

The BET surface area fdlUIG1 was calculated by simulating the &tisorption; the
N2 uptake isotherm was calculated at R7(Figure 2.25, top) andthe data were
analysed as previously reported in the literafdr&€he pressure limit, where the
Nitrogen monolayer is formed, was determined by the MP(V = Volumetric

uptake)vsP graph.
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Figure 2.25: N, Volumetric uptake isotherm at 77 K for the calculation of the BET surface are
NUIG1 (top), and plot of the selected linear region that that satisfies the consistency critel
(bottom)?*®
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The channellike nature of the pores can be seen by thdimtdps in thedsorption
isotherm. After defining the pressure limit, the BET surface areaNoiG1 was
calculated from the slope of the diagram in Figure 26, bottom, and was found to be
1040 nt/g. The void volume foNUIG1 was also determined by usitigehelium void
volume methotf and was found to be 44%, resulting to a gravimetric pore volume of
0.45 cni/g. This is in perfect agreement with the solvent accessible area as calculated
by PLATON.

NUIG1 was also tested for its ability to adsorb nitric oxide. Nitric oxide is known for
its theaapeutic properties, including among others its relaxing effect on smooth muscle
dilating blood vessels, especially in the lungs, while recent reports show that NO might
play an important role in the treatment of COVIB?*° as such, the development of
materials that can adsorb and deliver NO to the cells in a controlled way is very

important.
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Figure 2.26:. Gravimetric @) and volumetric (puptake isotherms for NO at 121 K
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The isotherm Figure 2.26, bottom)was from GCMC simulations at 121 K and for
pressures up tooPTo the best of our best knowledge, there are no similar studies at
121 K In literature. In contrast there are some studies at room temperature. For this
reason ad for the sake of comparison of our results with results from similar studies
we also performed similar simulations at 298 K. The gravimetric uptake is presented
in Figure2.26, top; thegravimetric uptake is 1.3 mmol/gr and 6 mmol/g at 1 and 10
bar, respetively. These values are significantly higher than the corresponding values
of ca 0.5 mmol/g and 3.6 mmol/g for the top performing matetialghich were
studied at the same temperature. This védu¢he top performing materfiP at 1 bar

is ca 1 mokg but this study was at 313 K. Figuee27 showsthe isosteric heat of
adsorption for NO as taken from the simulations at 298 K. At low loading this value
is ca 20 kJ/mol. This value is also very high showing the strong interaction between
fluid moleculss and MOF framework and is consistent with the high adsorption
capacity of the material. This is also consistent with the fact that this value is
considerably higher than the largest values taken from the top performing materials of

the two studies referdeearlier which are 10 and 20 kJ/mol, respectively.
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Figure 2.27: Isosteric heat of adsorption of NO at the MOF of this study at 298 K

Similar Monte Carlo simulations were conducted for ibuprofen to find the maximum
uptake by the MOF. The simulations were done at various fugacity values, instead of
pressure sincé is not possible to apply the equation of state for ibuprofen. The
calculdgions were performed considering that there is an almost proportional

dependence of the adsorbed amount of drug on the gravimetric pore volume of the
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material>! Literature datavere used in ordep producethis linear dependence of the
uptake on the poreolume (Figure2.28).52
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Figure 2.28 Maximum loading capacity of ibuprofen at different Méiesas a function opore
volume of the MOF.

According to this, the maximum calculated gravimetric loading is 230 mg drug / g
NUIG1, which is significantly lower than the maximum drug uptakat thas been
experimentally determined. There are several possible explanations for this including

the fact that the breathing property is not considered in the theoretical model, as well

as to possible structural distortions that the MOF undergoes daginvgtion,e.qg.it

is likely that not only the solvents that occupy the pores of the MOF are removed, but
also the terminally ligated solvents, which will result in a considerable expansion of
the MOFG6s pores, and hence Andhsr pabsibieg upt
reason is that a percentage of the amount of the drug is likely adsorbed by the external

surface of the MOF and does not enter into its pores.

2.4.8Conclusions

The discovery of new materials with improved performance in environmental and
biomalical applications, including drug delivery, and adsorption and removal of
hazardous species from aqueous systems is very important. Mixed metal MOFs,
although display desirable features for these applications, they have not been
systematically investigateso far.NUIG1 is a new addition to the relatively small
family of mixedmetal MOFs, being a rare example of such a species whose structure
Is based on rod SBUSs. It is ntoxic and displays a new network topologiJIG1

exhibits an outstanding performa&nan Ibu and NO adsorption capacity. The
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mechanism of adsorption was studied in detail by sihte NMR, which revealed
that the dominant mechanism is physisorption. FurthermdtdG1l possesses a
considerable metal uptake capacity for Co, Ni and Cummagnetic susceptibility
studies revealed that the magnetic properties of theNM@1 species change
significantly according to the kind and the amount of the encapsulated metal ion.

This work establishes the mix@detal MOFs as excellent candidates in imgaot
biomedical and environmental applications. It also reveals that magnetism can be a
powerful technique for the detection of environmentally hazardous chemicals, and this
can be useful especially for species that do not affect the photoluminescerertigso

or the colour of a compound, hence they cannot be detected by the commonly used
sensors. Further work is currently in progress towards this direction and will be
reported in due course. The isolation of analogu®d 1 with paramagnetic metal

ions instead of Zn is also of special interest in order to investigate the impact on the

adsorption capacity and the magnetisased sensing properties.
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2.5 Appendix

Table2. 2: Crystallographic data foNUIG1

NUIG1
Formula GssH2NNaQ1Zn
Mw 696.87
Crystal System Monolinic
Space group C2/c
al A 17.1793(16)
b/ A 21.2560(13)
d A 24.5546(16)
i/ 106.191(8)
VIA3 8610.8(12)
z 8
T K 298(2)
< A 0.71073
DJg cm® 1.075
>(Mo Ka)/mn? 0.627
Reflections collected 16960
Independent reflections 7571
R? 0.0882
WRP 0.1093
Goodness of fit or? 1.044
n YFHEkYRykS 2.707/-0.901

Table2.3: Extractedexperimental shift and quadrupolar interaction parameters@® p - ¢Ao,

with Cq being the quadrupolar coupling addhe asymmetry parametef)q range was determined
considering the asymmetry parameteraries between 0 and 1.

4 iso Py [MHZ] G[MHz]
MOFNal 0+/-1 2.4+/-0.2 2.1-2.4
MOF Na 2 3+/-2 3.6+/-0.2 3.1-3.6
MOF+ibu Na 1 -1+/-3 2.7+/-0.4 2.42.7
MOF+ibu Na 2 2+/-1 3.6+/-0.1 3.1-3.6
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Table2.4: Fitting parameters of the metal adsorption data to the psesedond order kinetic model.

Co* 74.07 0.6075 0.9887
cuw* 52.63 0.7220 0.9880
Ni* 20.283 2.2124 0.9796
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Figure 2.29: The IR spectra foNUIG1
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Figure 2.30: The IR spectra showing the encapsulation of Ibuprofen. Colour ¢tdE51 (red),
Ibu@NUIG1(green) andbu (blue).
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Figure 2.31:

Figure 2.31: UV Vis data showing the uptake and amount of Ibu after 144 hours (top) Table s
the absorbance for eadtiUIG1: Ibu ratio (bottom).
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Chapter 3

Expanding the NUIG MOF Family: synthesis
and characterization of new MOFs for selective
CO. adsorption, metal bn removal from
aqueous systems, and drug delivery applications
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3.1 Abstract

Metal organic frameworks (MOFs) hawtracted considerable attention in recent
years due to their use in a wide range of environmental, industrial and biomedical
applications. The employment of benzopheréne-dicarboxylic acid (bphdcH in

MOF chemistry provided access to the 3D mixed tane MOFs
[CoNa(bphdc}(DMF)2]n (NUIG2) and [Znk(bphdc}(DMF)2]n (NUIG3), and the

2D homometallic MOF [CgOH)(bphdcH}DMF)2(H20);] n ( OH) AlLDAMF). (
1 BMF is based on a dinuclear SBU and consists of interpenetrating networks with an
sgl topology. Dc magnetic susceptibility studies were carried out BMF and
revealed the presence of weahtiferromagneti@xchange interactions between the
metal centres. NUIG2 and NUIG3 are structural analogues of
[ZnNax(bphdc)(DMF)zJn  (NUIG1),2® which has shown an exceptionally high
encapsulation forbuprofen (Ibu), NO and metal ions. BotNUIG2 and NUIG3
display high metal ion (Coll, Nill, Cull) adsorption capacitpigparable to that of
NUIG1, with NUIG2 exhibiting good performance in lbu uptake (780 mg Ibu/g
NUIG2). Monte Carlo simulations were conductedNbIG1 in order to assess its
adsorption capacity for other guest molecudesl revealed that it possesses an
outstanding CQuptake at ambient pressure, which is larger than that of the previously
reported best functioning species (104 vs 100 cm3 (stp)/cm3). Furthehitde]l
exhibits high selectivity for C@over CH.

3.2 Introduction

Metal organidrameworks (MOFs) are a class of porous materials that have received
increasing attention in recent years. MOF structures consist of 2D or 3D networks, and
are based on metal ions or clusters (secondary building units, SBUS) linked through
organic linkers:? The variety of organic linkers, inorganic SBUs and their infinite
arrangements, in combination with the fitaming potential of their structural features

and physical properties, provide frameworks with a unique set of key attributes (high
stability, porosity and flexibility) and have allowed MOF research to expand into a
wide range of environmental, industrial and biomedical applicatfor@oncerning

their use in industrial applications, MOFs are suitable for gas adsorption and separation
applicatioms and, hence, they can address challenges related to thhen@fval in gas,

petroleum, chemical and allied industf€sin the same context, MOFs have the
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potential to provide an efficient solution to the detection and removal of toxic species
from industrial waste leaching into the aquatic systems, including dyes, heavy metals,
and pharmaceutical and personal care prodti¢éts.

In relation to their biomedical and pharmaceutical applications, MOFs have been
investigated as drug carriers having theigbib encapsulate and stabilize the active
pharmaceutical ingredients (APIs), and provide a controlled release of the drug by
either diffusion or hydrolysis of the framewd!® They often exhibit high drug
upload capacity, biocompatibility, thermal Isilétly, inexpensive and rapid scalg
synthesis, and thus can address major challenges related to the poor API stability
and/or solubility, burst effect and toxicity. Many MOFs with suitable drug adsorption
and release properties have now been reportild, representative examples being
members of the MIL family, BidMOFs, CDMOFs, UIOMOFs, ZIFMOFs, Zr
MOFs, etc 01416

The MOF properties and their selectivity towards specific guest molecules are affected
by the choice of the organic linkers'®and the features of the SBUs that are present

in their structure. Restricting further discussion to the latter, it has been shown that the
i ncrease of the metal nuclearity is possi
area®®?® while the nature ofthe metal ion(s) introduces different properties
(magnetism, photoluminescence, etc) into the framework, which impacts the sensing
capacity of the MOF?! Furthermore, the presence of an heterometal in the MOF
structure has the potential to increaseatsustness introducing desirable thermal and
water stability into the framewotk The synergistic effect between the different metal
ions enhances the MOF features and functionalities, including among others, the
breathing effect, catalytic activitgtc?? A representative such example is the MOF
[Zn(bdc)(dabcays) (bdc =  1,4benzenedicarboxylate, dabco = -1,4
diazabicyclo[2.2.2]octane), in which the replacement of 5% of the Zn atoms by Cu
([Zno.oxCwo.05bdc)(dabcays]), resulted in theenhancement of the sNadsorption
capacity of the parent MOE® Similarly, the catalytic activity of the mixed metal
MOFs can be higher than that of analogous homometallic MORS. -100(Fe,Ni)
exhibited enhanced activity as catalyst for the Lewis-adialysedcondensation of-b
pinene and formaldehyde than MLIOO(Fe) due to the generation of defects in the

structuré®. The addition of a second metal to a framework can be achieved by several
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synthetic approaches such as, metal insertion, one pot sgntiwbgre both metal
precursors are added, or through post synthetic modifications. Mixed metal MOFs,
although they display desirable features, have not been deeply investigatecdto date.

O

oM Tl o

OH OH

Figure 3.1: A schematic representation of benzopherbne 4dliéarboxylic acid (bphdch).

With the above in mind, we have initiated the investigation of the synthesis of new
mixed metal MOFs by the employment of benzopherbnediagatboxylic acid as the
organic ligand Figure 3.).2° The preliminary results include the synthesis and
characterization of the Zn/Na MOF [Man(bphdc)(DMF)2]n (NUIG1); NUIGL1 is
based on a ZnNd.D rod SBU and displays a new network topology. It is-tuic

and exhibits an outstanding performance in lbu (2600mg INWE1) and NO (6
mmol/g NUIG1 at 10 bar) adsorptioft. Furthermore, NUIG1 displays good
performance in the adsorption of metalsosuch as Co, Ni and Cu, from aqueous
environments with the magnetic properties of the M@G1 species depending on

the kind and the amount of the encapsulated metal ion present into the MOF pores;
hence, it establishes magnetism as a powerful techniquethéo sensing of

environmentally toxic speciés.

Herein, we report on the G@ptake performance ™MUIG1, along with its selective

CO;, capture from a binary GHCO,. mixture. The volumetric C®Oadsorption by
NUIG1 is higher than that of known top perfing species. Furthermore, two
structural analogues, namely [Collahdcy(DMF)z]n (NUIG2) and
[ZnK2(bphdc(DMF)2]n (NUIG3), have been synthesized and characterized, and their
Ibu and metal adsorption properties have been studied. The synthesis, atructur
characterization and magnetism properties of the new 2D MOF
[Coz(OH)(bphdcHY(DMF)2(H20)%] n ( OH) A DNAMF) are( also discussed.

1 BMF comprises interpenetrating layers and displayscausimodal net of sql

topology.
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3.3 Experimental

All manipulations were performed under aerobic conditions using materials as

received.

3.3.1Synthesis of [CoNgbphdcy(DMF)2]n (NUIG2)

1M NaOH (0.1 ml) and Co(N»A 6.8 (0.01 g, 0.034 mmol) were added to a
solution of bphdck (0.035g, 0.13 mmol) in DMF/EtOH10/8 ml) and left under
magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven
at 100°C for 24 hours, after which time pink polycrystalline powdddWfG2 was
observed. Yield: ~65%. Anal. Calcd (Found) fdIG2: C, 54.90 §5.17); H, 3.84
(3.59); N, 3.56 (3.68) %. Selected IR data (KBr,3nB8437(b), 2928(b), 1655(s),
1614(m), 1558(w), 1498(w), 1438(w), 1361(m), 1298(w), 1256(m), 1127(w), 1094(s),
1063(w), 1016(w), 933(m), 880(m), 833(s), 811(w), 786(w), 734(s), 705(4[nH6

3.3.2Synthesis of [ZnK(bphdcy(DMF) 2]n (NUIG3)

1M KOH (0.25 ml) and Zn(CkCOy) A 2,6 (0.015 g, 0.068 mmol) were added to a
solution of bphdcH (0.035g, 0.13 mmol) in DMF/EtOH (10/8 ml) and left under
magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven
at 100°C for 24 hours, after which time colourless need|® 63 were observed.
Yield: ~65%. Anal. Calcd (Rand) forNUIG3: C, 52.33 (52.84); H, 3.66 (3.92); N,
3.39 (3.62) %.Selected IR data (KBr, ciy. 3437(b), 2928(b), 1655(s), 1614(m),
1558(w), 1498(w), 1438(w), 1361(m), 1298(w), 1256(m), 1127(w), 1094(s), 1063(w),
1016(w), 933(m), 880(m), 833(s), 811(WB6(w), 734(s), 705(w), 661(m).

3.3.3Synthesis 0fCox(OH)(bphdcHY(DMF)2(H20)]o( OH) ADMF
( 1ADMF)

Co(CHCO2)2A 4,8 (0.015 g, 0.06 mmol) were added to a solution of bphdcH
(0.025¢g, 0.092 mmol) in DMF/EtOH (10/8 ml) and left under magnetic stirring for 5
min at room temperature. Then, the vial was placed in the oven at 100°C for 24 hours,
after which time purple polyhedral crystals bfA D Miere observed. The crystals
were lept in mother liquor for Xay analysis or collected by filtration for other selid
state studies. Yield: ~80%. Anal. Calcd (Found)lfoh D ME 49.54 (49.93): H, 4.80
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(5.07); N, 4.44 (4.70) %Selected IR data (KBr, ch): 3341w, 1657s, 1588s, 1555m,
13855, 1385b, 1273s, 1100s, 1017s, 731m

3.3.4Physical Studies

Elemental analyses (C, H, N) were performed by tHeoinse facilities of the National
University of Ireland Galway, School of Chemistry. IR spectra (#4800 cm?) were
recorded using a Perkin EImerPA® FTIR spectrometer with samples prepared as
KBr pellets. Powder Xay diffraction data (XRPD) were collected using an Inex
Equinox 6000 diffractometer. Solstate, variabldemperature and variabfeeld
magnetic data were collected on a powdered samping an MPMS5 Quantum
Design magnetometer operating at 0.03 T in the 300 to 2.0 K range for the magnetic
susceptibility and at 2.0 K in the 0 to 5 T range for the magnetization measurements.
Diamagnetic corrections were applied to the observed suscdptibt i es usi ng
constants. TGA experiments were performed on a STA625 thermal analyser from
Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept constant
at 10 °C/min, and all runs were carried out between 20 and 600 °C. Thereraants

were made in open aluminium crucibles, nitrogen was purged in ambient mode, and

calibration was performed using an indium standard.

3.3.5X-ray Crystallography

Crystallographic data fatA DMF wer e c ol | éifftactiah SuperNosan OXx f ¢
A diffractometer using Gka r adi ati on ( & = adsord@iehl 84
corrections (multiscan based on symmeirgiated measurements) were applied using
CrysAlis RED softwaré® The structures were solved by direct methods using
SIR92%"2and refined on FRsing fulkmatrix least squares using SHELR014/72'¢

The nonH atoms were treated anisotropically, whereas the hydrogen atoms were
placed in calculated, ideal positions and refined as riding on their respective carbon
atoms. Molecular graphics were puogéd with DIAMOND. The program
SQUEEZE?® a part of the PLATON package of crystallographic software, was used

to remove contribution of the highly disordered DMF molecules f D Mit cell

data and structure refinement details lested in Table3.2, Appendix The CIF file

can be obtained free of charge at www.ccdc.camac.uk/retrieving.html or from the
Cambridge Crystallographic Data Centre, Cambridge, UK with the REF code
2061983.
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Crystallographic data foNUIG3 were collected in an Oxford Diffractiodcalibur

CCD diffractometer using graphiteo noc hr omati ¢ Mo Ka r adi at
at room temperature. However, no meaningful conclusions could be drawn from the
single crystal data due to excessive disorder in the lattice and as such a reliable uni

cell could not be obtainetlUIG2 forms small crystals that diffract poorly; although

many experiments were performed to grow better quality crystals, this was not
feasible. The crystal structures NUUIG2 and NUIG3 were characterized by pxrd
studies.Figures3.17, appendix,show that the experimental pxrd patterns for both

MOFs match closely with the theoretical one expected for these structures, confirming
their structural similarities withNUIG1.

3.3.6 Drug adsorption and release experiments

The Ibu adsorjon capacity ofNUIG2 and NUIG3 was investigated as described
below: drug (0.23 g, 0.70 mmol) was added to a glass vial containing EtOH (10 mL)
and stirred until all solid is dissolved. Solid MOF (0.05 g, 0.06 mmol) wasaitheed,

and the mixture was lestirring at room temperature. For the kinetic study, small
volumes of aliquots were taken at designated time intervals, centrifuged, and the drug
content in the supernatant solution was determined by spectroscopiviglJV
techniques. For the thermodynanstudy, the same procedure was repeated with
varying MOF: Ibu ratios; the mixture was stirred for 48 hours, filtered, and the filtrate
was analysed for its Ibu content. The drug release properties were studi€dl snid

the amount of the released dnugs determined by UWis.

3.3.7Metal adsorption kinetic and thermodynamic studies

The metal adsorption capacityMUIG2 andNUIG3 was investigated using the same
method to the drug adsorption: the hydrated acetate salt of a metisllUt&Z: 0.02

g, 0.08mmol for C&* and Nf*; 0.02 g, 0.1 mmol for Cti. NUIG3: 0.1 g, 0.4 mmol

for Co**and Nf*, and 0.05 g, 0.2 mmol for €Y) was added to a glass vial containing
solvent (10 mL, for C& and Nf*; 20 ml, for Cd") and stirred until all solid is
dissolved. 8lid MOF was thenadded,and the mixture was left stirring at room
temperature. For the kinetic study, the sample was centrifuged at designated time
intervals, and the metal content in the supernatant was determined by spectroscopic
(UV-vis) techniques anlbdy using an Elan DR& Inductively Coupled Plasmilass

Spectrometry, ICRBMS, [PerkinElmer, USA] in standard mode in a class 1000 clean
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room (ISO 6). For the thermodynamic study, the same procedure was repeated with
varying MOF: metal ratios; the mixtureas stirred for 30 minutes, filtered, and the
filtrate was analysed for its metal content.

3.3.8Computational studies

In order to explore the ability diUIG1 to adsorb Chand CQ, Grand Canonical
ensemble Monte Carlo simulations were conducted. Accordingete tsimulations,
the chemical potenti al (g), the vol ume
kept constant, whereas the number of particles of the system, N, could fluctuate.
During the simulations trial moves are attempted: particle insentideletion, particle
translation and particle rotation with each trial move having the same probability of
selection?®

The chemical potential for GHand CQ was determined by using the PeRgbinson
equation of staf® with the appropriate physical coastsi.e., critical pressure, Pc,
critical temperature, Tc, and acentric factor. The temperature was set to 298 K. The
Lennard Jones potential was used to describe the Van der Waals interactions between
framework atoms and guest molecules. Parameteroiséhd various atoms were
taken from the Dreiding force fieftwhereas the LorerdBerthelot mixing rules were

used for cross parameters. The minimum image convention was used, placing the atom
under examination at a centre of a sphere having radius teqiie potential cut off
distance,.e., 12.8 A. Interactions of the atom under examination with atoms lying
outside this sphere were not taken into consideration. The potential beyond this
distance was truncated and no tail corrections were used. A &lpef 2x2x2 unit

cells was used for the simulations to ensure that each direction, X, y and z is at least
twice the cut off distance. Together with Lennard Jones for the Van der Waals
interactions, the Coulomb potential was considered for describengléttrostatic
interactions between the framework and fluid atoms. Point charges for the atoms of
the framework were calculated using the Gaussian 03 software package and applying
the cluster method applied: An appropriate part of the frameworkuwtzd this part

was first geometrically optimized applying Density Functional Theory at the B3LYP
level 32 The charges of the atoms for the optimized part were then calculated using the
CHELPG method?
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CHa: Methane was modelled as a single centre mdeténnard Jones parameters
were set to be U=158.5 K and G=3.72 .

moment;hence Coulomb interactions were not used for this model.

3.4 Results and Discussion
3.4.1Synthesis

Various reactions with differing reagent ratios, metal sources, solvents and other
reaction conditions have been systematically explored towards the isolalbh®1

structural analoguésand other new MOF$§UIG2 andNUIG3 were synthesized by

slightly modifying the synthetic process that led MUIG1; in particular, the

repl acement of Zn( CNUIGC)y Co(NQRIH6 HD  upsreav if doe
access to [CoNéphdcy(DMF)2Jn (NUIG2), whereas the use of KOH instead of

NaOH (in NUIG1) yielded [ZnKx(bphd)(DMF)2]n (NUIG3) in good yield. The
stoichiometric equations of the reactions that led to the formatiddUséG2 and

NUIGS3 are presented in Bg. (1) and (2).

Co(NO3),.6H,0 + bphdcH, +4NaOH +2DMF  _ EIOHDME 0 0 bphde),(DMF),], +2NaNO; +6H,0 (1)
NUIG2

2 EtOH/DMF

n(CH;C0O;).2H,0 + bphdcH, +4KOH +2DMF __ =~ """ _  [ZnK,(bphdc),(DMF),], + 2CH3CO,K + 6H,0 2)
NUIG3

The reaction ofCo(CHCOy) A 4,8 and bphdcklin a 1 : 1.5 molar ratio in
Et OH/ DMF (1:1.25) at 100 C -fikeaystdsbftheour s |
2D MOF, [Ca(OH)(bphdcHYDMF)2(H20)] n ( OH) ADMMF) ( Eq. (3) .

2C0o(CH3CO,).4H,0 + 2bphdcH, + 3DMF _ E1OH/DMF > [Co,(OH)(bphdch),(DMF),(H,0),],(OH)DMF + 4CH3CO,H +4H,0  (3)

1.DMF
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It is noteavorthy that the nature of the solvent affects the crystallinity of the product;
for example, reactions in DMF yielded microcrystalline powder in all cases (IR
evidence), whereas the solvent mixture DMF/EtOH produced single crystals.
Similarly, the sourcefoNa" ions in the synthesis dUIG2 does not play a crucial

role in the identity of the product, but it affects its crystallinity and the yield of the
reaction. The employment of significantly different molar ratios resulted in amorphous

precipitates thatould not be further characterized.

The IR spectra oNUIG2 and NUIG3 are shown inFigure 3.2 respectively, in
comparison with the IR spectrum BUIG1. The NUIG MOFs exhibit identical IR
spectra with several bands appearing in the 16550 cml region, which are
attributed to contributions from the carboxylate vas(CO2) and vs(CO2) modes;
however, the overlap with the stretching vibrations of the aromatic ring and the

carbonyl group renders further assignment difficult.

—— NUIG 1
—— NUIG2

T T L NUIG3

‘”"l"r"H[W“'”{W"'

Wavelength em’

Figure 3.2: IR spectra oNUIG1, NUIG2 and NUIG3 indicating that the analogues are
isostructuralto NUIG1.
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3.4.2Description of Structures

1 BMF crystallizes in the orthorhombic space group Cmca. Its structure consists of a
two-dimension& network based on a [G®H)(bphdcH)}(DMF)2(H20),] repeating

unit (Figure 3.3), latticeof DMF molecules and Ottounterions.

Figure 3.3: Representations of the repeating uteftf and a part othe 2D networkr{ght) in
1 BMF along the b axisColour code: N, dark blue; Co, purpl@, red; C, grey. The hydroge
atoms and the lattice solvents are omitted for clarity.

The two metal centres are held together through two bridging carboxylate groups, that
are coming from two different bphdchgands, and one-OH ion. The bphdcHions

adopt theg:d::d:e 3 coordination mode and link the neighbouring SBUSs, resulting in
the formation of the 2D network. Selected interatomic distances and anglésBoM F

are listedn Table3.3, Appendix

The Cd atoms in1A D M Rre six-coordinate with an octahedral geometry. The
coordination sphere of Col is completed by two terminal carboxylate groups coming
from two bphdcHligands from two neighbouring SBUs, and ongOHmolecule,
whereas the coordination sphere of Co2 is complbtetvo DMF and one kD
molecule. The metal oxidation state and the protonation level of the ligands were
established through charge considerations and-balethce sum calculations, BVS
(Col, 2.00; Co2, 2.01; 02, 1.1%)The lattice (O10) and terminal (Q O3) HO
molecules, and the-OH ion (0O2) form hydrogen bonds with neighbouring
carboxylate groups (04, O6, O7, acceptors); thelacation of the H atoms of the

H2>0O molecules precludes a detailed description of the hydrogen bonding interactions.
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Employing a standard representation of the crystal structurbdd M Ehe metal

atoms remain intact, while ligands are represented by their centers of mass, keeping
the connectivity with the neighboring SBEfsthis gives rise to the formation of a
3,3,5¢ 3nodal net 0f3,3,5L19topological typen which the Co ions correspond to

the 3¢ and 5¢ nodes, and the bphdmands correspond to the othec 3iode of the

net Figure 3.4, top).Alternatively, the determination of the topology figk D Mdan

be perforned considering a cluster simplification, which results incauhimodalnet

of sql topological type Figure 3.5’

Figure 3.4: Underlying net in standard representation (top) and the representation of tHelt
parallel interpenetration of the layers (bottom)iiA D MF .

1A D M Eomprises interpenetrating layers lying in the (0,1,0) pldfigu(e 3.4,
bottom) interpenetration happens when more than one networks are catenated with
each other, and often results in the increase of the surface area and decrease of the pore
diameterof the MOF3® The interpenetration provides stability to the framework and
plays a crucial role in its functional improvemeti. D Mielongs to the family of 2D
>3D IMOFs, where IMOFs = interpenetrated MGEShe solverdaccessible volume
of 1A D M Ealcuhted by PLATON (excluding all solvents from the pores), is 2600.3
A% and corresponds to the 27.5% of the 1oeil volume (9471.8 A.
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Figure 3.5: Representation of thegl topological type irlA D M |

NUIG2 andNUIG3 are structural analogues NJIG12° with their main difference
being: 1) the replacement of Zn {JIG1) by Co (inNUIG2), and 2) the replacement
of Na (inNUIG1) by K (inNUIG3). A representation of the rod 8Bthemixed metal
repeating unit, and the 3D frameworkNiJIG2 andNUIG3 are showrin Figure 3.6.

‘8‘ Aow ‘8‘ Mt:s z 2
’.: aav’ 30 e I! |!§ ‘«
4” b“ rﬁ.’*\ h 4, 1i 5;4 i‘
‘l-’:‘3\4234'3:'5"*-’3":’\?533:'- ¥
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uh > S T ,«». '3‘ .«»} > 4
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A.’f\ t*‘ .’ﬁ s 4, rﬁ.’*‘ b;‘ AR

'&‘ rﬁ"ﬁ S

Figure 3.6: Representation of the 1D zmpg Co/Na and Zn/K SBUs (top)NJIG2 andNUIG3,
respectively, antheir 3d structure (bottom) alongaxis. Color code: Zn/Co, purple; Na/K, blue;
red; C, grey.
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NUIG2 andNUIG3 consist of Co/Na and Zn/K rod SBUs, basedCaiNa and Znk
repeating units, respectively. The metal centres in the repeating units are held together
throughbphd&ligands that adopt two different coordination mod@si®:d:¢*:es and
dt:dt:o:d%e4. The bphd€ ligands bridge theneighboringunits, resulting in the
formation of the 3D framework. The framework topology infélG family can be
described as a 4,4,45,6& network, with point symbol
{42.8%.104{42.812{44.6°}2{4*.6°.8°}2{486°.8}, which is novel to NOF
chemistry?>**NUIG2 was further characterized by EDX studi€s, Na, C and O are
detected in thesample (Figre 3.7), providing confirmation of the presence of two
different metal ions in the structure of tN&JIG MOFs.NUIG2 andNUIG3 are the
first Co/Na and Zn/K MOFs containing tle@hdé ligand being also the first Co/Na,
Zn/K MOFs based on a rod SBU.

Spectiun

10 " 2 13 14

———

0 3 4 s
ul Sesle 4258 cte Cursor: 15.491 (3 ete)

Figure 3.7: EDX spectrum foNUIG2.

3.4.3Magnetism studies

The Cd., SBUs inIADMF are wel l i s ol algamds arld yhust he | :
they can treat as magnetically isolated dimers. Dc magnetic susceptibility
measurements were carried out on powdered and pressed samfleB bfF i1 t he
300 K temperature range and under a field of 0.03 T and plotglas T (Figure

3.9). TheawT at room temperature is 3.82 &ni-mol?, in excellentagreement with

the spin only value for two isolated €aons (3.75 cr+ K-mol?, S=3/2, g=2);

however, thg value could vary depending on the studied systéfheeuT decreases
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slightly until 24 K, where it starts to decrease sharply, reaching the value of 237 cm
K molt at 2 K. The decrease aT curve in the 30@5 K temperature range
corresponds to theonventional Zerd-ield-splitting of the C4 cations whereas the
fast low temperature decay is indicative of a very weak antiferromagnetic interaction

between the two Clocations.

The antiferromagnetic interaction between the spin carriers is alsoredfin the
magnetizationcurve (Figire 3.8, inset),in which the magnetic field overcome the
super exchangateraction even at low fields. At low temperature/' Cations can be
considered to havé&=1/2 (effective spin approximation, which implies a éug
separation between the low lying Kramers douhlefi(2) and the excited states), so
at very low temperatures the curve should arrive d&if Spin Orbit Coupling is
negligible. The magnetization value at 5 T indicates thagtrelue for the Cbions

is as usual much larger than 2.0, resulting in a qualitative valug 8f5

approximately.
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Figure 3.8: Representation dheeyT as a function of T for complexDMF. Inset: magnetization
curve measured at 2 K.

3.4.4Metal encapsulation studies

The outstanding performance in guest molecule absorbamtgIGfl prompted us to
study the metal adsorption potential of bbiIG2 andNUIG3. NUIG2 is not stable
in H20, hence would be unsuitable for the removal of metal ions from aqueous

systems; its mat adsorption properties were studied as a means of comparison with
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the metal uptake capacity BlUIG1 andNUIG3. The metal encapsulation studies
were carried out by soaking activated MOF in solutions of*CGU** and NF?,
respectively. While distilled ater was used falUIG3, this was not feasible in the
case ofNUIG2 due to its lack of stability in aqueous solutions; hence, the metal
adsorption studies faUIG2 were carried out in DMANUIG2 absorbed C6 and
C¥*within 10 minutes. Due to the MOF6s
metal could not be determined by colour changelG3 however, immediately,
underwent acolour change from white NUIG3) to purple (Co@UIG3), blue
(Cu@NUIG3), or green (Ni@IUIG3), with the colour change being directly related
to the adsorbed metal; this property can be used for the‘egkedietection of a range

of metal ions.

The metal encapsulation was initially investigated for both MOFs by batch studies
using U\Lvis spectrosopy. NUIG2 exhibits a maximum loading capacity of 8% wt
Co** (equivalent to 130mg CGtig NUIG2), 18.8% wt C&" (equivalent to 232mg
Cu'/g NUIG2). The maximum encapsulation capacity obtainedNbiG3 was
12.4% wt Cé" (equivalent to 142mg CGt/g NUIG3), 15.4% wt C@" (equivalent to
182mg Cd" /g NUIG3), and 12.0% wt Ni (equivalent to 137mg Ki/g NUIG3). In

both case€u?* showed larger adsgiion amourts. This couldbe due to théact that

the metal cluster idinuclearprovidingmore Cé* ions.

oo
C Cu
’ E
& J— Co
o /ff’ ]
Time (min) Time {min)

Figure 3.9: Metal adsorption capacity (mg*versus time (min) plot fadUIG2 (left) andNUIG3
(right).

The metal adsorption by bolJIG analogues exhibits fast kinetics; there is a smooth
increase in the adsorption capacity over time for each metal, which after 10min
(NUIG2) or 15 min NUIG3) reaches a plateauFigure 3.9. There is no metal
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adsorption after this time. In order to get a better insight into the metal adsorption

mechanism, the experimental kinetic data were fitted to a theoretical fApdeljde

first order and pseudsecond ordekinetic models were used according to Equations

(4) and (5), respectively.

IN(ge-ct) = INGe-kat
0 P P .
- v —0
n Qn n

(4)

¢

wherek; andk are the rate constants for the psefidsi, and pseudsecond kinetic

models, respectively. A good fit was obtained for the psesadond kinetic model

(Figure 3.10, which is indicative of a chemisorption mechanism, in accordance with

the metal adsorgin mechanism falUIG1. The corresponding fitting parameters are

listed inTable3.1
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Figure 3.10: Simulation of the experimental data to the pseselcond order kinetic model for

04 045

Time (h)

015 0.2 0xs 03 035

Ni
Co
Cu

04 045
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NUIG2 (left) andNUIG3 (right); the solid lines represent the fitting of the data.

Table3.1: Fitting parameters of the metatisorption data to the pseudecond order kinetic model

Metal ion
NUIG2 Co*
Cuw*
NUIG3 Co*
Cw*

N+

Qe (Mg 9%)
130.2
232.6
142.1
181.8
1370
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k2 (mg gt h?) Re

2.95 0.9658
3.08 0.9960
3.36 0.9900
4.95 0.9942
1.78 0.9728
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Figure 3.11: Equilibrium data for the metal adsorption B§JIG2 and NUIG3; contact time: 15 mir

The metal adsorption equilibrium data are plotteBigure3.11 The best description
of the data is provideby the Langmuir mod&t (Figure 3.12), Eq. (6):

~

@ h

= | 81
J~|8-1

P
f 0

where g (mg/g) is the amount of metal ion per gram of MOF at the equilibrium
concentrationCe (ppm of metal ion remaining in solutiond, is the maximum
adsorption capacity diUIG2 andNUIG3, andK_ is the Langmuir constant related
to the free energy of the amption; the fitting parameters alisted in Table 34,

Appendix
— 1 Cu 'z' 120
-
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_9: 12 <
d 10 b g0
¢ . o Co
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20 - cu
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Figure 3.12: Fitting of the metal adsorption data to the Langmuir modeNOIG2 (left) and
NUIGS3 (right).

The metal adsorption capacityMUIG2 andNUIG3 was further investigated by ICP
studies. ICP studies found that the maximum % wt M content in théNMI@2/3
sanples is 6.0%Co (in Co@UIG2), 15.0%Cu (in Cu@UIG2) and 10.0%Co (in
Co@NUIG3), 13.2%Cu (in Cu@UIG3), 9.8%Ni (in Ni@NUIG3), and this is in

good agreement with the data obtained from UV analysis.
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3.4.5Drug adsorption and release studies

NUIG1 exhibits an excemnally high drug adsorption capacity (Ibu, NO), which
prompted us to investigate this potentialfiy1G2 andNUIG3. Ibuprofen (Ibu) was

chosen for comparison reasons. While there is no evidence of Ibu adsorption by
NUIG3, this not the case foNUIG2; the drug uptake foNUIG2 was initially
assessed by I R spectr os c-tlpvipratinsoftheGHh e ap p «
groups of the Ibu at 2800 and 2900-&nfrurthermore, it was observed an increase in

the intensity of the peaks at 1500, 1430 4040 cm!, coming from the COQroups

of the drug.

The Ibuadsorption capacity dlUIG2 increases as thiéu: NUIG 2 ratio increases
from 1:1 to 1:6 (Figre3.13, where it reaches its maximum capacity. The maximum
Ibu upload was determined by UXs (Figure 3.18, Appendijxand was found to be
equal to 780 mg Ibu/biUIG2.

S00
EOO
00
GO0

500

mg Ibu / g NUIG2

400

300

00

o 5000 10000 15000 20000 25000 30000 35000

C. (ppm)

Figure 3.13: Equilibrium data for the Ibu adsorption lNUIG2 (contact time: 48 hours). The soli
line is a guide to the eye.

There is a gradual increase in the Ibu uptake in the first 24 hours, during which most
of the drug (80% wt) is adsorbed; the encapsulation rate then decreases and reaches a
plateau after 3hoursapproximately (Figre 3.14. The drug release performance of
NUIG2 in aqueous solutions was also investigated. 50mg of the loadedNIbI(ER

was immersed in the solution and left under stirring. The drug release takes place very
fast due to the instdlly of the MOF in HO. Upon addition to D or PBS solution,

the framework breaks down and the drug is released immediately.
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Figure 3.14: Thelbu uptake kinetics dUIG2

3.4.6Computational studies

NUIG1 was tested for its ability to capture €&hd selectively uptake it from a binary
mixture containing Chlas well. Figire 3.15shows the adsorption isotherm of £83
calculated at 298 K and reveals that the performanbiJbG1 to adsorb CQ is very

high. In particular, it exhibits larger volumetric uptake than the best functional group
at ambient pressure of 1 bar (104 vs 100 (stp)/cn?), whereas in terms of
gravimetric uptake its performance is among the three top functiongdggrohis can

be explained considering the interaction strength between thar@@he framework.
Indeed, the plot of the isosteric heat of adsorptiof, & a function of the uptake
(Figure 3.19 indicates that initially there is a strong interacticgtvieen the first
adsorbed C&molecules and the framework €87 KJ/mol).

Gravimetric uptake [mmeol/g)

i 2

Pressure (bar)

3 3

Volumetric uptake (em®{stp)/em’)

2

1 15
Pressure (bar)

Figure 3.15: Gravimetric (topa) and volumetric (bottorh) uptake isotherms for Gt 298 K.
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As the uptake proceeds, the isosteric heat decreases, implying that the next adsorption
sites are of less interaction strength than the first occupied ones. Furthermore, the
interaction strength is larger than the corresponding in previously reportedlegamp
which explains the outstanding performanc®&ofiG1 in CO;, capture??

.""."'"-I'I-I# L TT1] -u-._‘. \
- - ! .

Smbectivity CO; ower CH,
4
ra
., [kfmal)
L]
&
.

0G0 Q001 e 0l 1 [ 1 1 15
Pressure |bar) Uptake [mmel/g)

Figure 3.16: Selectivity of C@over CH at 298 K as calculated for a binary mixture of £4hd CH,
with molar ratio CQ:CH,=1:8 (left). Isosteric heat of C@adsorption byNUIG1 at 298 K (right)

CQO; exists in nomegligible quantities in natural gas, hence its selective adsorption is
very important. To this end, GCMC simulations were conducted for a binary mixture
containing CQ and CH with mole ratio of CQCHs=1:8, which corresponds to an
average concertation of G@ natural gas mixture. The selectivity is calculated using
the formula™= ( Go/tx) / ( wb x) where x and y are the molar fractions of
component i in the adsorbed and bulk gas phases, respectively. The results of this
calculations are presented in FigN&jIG1 s significantly selective for Cfover CH;,

with the CQ selectivity being comparable with that ofrepiously reported
examplesZ*® NUIG1 possesses atoms of high partial charge making the interaction
with CO; more favourable than CHBoth molecules are negpolar, but CQ has high
guadrupole moment, whichi®t the case for Chlleading to strong intactions when

surrounded by atoms with high point charges.

3.5 Conclusions

NUIGL1 is a mixed metal Zn/Na MOF with exceptionally high Ibu and NO adsorption
capacity, that has been previously reported by our gfodprein, the gas adsorption
and separatioperformanceof NUIG1 has been reportettUIG1 displays a high C®
uptake, and significant GCselectivity from a C@CHs mixture. In particular, its

gravimetric CQ uptake is among the three top performing such spéties.
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Furthermore, two structural analoguedNafiG1, [NaCo(bphdc)(DMF)2]n (NUIG2)

and [KoZn(bphdc)(DMF)2]n (NUIG3), have been synthesized and characterized
a=long with the new MOF [G¢OH)(bphdcH) DMF)2(H20):]«(OH)A D MEA D M F
The latterbelongs to the family of 2B3D IMOFs and consists of interpenetrating
layers lying in the (0,1,0) plane. The exchange interactions between 'thienSdn

the SBU oflA D Mdfe weak antiferromagnetic.

Adsorption studies revealed that badttuIG2 and NUIG3 exhibit metal uptake of
similar magnitude to that dNUIG1, however their drug adsorption performance
differs; the Ibu adsorption dNUIG2 is significantly lower from that oNUIG1,
whereasNUIG3 posseses negligible drug adsorption potentighe ability of the
NUIG MOFs to adsorb different species could be partially attributed to the presence
of the free carbonyl groups in the framework. In particular, the carbonyl groups
provide available coordination sites for metal ions, while they have a strong affinity
for CO» due to its quadrupole moment. Furthermore, the presence of aromatic rings in
the framework has the potential to stabilise Ibu into the MOFs pores thmppgh
stacking interactions. It is worth to mention that the exceptional adsorption
performance oNUIG1 has been attributed to the enhanced breathing effect of its
framework. The presence of different metals in the MOFs SBU often impact their
breathing potential, and this can conceivably explain the divergent drug adsorption
capacity in theNUIG MOF family.

3.6 References

1. a) H-C. J. Zhou and S. Kitagaw@&hem. Soc. Rev2014,43, 5415; b) M. Eddaoudi, D.

B. Mol er , H. Li, B. Chen, T. Abt.Chéhe Rase k e, \Y
2001,34, 319; ¢) S. Yuan, L. Feng, K. Wang, J. Pang, M. Bosch,ol@r, Y. Sun,
J . Qi n, X. Yang, P. Zhang, Q. Wang, L. Z 0o

C. Zhou,Adv. Mater, 2018,37, 1704303.

2. a)A. Schneemann, V. Bon, |. Schwedler, |. Senkovska, S. Kaskel and A. R. Fiadrar,
Soc. Rey 201443, 6062.; b) H. Furukawa, K. E Cordova, M. O'Keeffe and O.M Yaghi,
Science2013,341, 1230444; c) Q. Wang and D. Astr@hem. Rev2020,120, 1438.

3. a)J. Lee, O. K. Farha, J. Roberts, K. A, Scheidt, S. T. Nguyen and J. T.Ghgup, Soc.
Rev.,2009,38, 1450; b) M. KurmooChem. Soc. Rex2009,38, 1353

141



4. a) N. L. Rosi, J. Eckert, M. Eddaoudi, D. T. Vodak, J. Kim, M. O'Keeffe and O. Yaghi,
Science 2003, 300, 1127; b) P. Horcajada, C. Serre, M. VaRagi, M. Sebban, F.
Taulelle and G. FéreyAngew. Chemie Int. Ed2006,45, 5974.

5. a) P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati, J. F. Eubank, D.
Heurtaux, P. Clayette, C. Kreuk;S. Chang, Y. K. Hwang, V. Marsaud;R. Bories, L.
Cynober, S. Gil, G. Ferey, P. Couvreur and R. Gtaf,Mater,2010,9, 172; b) P. Kumar,

A. Deep and kH. Kim, TrAC Trends Anal. Chen2015,73, 39.

6. a) K. Zhou, S. Chaemchuen and F. Verpdeenew Sust. Energ. Re017,79, 1414; b)
S. Chaembchuen, N. A. Kabir, K. Zhou and F. Verpd@inem. Soc. Re\2013,42, 9304.

7. a) L. F. Gomez, R. Zacharia, P. Bernard and R. Challindlanomater 2015, doi:
10.155/2015/439382; b) H. Li, K. Wang, Y. Sun,ICLollar and J. Li, HC. Zhou Mater.
Today 2018,21, 108.

8. a) R. Ricco, M. J. Styles and P. Falcaro,MetalOrganic Frameworks (MOFs) for
Environmental ApplicationsS. K Ghosh, Ed.; Elsevier, 2019; pp 8836; b) H. Molavi,
A. Hakimian, A. Shojaeand M. Raeiszade\ppl. Surf. Sci.2018,445,424.

9. a) P. A. Kobielska, A. J.Howarth, O. K. Farha and S. Nagalgrd. Chem. Rev2018,
358 92; b) K. Vellingiri, J. E. Szulejko, P. Kumar, E. E. Kwon,-K. Kim, A. Deep, D.
W. Boukhvalov and R. J. @rown, Sci. Rep.2016,6, 27813.

10.a) P. W. Seo, B. N. Bhadra, I. Ahmed, N. A. Khan and S. H. Ji&rigRep.2016,6,
34462; b) I. Ahmed and S. H. JhudgHazard. Mater.2016,301, 259.

11. L. Rani, J. Kaushal, A. L. Srivastav and P. Mahalamiron. Sci. Pollut. Res2020,27,
44771.

12.a) X. Huang and C. S. O. Brazdl, Control. Releas€001,73, 121; b) M. Witman, S.
Ling, A. Gladysiak, K. C. Stylianou, B. Smit, B. Slater and M. J. Hazgk, Phys. Chem.
C. Nanomater. Interface017,121, 1171.

13.a) M. Hoop, C. F. Walde, R. Ricco, F. Mushtaq, A. TerzopoulodZ. XChen, A. J.
deMello, C. J. Doonan, P. Falcaro, B. J. Nelson, J. Puiginaidiand S. Panéppl.
Mater. Today2018,11, 13;b) K. S. Park, Z. Ni, A. P. Cété, J. Y. Choi, R. Huang, F. J.
Uribe-R o mo , H. K. Chae, M. PracKNate Achce Scia200b, O. M.
103 10186.

14.a) C. He, K. Lu, D. Liu and W. Lin]. Am. Chem. Sqc2014,136, 5181; b) Y. Han, W.
Liu, J. Huang, S. Qiu, H. Zhong, D. Liu and J. LRharmaceutics2018,10, 271.

15.a) P. Horcajada, C. Serre, G. Maurin, N. A. Ramsahye, F. Balas, M. -Religf M.
Sebban, F. Taulelle and G. FéréyAm. Chem. Sqi2008,130 6774; b) A. C. McKinlay,
R. E. Morrs, P. Horcajada, G. Férey, R. Gref, P. Couvreur and C. $emgew. Chemie
Int. Ed.,2010,49, 6260.

142



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

a) I. A. Lazarov and R. S. Forga@pord. Chem. Rev2019,380 230; b) CY Sun, C.
Qin, X.-L. Wang, G-S. Yang, K:Z. Shao, Y-Q. Lan, Z:M. Su, P. Hang, C-G. Wang
and E-B. Wang,Dalton Trans, 2012,41, 6906.

a) M. J. Manos, E. E. Moushi, G. S. Papaefstathiou and A.Tasiopdtigst. Growth

Des, 2012,12(11) 5471; b) A. Kourtellaris, E. E. Moushi, |. Spanopoulos, C. Tampaxis,
G. Charalambopoulou, T. A. Steriotis, G. S. Papaefstathiou, P. N. Trikalitis and A. J.
Tasiopoulos|norg. Chem. Fronf 2016,3, 1527; ¢) E. E. Moushi, A. Kourtellaris, I.
SpanopoulosM. J. Manos, G. S. Papaefstathiou, P. N. Trikalitis and A. J. Tasiopoulos,
Cryst. Growth Des 2015,15, 185.

a)S. A. Sapchenko, D. N. Dybtsev, D. G. Damsonenko and V. P. Aéelim J. Chem
2010,34,2445;bH. Li, M. Eddaoudi ,aghiNatu@aaReiex f e
276; c)P. Horcajada, S. Surblé, C. Serre;YD.Hong, Y-K. Seo, JS. Chang, M.
Grenéche, I. Margiolaki and Féreghem. Commun2007, 2820.

a) . MylonasMargaritis, M. Winterlich, C. G. Efthymiou, T. Lazarides, P. McArdiel

C. PapatriantafyllopoulouPolyhedron,2018, 151, 360; b)I. MylonasMargaritis, A.
Gerard, K. Skordi, J. Mayans, A. Tasiopoulos, P. McArdle and C. Papatriantafyllopoulou,
Materials, 2020, 4084.

M. J. Kalmutzki, N. Hanikel and O. M. YaghiSci. Adv, 2018, 4, doi:
10.1126/sciadv.aat9180.

S. Abednatanzi, P. Gohari Derakhshandeh, H. DepauX, Eoudert, H. Vrielinck, P.
Van Der Voort and K. Leusshem. Soc. Rex2019,48, 2535.

a) Q-G. Zhai, X. Bu, C. Mao, X. Zhao and P. FedgAm. Chem. So2016, 138 (8),
2524; b) M. Y. Masoomi, A. Morsali, A. Dhakshinamoorthy and H. Gar8izgew.
Chemie Int. Ed2019,58, 15188.

O. Kozachuk, K. Khaletskaya, M. Halbherr, A. Bétard, M. Meilikhov, R.W. Seidel, B.
Jee, A. Poppl and R. A. Fisché&uyr. J. Inorg. Clem.,2012, 1688.

M.GiménezMarqués, A. SantiagPortillo, S. Navalon, M. Alvaro, V. Briois, F. Nouar,
H. Garcia and C. Serrd, Mater. Chem. A2019,7, 20285.

M. Winterlich, C. G. Efthymiou, W. Papawassiliou, J. P. Carvalho, A.J. Pell, J. Mayans,
A. Escuer, M. P. Carty, P. McArdle, E. Tylianakis, L. Morrison, G. Froudakis and C.
PapatriantafyllopoulouMater. Adv, 2020,1, 2248.

G. M. SheldrickActa Crystallogr., Sect.:Aound. Adv., 201571, 3. Oxford Diffraction
2008, CrysAlis CCD and CrysAlis REDrersion 1.171.32.15, Oxford Diffraction Ltd,
Abingdon, Oxford, England.

a)A. Altomare, G. Cascarano, C. Giaconazzo, A. Guatjlidd. C. Burla, G. Polidori and

M. Camalli, SIR92: a program for automatic solution of crystal structures by direct
methods.J. Appl. Crystallogr.,1994 27, 435; b) G. M. SheldrickSHELX1-2014/7,
Program for Refinement of Crystal Structures, UniversitGottingen, Germany, 2014.

143

and



28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45

. P. Van der Sluis and A. L. Spekcta Crystallogr., Sect. A: Found Crystallogi990,
A46, 194,

E. Tylianakis and G. E. Froudakik, Comput. Theor. Nanosc2009,6, 335.
D.-Y. Peng and D. B. Robinsomd. Eng. Chem. Furain.,1976,15, 59.
S. L. Mayo, B. D. Olafson and W. A. Goddadd Phys. Chem1990,94, 8897.

a) A. D. BeckePhys. Rev. A1988,38, 3098; b) A. D. Becke]. Chem. Phys1993,98,
5648.

C. M. Breneman and K. B. Wiberg, Comput. Chem1990,11, 361.
M. G. Martin, J. I. Siepmand, Phys. Chem.,B1998,102, 2569.

a) W. Liu and HH. Thorp,Inorg. Chem 199332, 4102; b) I. D Brown and D. Altermaitt,
Acta Crystallogr., Sect. B: Strucci, 1985, 244.

a) V. A. Blatov, A.P. Shevchenko and D. M. Prosergioyst. Growth Des 2014,14,
3576; b) M. O'Keeffe, M. A. Peskov, S. J. Ramsden and O. M. YAghi,Chem. Res
2008,41, 1782; c) E. V. Alexandrov, V. A. Blatov, A. V. Kochetkov dadM. Proserpio,
CrystEngComm2011,13, 3947.

a) B. Ugale and C. M. NagarajgSC Advance®016,6, 18854; b) M. N. Ahamad, M.
Shahid, M. Ashmad and F. Sand&;S Omega2019, 7738.

Y.-N. Gong, D:C. Zhong and FB.Lu, CrystEngComm2016,18, 2596.

a) V.Mishra, F. Lloret and R. Mukherjekmorg. Chim. Acta2006,359 4053; b) Y. Peng,
G. Li, J. Hua, Z. Shi and S. FergrystEngComm.2015,17, 3162; c) Y-C. He, N. Xu,
F.-H. Zhao, W-Q. Kan, H:R. Liu and J. You,lnorg. Chem. Commur2017,86, 78.

a)S. Lagergren, Zur Theorie der SogenanitdsorptionGeldster Stoffe; PA Norstedt &
Soner: Stockholm, Sweden, 1898; pp39; b) Y. S. Ho and G. Mckarocess Biochem
1999,34, 451; c) K:D. Zhang, FC. Tsai, N. Ma, Y. Xia, HL. Liu, X.-Q. Zhan, X:Y.
Yu, X.-Z. Zeng, T. Jiang, D. Shi and-@. Chang.Materials, 2017,10, 205.

a) . Langmuir,J. Am. Chem. So0cl915,38, 102; b) N. Ayawei, A. N. Ebelegi and D.
Wankasi,J. Chem, 2017, Article ID; 30398146.

M. G. Frysali, E. Klontzas, E. Tylianakis and G. E. FroudaWiscropor. Mesopor. Mat.
2016,227, 144.

R. S. Pillai, M. L. Pinto, J. Pires, M. Jorge and J. R. B. Gon#3S Appl. Mater.
Interfaces2015,7, 624.

A. Martin-Calvo, E. Garcidérez, J. Manui€astillo and S. CaleroRhys. Chem. Chem.
Phys.,2008,10, 7085.

. X. Peng, D. Cao and J. Zh&ep. Purif. Technol2009,68, 50.
144



46. X. Chu, S. Liu, S. Zhou, Y. Zhao and W. Xinglsorption,2016,22, 891.
47.Y. Lin, C. Kong, Q. Zhang and L. Chefadv. Enegy Mater.,2017,7, 1601296.

48. S. C. King, R.B Lin, H. Wang, H. D. Arman and B. Chbtgter. Chem. Front2017,1,
1514.

49.D. Lv, J. Chen, K. Yang, H. Wu, Y. Chen, C. Duan, Y. Wu, J. Xiao, H. Xi, Z. Li and Q.
Xia, Chem. Eng. J2019,375 122074.

145



3.

7 Appendix

Table3.2 :

Formula
Mw
Crystal System
Space group
al A
b/ A
c/ A
VIA®
Z
T/K
aA
Dd/g cmi®
£(Mo Ka)/mm™
Reflections collected
Independent reflections

Crystallographic data folA D MF

1IADMF
Cz6H28C0:N2016
862.46
orthorhombic
Cmca
26.2183(7)
23.5289(10)
15.3542(5)
9471.8(6)
8
100(2)
1.54184
1.210
6.019
11393

4693 [Rint = 0.0245]

R:? 0.0675

WR2? 0.0832

Goodness of fit onF? 1.078
@)} max/ mPn/ e | 0.822/0.569

*Ri= Bof-Fd )| Folf "WR. = [E[w(Fo® - Fc’)?] / EP)AI™

Co1l-02
Co1-03
Co1-04
Co1-06
02-Co1-03
02-Co1-04
02-Co1-06

Table3.3: Selected interatomic distances (A) and angledfob M F

2.119(4) Co2-01
2.125(4) C02-02
2.040(3) Co02-05
2.141(3) C02-09
177.50(15) 01-C02-02
93.34(11) 02-C02-05
90.53(11) 05-C02-09
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2.053(5)
2.070(4)
2.062(3)
2.109(4)
177.55(18)
91.13(12)
175.09(16)



Table3.4: Fitting parameters of the metal adsorption data to the Langmuir moddlWdG2 and

NUIG3.
Metal ion gs (mg g?) K. (10* L mol-?) R?
NUIG2 Co** 135.1 10.57 0.9804
cw* 173.5 3.03 0.9064
NUIG3 Co** 148.5 1.49 0.9627
cw* 189.3 1.76 0.9555
Ni2* 134.6 1.45 0.9713

—— NUIG1
——NUIG2
—— NUIG3
r T T T T T T T T r \
i} 10 20 30 40 50

2 Theta

Figure 3.17: Experimental pxrd pattern faUIG2 (red) and NUIG3 (blue)in comparison with the
theoretical pxrd pattern of the isostructutdUIG1 (black).
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Figure 3.18: UV Vis data for thébuprofen uptake bjNUIG2
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NUIG5, a highly porous MOF, capable of pH
targeted Doxorubicin delivery and the
encapsulation of large organic dyes for
environmental applications
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4.1 Abstract

Metal organic frameworks (MOFgpssess a widarray of potential applications and
have attracted considerable attention in recent yiaattse fields ofenvironmental,
industrial,and biomedicalThe employment of multitopic elongated linkers in MOF
chemstry provided access to highly porous 3D MOF,42fb.H 3)]n (NUIG5), where

LH3 = 4,4'4(4carboxybenzylidene)amino)cycloheté-dienl-
yl)methylene)bis(4,1phenylene)) bis (azanylylidene))bis(methanylylidene))dibenzoic
acid NUIG 5is ahighly porous MOF witla surface area @841 n#/g. It is noteworthy

to mentionthere are very limited number of MOFs with a surface area of around 5000
m? g1. The HDF cell line was used to assess the toxicitilNGfG7 and its organic
linker, revealingthat both are notoxic with an LGo value not reached at 100
concentrationsUV-vis, FTIR and TGA, studies indicated tiNiVIG 5 also exhibits a

high Dox adsorption capacity (1100mBox/g NUIG5). The cytotoxic effect fo
Dox@NUIG 5 was also investigated, revealisignilar LGso values to that of unloaded
NUIG5 and less toxic towards healthy cells in comparison tob@e NUIG5 also
exhibits good performance in the adsorptionoojanic dyes(Rhodamine B and
Brilliant Greer) from aqueous environments, as was demonstrated byi$J\Both

dyes showed a fast absorbance kinetics raggneration experiments allowed for

recyclability of the framework.

4.2 Introduction

The ability of porous materials tencapsulate guest molecules has expanded the
research in materials chemist’?124124 This is due to the fact that they consists of
pores into which molecules may be adsorbi@@nd as a result, these materidlsyt
have been applied to a wide range of applications such as c&taiystexchangé?®,
energy materiaf?’, environment materiat®, drug delivery®'28 etc Many novel
materials with desired structure and properties have been developed bddhise o
These materials include, zeolitd silica based molecular sievé$ activated

carbort?®, liposomes? and micelle¥'.

Porous materials have been widley used in the storage and transport of guest
molecules. With their well organized and open channels, zeolites seem almost ideal

materials for hosting guest particiZeolites have found promising applications in
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the fields of environmental improvement, such as.Capture **° and water
purification 31, Many groups have shown that the natural zeolite, Clinoptilolite, can
be used effectively for theemoval of metal cations from wastewater where it has
shown to successfully encapsulate Cd, Cr, Cu, Fe, Mn, Ni, Pb, 2 &eolites have

also a viable potential for drug delivery systems. Rimoli et al provded evidence of
this, where two different synthetic zeolitescesfully encapsulated and released the
anti npammat or y d¥6igilarilykDyer et plrslofvethat zeolite Y is

a suitable vehicle for the slow release of some anthelmintics improvindrigs
efficacy.®* The effective encapusltion, storage and transport of guest moleeues

be seerfor other members of the porous material family. Both silica'$éf® and
quantum dots®*” have also be applied ithe applications mentioned above. Pure
organic sysems for example, liposomes have shown to incapsulate large amounts of

guest molecules and with their strong biocompatibily, they are ideal drug cadfiers.

While microporous matgals are attractive when encapsulating metal ionshe
encapsulation of large organic molecules is restricted, making these materials
inadequate in thencapusltion, storage and transport of guest molecules such as dyes
and large drugOne such instands the encapsulation and transporDafixorubicin

(Dox). Dox is part of the anthracycline antibiotic family used to treat cant€ihe

acute toxicity ofthis drug is severe where the side effects include bone marrow
toxicity*® cumulative caritoxicity’* as well as gastrointestinal disordefg.
Doxorubicin exhibits low bioavailability of approximately 0.5%%6 and has been
associated with high cardiotoxicity that can lead to congestive heart fHifuiitne

low bioavailability of Doxorubicin is due to cytochrome P450 enzymatic attack,
chemical degradation by stomach acids and poor membrane pern&atigith the

above in mind, it is clear th@tox requiresa highly developed drug delivery system.
Due to the size of the molecule, many known drug carries are insufficient where they

are either too small the encapsulte the drug or the amount loaded is minimal.

With this, the development of new, more efficiantl stable materials with larger pore
sizes have become a hot topic. An example of such is metal organic frameworks
(MOFs). MOFs are perhaps most famous for their extraordinarily high porosity and
large surface are&$The pore size and topology of the framework can be finely tuned
by selecting appropriate linkers and metal néti@se ability of MOFs to achieve this

high porosity allows them to have larger surface areas then previously reported for
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porous carbon material such as zeolites. Depending on the ligands chosen the surface
area of MOFs can range from 31fm? to surface am@s of over 4000 Ag?*

Due to the high porosity of metal organic frameworks (MOFs), they can be used to
encapsulate many forms of guest molecules, including large organic molecules such
as dyes® or drugs likeDox %6, Being hybrid material, the chemical and physical
properties of the overall MOF structure can be altered simply by changing the
inorganic and organic building blockéThe oganic ligand has shown to play a major

role in the porosity,determining the size and shape of the pores aeddpying large

elongated ligand one can in theory, synthesis MOFs with large pores.
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Figure 4.1: Chemical structure dfHs, the organic linker found iNUIG5 andNUIGS6.

With the above in mind, we decided to expand the family of highly porous MOFs. To
achieve this, we investigated the synthesis of highly porous MOF using a new tritopic
elongated ligandLH3). The use of similar elongated ligands has been extensively
used for the synthesis of highly porous MOFs. Highly porous MOFs are capable of
encapsulating large organic molecules. As a result, they can be used as a drug carrier
for the anticancer drugdoxorubicin or in the encapsulation and removal of organic

dyes for environmental applications.

Herein, we report the synthesis and characterization ofJ@ 3)2]n (NUIG5),
which is a rare example of a highly porous MOF with a suréaea of ~ 5000 fAg™.

Due to themesoporous nature of the framework, the drug uptake performance of
NUIG5 have been studied and discussed in detaiDftorubicin, the large organic
anti cancer drug. The dye adsorption capacitiNoiG5 was also examined using a

variety of techniques, including Uvis and TGA.
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4.3 Experimental

All manipulations were performednder aerobic conditions using materials as

received.

4.3.1Synthesis of 4,4',4*methanetriyltrianiline (1)

Pararosaniline hydrochloride (3.0 g, 0.009mol) was dissolved in ethanol (150 mL) in
a 250 mL round bottom flask. This was continuously stirred foma@s. Sodium
borohydride (2.0 g, 0.052 mol) was added in excess slowly over a 30 minute period.
The solution was again stirred at a slow speed for 12 hours. The precipitate was filtered
and washed with ethanol (20 mL x 3) and distilled water (20 mL xiBk powder

was obtained. Yield: ~70%H NMR (400 MHz, DMSGd 6 ) 896.5% (m,71H),

6.46 6.36 (m, 1H), 4.93 (s, OH), 4.79 (s, 1H). IR spectra selected (KBL)cB607w,
3320w, 2933w, 2851w, 1621m, 1578w, 1508m, 1433w, 1311w, 1270s, 1243s, 1177w,
1125w,1089m, 1047w, 1012w, 893w, 853w, 823w, 774w, 647w, 659w.

4.3.2Synthesis of (LH)

Compound(1) (1.0 g, 0.0034 mol) was dissolved in ethanol (80 ml) and stirred
continuously for 30 mins in a 250 mL conical flask. Terephthalaldehydic acid (1.68 g,

0.011 mol) was added stirred at a slow speed for 3 days. The ligand was precipitated

and washed with eétmol (20 mL x 2) and distilled water (20 mL x 2). Purple powder

was obtained. Yield: 64%. 1H NMR (400 MHz, DM8DO6 ) 4 8. 6 7-7.86s , 1H)
(m, 5H), 7.327.13(m, 4H). Selected IR data (KBr, ¢jn 3353b, 2972w, 2502b,

1673m, 1626w, 1580m, 1534m, 1498r&91s, 1268s, 1195w, 1169w, 1085w, 1044m,

1013m, 948w, 858w, 841w, 770s, 696w.

4.3.3Synthesis of [ZaO(LH3)2]n NUIG5

A) Solvothermal Synthesis of (NUIG5)

Zn(CHCOy)2A 2,6 (0.01 g, 0.045 mmol) was added to a solutio(Lbfs) (0.06g,

0.087 mmol) in NMP (10 ml) and left under magnetic stirring for 5 min at room
temperature. Then, the vial was placed in the oven at 100°C for 24 hours, after which
time pink polyhedral crystals diUIG5 were observed. The crystals were kept in
mother liquor for Xray analysis or collected by filtration for other sedighte studies.

In situ solvothermal synthesis, Zn(@E0,).A 2.8 (0.01 g, 0.045 mmol) was added
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to a solution of1) (0.03 g, 0.1 mmol) and Terephthalaldehydic acid (0.03 g, 0.2 mmol)

in DMF (10ml) and left under magnetic stirring for 5 min at room temperature. Then,
the vial was placed in the oven at 100°C for 24 hours. Yield%;8@lected IR data

(KBr, cml): 3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m

B) Microwave Synthesis of NUIG5

A CEM Discover SP microwave system was used to synthesise NUIG5 under
microwave irradiation, where Zn(GBQ;).A 2,8 (0.015 g, 0.06 mmol) was added to

a solution of(2) (0.06g, 0.087 mmol) in NMP (20 ml) in a Pyrex vial (100 ml) and
irradiated under constant power (150 W, 2.5 GHz) at 200°C for 1 hour. After synthesis,
the resulting materials were washed and activated using the same procedure as that in
the solvothermalysthesis for further analysis. Yield: ~&0 Selected IR data (KBr,

cml): 3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m

4.3.4Synthesis of [CEO(LH 3)2]n NUIG6

Co(CHCO2)2A 4,8 (0.015 g, 0.06 mmol) was added to a solutiofLbfs) (0.08g,

0.11 mmol) in NMP (10 ml) and left under magnetic stirring for 5 min at room
temperature. Then, the vial was placed in the oven at 100°C for 48 hours, after which
time purple polycrystalline powder dflUIG6 was observed. The powder was
collected ly filtration for other solidstate studies. In situ solvothermal synthesis,
Co(CHCO2) A 4.8 (0.015 g, 0.06 mmol) was added to a solutiofipf0.04 g, 0.15
mmol) and Terephthalaldehydic acid (0.045 g, 0.3 mmol) in DMF (10ml) and left
under magnetic sting for 5 min at room temperature. Then, the vial was placed in
the oven at 100°C for 24 hours after which time purple crystalNWifG6 was
observed. The crystals were kept in mother liquor faay analysis or collected by
filtration for other solidstate studies Yield: ~80%Selected IR data (KBr, ch:
3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m

4.3.5Physical Studies

IR spectra (4000400 cm?') were recorded using a Perkin Elmer 16PCIRT
spectrometer with samples prepared as KBr pellets. Powdtay Miffraction data
(XRPD) were collected using an Inex Equinox 6000 diffractometer. TGA experiments
were performed on a STA625 thermal analysesmfr Rheometric Scientific

(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and all
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runs were carried out between 20 and 600 °C. The measurements were made in open
aluminium crucibles, nitrogen was purged in ambient mode, and atabibbrwas

performed using an indium standard.

4.3.6X-ray Crystallography

Crystallographic data fadUIG5 were collected in an OxforDiffraction SuperNova

A diffractometer using graphtonoc hr omati ¢ Mo Ka radi at./
room temperature. Theractures were solved using SHELXT, embedded in the
OSCAIL software. The nohl atoms were treated anisotropically, whereas the
hydrogen atoms were placed in calculated, ideal positions and refined as riding on their
respective carbon atoms. Molecular griaphwere produced with DIAMOND. The
program SQUEEZE, a part of the PLATON package of crystallographic software, was
used to remove contribution of the highly disordered DMF moleculB$JiiG5

Unit cell data and structure refinement details are list&ailte 4.1in the Appendix

Crystallographic data foNUIG6 were collected in an Oxford Diffraction Xcalibur

CCD diffractometer using graphiteo noc hr omati ¢ Mo KU radi at
at room temperature. However, the small cubeNWIG6 diffracted weakly due to

instability outside of the mother liquor and could not be indexed satisfactorily,
resulting in only the unit cell being determined. Many experiments were performed to
improve stability of the crystals, this was not feasible. Tistal structures dlUIG6

was characterized by unit cell from the XRD, FTIR and TGA studies.

4.3.7Drug adsorption and release experiments

The Dox adsorption capacity dlUIG5 was investigated as described below: drug
(0.051 g, 0.087 mmol) was added to a glaisl containing DMSO/MeOH (1/9 mL)

and stirred until all solid is dissolved. SoNUIG5, (0.02 g, 0.012 mmol) was then
added and the mixture was left stirring at room temperature. For the kinetic study,
small volumes of aliquots were taken at designtiee intervals, centrifuged, and the

drug content in the supernatant solution was determined by spectroscopigsjUuVv
techniques. For the thermodynamic study, the same procedure was repeated with
varying MOF: Dox ratios; the mixture was stirred for 1 el filtered, and the filtrate

was analysed for it®ox content. The drug release properties of NUIG1 were studied

in H2O and phosphate buffer solution (PBBpx@NUIG5 (0.05 g) was added to a
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glass vial containing solvent (10 mL) and left stirring at 37B@tch studies were
performed at designated time intervals, and the amount of the released drug was
determined by UWis spectroscopy.

4.3.8Cytotoxicity measurements

Human dermal fibroblasts (HDF) cells and an MTT assay was used to investigate the
cytotoxicity of NUIG5, and the organic linke(LH 3). The MTT assay involves the
reduction of a yellow tetrazolium salt, -{8,5dimethylthazol2-yl)-2,5
diphenyltetrazolium bromide] tetrazolium, to an insoluble formazan crystal by the
metabolic activity of living cellsHDF cells were seeded at a densityp000 cells/mL

in a 96well micro assay culture plate and allowed to grow over a period of 24 h at 37
e C i n aincib&orMUDGS5 in fresh culture medium was added into each well
with different concentrations from 0.0100uM and incubated for 72 hourGulture
medium only was employed as the control group, and wells containing culture media
without cells were used as blanks. 20uL of a solution containing 24mg MTT dissolved
in 4.8mL PBS was added to each well, and the cells were incubated for artudes.3

The excess MTT solution was then carefully removed from each well, and the formed
formazan was dissolved in 100 pL of DMSO. The optical density of each well was
then measured at a wavelength of 550 nm using a microplate read&a@igMark).

The results from the three individual experiments were averaged. The following

formula was used to calculate the viability:

Viability (%) = (mean of absorbance value of treatment grblgnk)/(mean

absorbance value of control blank) x 100.

4.3.9Dye adsorption eperiments

The dye adsorption capacity §{JIG5 was investigated using the same method to the
drug adsorption: the organic dye (0.05g, 0.1 mmol for Rhodamine B; 0.05g, 0.1mmol
for Brilliant Green) was added to a glass vial containing distilled O mL) and
stirred until all solid is dissolved. SoldUIG5, (0.05 g, 0.063 mmol) was then added
and the mixture was left stirring at room temperature. For the kinetic study, the sample
was centrifuged at designated time intervals, and the dye conttdrd supernatant

was determined by spectroscopic (WM) techniques. For the thermodynamic study,

the same procedure was repeated with varlbigG5: dye ratios; the mixture was
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stirred for 30 minutes or 4 hours for Rhodamine B or Brilliant Green ragelsc
filtered, and the filtrate was analysed for its dye content.

4.4 Results and Discussion

4.4.1Synthesis

The precursor 1) was reacted with Terephthalaldehydic acid by Schiff base
condensation, forming the iimine bond in the trans position creating the®ligaer

(LH 3). The double bond separating a series of aromatic rings allows for flexibility in
the organic ligand of the MOF. This in turn, can allow the MOF to breathe and increase
its loading potential.

4.4.2Solvothermal Synthesis of NUIG5 and NUIG6

NUIG5 and NUIG6 was first prepared using conventional solvothermal methods
using this tritopic organic linker and systematically exploring various reactions with
differing reagent ratios, metal sources and solvents. Two new MOFs with the formula,
[M4O(LH 3)]n (M = Zn for NUIG5, and M = Co foNUIG6) was isolated. In regards

to NUIG5, the reaction of Zn(C¥€0).2.2H20 and (H3) in a 1:2 molar ratio in NMP

at 100°C for 24 hour yielded pink triangular crystaldofiG5 with a size of 500 um.

The stoichiometric equation of the reaction that led to the formatioNWiG5 is
presented in egn (1). Similar conditions where Cof0b})..4H0O and (H3) ina 1:2

molar ratio in NMP produced purple polycrystalline powdeNoiG6, presented in

egn (2).

4 Zn(CHsCOy); 2H,0 + 2LHs NMP [Zn,O(LHz)n + 8CH,COOH + 7H,0 )
NUIGS
NMP
4 Co(CH4CO,), 4H,0 + 2LH, M [CosO(LHghln + 8CH,COOH + 15H,0 @)
NUIG6

Both, NUIG5 andNUIG6 can also be synthesised by in situ mean, wbenepound

(1), terephthalaldehydic acid and metal salt was added to DMF for the solvothermal
reactions in a B:1 molar ratio (Equation 3 and 4) DMF was used in this synthetic
method as NMP produced an amorphous product that could not be characterised.

Using this method produced single crystalNofiG6.
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DMF
4 Zn(CH3C03),2H,0 + (1) + 3 4-CHO(Ph)CO,H —— [Zn4O(LH3)In + 8CH4COOH + T7H,0 (3)

NUIG5
DMF
4 Co(CH3C03)24H,0 + (1) + 34-CHO(Ph)COH  ——— [Co4O(LH3),Jnr  8CH;COOH + 15H,0  (4)
NUIG6

It is noteworthy that the nature of the organic linker affects the crystallinity and
guantity of the product; for example, reactions where the linker was formed insitu
yielded larger, more wetllefined single crystals dfiUIG5 andNUIG6. When the
linker was produced prIOF synthesis, it led to the formation of smaller crystals at
larger yields in regard tNUIG5 and a polycrystalline powder fdfUIG6. Due to the
accessibility of MOF activation after using DMF, the insituntkesis is preferred.
Several bands appear in tHs5% 1360cm™ region in the IR spectrum of both MOFs.
(Figure4.14)Contributions from carboxylate nas(@G@nd ns(C@Q modes would be
expected in this region, but overlap with the stretchibgations of the aromatic ring
and the carbonyl group renders assignment diffitulboth the imine bond present in

the organic linker can been identified by the peakl&@0cm™.

4.4.3Microwave synthesis of NUIG5

Under microwave heating, the microwawauples directly with solvent molecules to
produce the rapid temperature rise in reaction media and localized superheating,
minimizing the wall effect experienced in conventional healtAgrhe effectiveness

of microwaveheating depends on the dipole moment of the solvent mo€aad

hence solvents with large dipole moments, such as DMF or NMP are good candidates
for microwave assisted synthé$fs MW irradiation has shown impressive outcomes

in various aspects of MOF synthesis and each method has some advantages in the
synthesis. Microwave heating allows short reaction ttie®upled with increased
kinetics of crystal nucleation through rapid energy transfer and ihggantaneous
temperaturé®? Thus, accelerated synthesis, phase selectivity, and most importantly,

the desire for crystal size.
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Figure 4.2: SEM showing the differeparticle sizeachieved using diéfent reaction condions.A)
solvothermal, BLOmI NMPR, 150°C, C) 10ml NMP, 20TC, D) 20mI NMP, 20TC.

Several MW conditions were used to synthesis smaller sized particleb1Gf5.
Materials obtained were investigated by SEM in order to understand the effect of
microwave synthesis on the size and morphology. The synthetic condition of the
microwaveassisted method was systematically investigated by varying following
parameters: ti@, temperature, and concentration. The same molar ratibl ¢fand
Zn(CHCD,)2.2HO as the conventional solvothermal synthesis was.ukeds
noteworthy that concentration conditions played a role in crystalline nature of the
product. 5, 10,15 and 20ml sblvent showed that the more dilute the conditions the
more crystalline the product. 5ml of NMP produced amorphous powders that could
not be characterised, however when the amount of NMP was increased to 10ml the
resulted product transformed to single stays. On the addition of further solvent
amounts the crystal morphology changed from hexagonal spheres to diamond shape,
where the structure became more defiant. Using these dilute conditions, the effect of
temperature was explored using 160, 180 and@0Bn increase in temperature led
to a proportional decrease in particles size. Where@Q@sulted in substantial
decrease in particle size of 3um compared to the 500um sized crystals achieved from
typical solvothermal synthesis. Nanometre partille$G 5 of ~700nm were achieved
by first sonicating the reaction vial before MW synthesis. These conditions however
consisted of a mixture of two different crystal sizes. Particles of 15um can be seen
surrounded by smaller nanoparticles sized version®NWIG5. (Figure 4.15 in
Appendi® IR ( Figure 4.16Appendi®y and TGA(Figure4.3) were used to analysis

these crystals to unsuNJIG5 were generated.
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% Weight

Figure 4.3: TGA ofNUIG5 under solvothermal conditions where particle size of 5®0are achieved
(orange) and under microwave conditions wheuenJarticle size was produced (blue).

4.4.4Description of Structures

NUIG5 crystallizes in a cubic | 21 3 space group with its frameworlsisting of a
tetranuclear Zn clusters bridged dyH(s) ligand to form a 3D network. This SBU
comprises of four 74t ions held together by one centralQuand six carboxylate
groups from H3) creating a tetrahedral geometry. The tritopic linker basn
deprotonated, existing in its tri anionic from where it coordinates to three individual
Zn cl ust erl q dudcogudinationgnode. Representations of the organic

linker of NUIG5 and its coordination modese shown irFFigure 4.4.
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Figure 4.4: Top; 3D framework for bothNUIG5 and NUIG6. Bottom left; the interpenetrated
framework of the MOF. Bottom right; the binding modekh$, the organic linker.
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These building units combine to fotime 3D frameworftNUIG5 shown inFigure4.4,

Top NUIGS is stabilized by the development of two different interpenetrated
polymeric networks. Interpenetration happens when more than one networks are
catenated with each other, and often results in the iserefthe surface area and
decrease of the pore diameter of the MOF. The interpenetration provides stability to
the framework and plays a crucial role in its functional improvement. This may be the
reason for the strong thermal and chemical stabilitilldfG5. The two interlinked
networks oNUIG5 are symbolised by two different coloursHigure 4.4, bottom left.

This MOF has a very large cell volume of 47560 A 3 with a cell length of 36.2312A.
The porous network consists of cubic cavities, whicHiaked together forming the
overall MOF3 network. The diameter of the pores is 19 A, lying in the interface
between the microporous and mesoporous matefihis.was @terminedusingthe

CIF file anddiamond softwaréo measure the distance between the atom ceiitnes.

total potential solvent area was estimated by theoretical calculation that occupies the
78% ofthe total cell volume, which is one of the highealues yet reported.

XRD and IRanaylsis determined thiitJIG6 is a structural analogue BUIG5 using
unit cell parameter@=36(12), b=36(12) and c=36(1dhe main differencbetween
the framework$eing thenorgnic SBUwhereZn atoms were replaces with Co atoms.
NUIG 6 framework consists dhe same organic linkeérH 3 which is used tdridged
the tertranuclear metal clustéossm a 3D networkAs a resultwe can us&UIG5 to
describe the strucutre biUIG6.

4.4.5The N sorption measurements

The N sorption measurements were carried out at 77K. The MOF shows a fully
reversible adsorption of ANThe N isotherm is a type |, characteristic of microporous

materials.

From the experimental data of the iotherm the internal surface area of the MOF

was calculated. The linear form of the Langmuir calculation is:
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Wheresr andsr 5 are the weight of the adsorbed &hd the weight of one monolayer

of N2 respectively at relative pressure

| : Iadsorplion
N, sorption isotherm at 77K ® desorption
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Figure 4.5: N, gas adsorption and desorption fuitJ1 G5.

”‘ ”_ and C is a constant related with the energy of the adsorption. The slope of the

linear plot of the Langmuir equation allows the calculation of the weight of one

monolayert®®, The surface area derived from the equation:

]
'|rDJ—%%v

1
whereN i s Avogadr o6 s®molecuésknol), &iSthe@rasdectional 0
area of the nitrogen (16.22Aand M is the molecular weight of the nitrogen. The
Langmuir surface area dfiUIG5 was calculated 4841 #g. It is noteworthy to
mention, due to the instability of highly porous frameworks (pore diameters > 15A)
there are very limited number of MORith a surface area of around 5009gH. BET
surface area has yet to be deterrdirihe large surface area can be credited to the
double interpenetrated structure of the MOF and the use of the elongated tritopic
linker. The use of multitopic linkers has shown to impact the surface areas of MOFs
where the utilization of an elongated hexatopic linker in thell801 MOF achieved

a surface area over 900G gt 42,
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4.4.6DOX encapsulation studies

The inherently high porosity iNUIG5 and the large surface area of its structure
prompted us to assess its potential for drug delivery applications. Ibuprofen (lbu) was
used as a proajf-concept model. Preliminary studies using a ratio of 1:6 MOF: Ibu,
accounted for 50%wt encapsulated drd®51mg Ibu/gNUIG5.(Figure 4.17)
Following the successful encapsulation of Ibu BDYyJIG5, a more detailed
investigation into the drug delivery capabilities of this MOF was performed using
Doxorubicin Dox); due to size of this organic molecule, the high gayoof NUIG5
deemed suitable for delivery of this drug.

In these studies, the MOF crystals were activated prior to the drug encapsulation in
order to reduce the amount of solvent present in the pores, and thus facilitate the drug
adsorption; this was penfmed by stirring the MOF in DMF for several hours and then
exchanging this solvent with more volatile acetone, which is easily removed at 80°C.
In situ synthesis of the MOF is preferred over the common solvothermal method due
to feasibility of the activawn process through the removal of DMF over NMP. The
adsorption oDox by NUIG5 was first indicated by the colour change of iglG5

mg DOX/ g MOFX
@ = b
= & 8

@
g

400

200

0 5000 10000 15000 20000 25000
C.(ppm)

Figure 4.6: Adsorption isotherm foDox@NUIG5.

where the pale pinlactivated MOF changed to a dark maroon powder after drug
encapsulation. The drug adsorption was initially confirmed by IR spectroscopy with
the appearance of the characterifimx peak at 984 crl, which correspond to the
stretching GO-C band. Furthernre, there is a typical increase in the intensity of the

peaks at 1500, 1430 and 1040 mharacteristic of the alcohol groups provided by
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the drug. ¢ee figure 20, Appendi¥ The impact of th&®ox: MOF molar ratio on the
NUIG5 drug loading performanceas studied; it was found that tBex uptake (mg

Dox /g NUIG5) increases as this ratio increases from 1:1 to 1:6, where it reaches its
maximum capacity. UWis with a series of external standards revealed that the
maximumDox upload is 52% by weight, cosponding to 1100m@ox/g NUIG5 It

IS noteworthy to mention that there are limited numbers of MOFs with 5@a%o
loadings cited in literature with the highest being 35% wt reported byl000 >4

This amount was further confirmed using TGA and HPLC. There igwaent
decrease iDox in solution in regard to time, showing that it has been encapsulated by
the MOF.

110
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Figure 4.7: TGA showing the encapsulation@bx usingNUIG5.

The TGA plot ofDox@NUIG5 reveals an additional large step mass loss between ca.

100 and 400 C, attributed to the decompo
step could be an indication thBbx has been absorbed into the pores and onto the
surface. The drug uptake basedtba TGA is approximatelyp0% by weight The

additional sep inDox@NUIG5 could indicatethat the drug is bothabsorbed in the

pores andon the surfacel'he uptake kinetics reveal a steady absorbance in the first 48

hours. Between 48 and 72 hours there is a sharp increase in encapBabated
accounting for 45% of the total absorbed drug. After thdn@urs mark the kinetics

returns to a steady incline until the plateau is rea¢Rgnire 49).
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Figure 4.8: Drug release kinetics deox@I(\IbLlJIG)S at pH 7 (grey), pH 5.5 (orange) and pH 3.8
ue).

The drug release performancedfiG5was studied in PBS of d
5.5 and 3.8) at 37°C to simulate physiological conditions. 25mg of the loaded
Dox@NUIG5 was immersed in the correspondirajusion and left under stirring; at
certain time intervals a sample from the suspension was removed and analysed using
UV-vis. Figure 4.8hows thddOXr el ease kinetics in all pHi
of the acidic environment with pH=3.8, the maximamount of the releasdbx is
51% with the release being completed within 72 hours; 15% of the drug is released
over the first 12 hours, after which there is a steady increase in the release rate being
observed. On the other hand, a much slower relsaskserved in pH 7 and pH 5.5
conditions. Regarding pH 5.5, there is a small release of 9% in the first 24 hrs, with a
slight further release after this time. A plateau of 11% is reached after 96 hours.
Negligible release is observed in a neutral PBS enwient. The effect of pH plays a
major role in the release of the guest molecule and as a result the drug release in
NUIG5 can be achieved through a pH controlled mechanism targeting the acidic
environment of the cancer cells. This can be creditedto®&EM s st abi | i ty.
neutral conditions the MOF does not break down and therefore no drug is released,
this however changes under the more acid environment where the drug is release due
to the partial degradation of the framework. This degradatiovidemt in the HPLC
peak at a retention time of 12 m(Rigure 4.21) Due to the fact the MOF remains
stable during neutral physiological conditions however once present in low pH,
typically found in cancer celt¥, the framework breaks down, releasbgxorubicin

it has potential to act as a pH targeted drug delivery system.
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Figure 4.9: Uptake kinetics oDox@NUIG5 using different sized particles, 500 (blue) and gm
(orange).

The use of smalleparticle sizes (500nm 10 pm) prompts many advantages in
potential applications of MOFS®. Conversely, small particle sizes are often desirable
for biomedical applications whemolecular drug delivery and imaging systems must
traverse a complex physiological roadmap where the size needs to be reduced to allow
circulation through vesset8®, where these, tissue, and biological membranesiad h
varying levels of permeabilit}?’ In this work, microwave irritation was used in the
synthesis of smaller particles as previously discussed. These particles were then used
to encapsulat®ox, investigating the impact particle size has on drug uptake. MOF
crystals of 3 um were chosen asstkize was consistent throughout the sample. Like
previous studies these were activated in the same manner to allow for removal of any
guest molecule. They were then placed Doa/methanol solution where UV Vis was
used to determine the amounOxx ab®rbed. It was revealed that the maximDiox
upload is 56% by weight, corresponding to 130ay/g NUIG5(3um). This is an
increase of 4% wt from the 51w@tox uptake achieved using 500 um sized particles
of NUIG5. This increase of the amount of guest madkeds commonly seen which
using smaller crystal sizes in the low pm to nm range. While this work shows the
minor effect of crystal size in the thermodynamic encapsulatiddoafof NUIG5 it
also showed to have a major effect on the adsorbance kinetesa&timum amount
of Dox was achieved after one week of contact time when using crystals formed by
solvothermal synthesis. This time was reduced by half when using the smaller particles
of NUIG5 achieved through microwave synthesis. 130@og/ g MOF was daaieved

168



after only 72hr, again showing the impact the particle size has on the encapsulation of

a guest molecule. Increased external surface areas combined with shorter diffusion
pathways for molecules result in major improvements in the ability and dsneti
porous material s encapsul ation of guest

rate ofDox.

4.4.7 Cytotoxicity studies

The HDF (human dermal fibroblasts) cell line was used to assess the toxicity of
NUIGS5. Due to the release @ox upon degradationf the framework, cytotoxicity
studies were also performed on the organic linketl 3). The cytotoxicity was
determined using the MTassay revealing that the organic linker is not toxic toward
these healthy cells up to a concentration of 100uM (cell viability > #gtire 422
Appendix.

Control 0.3uM 100puM

Control 0.3uM 100pM

NUIG5

Figure 4.10: Confocal images of HDF cells afteeatment of.Hz and NUIG5. There is an evident
decrease in cells present in comparison to the control and at high concentrations of the test
compound.

An LCso value was reached foNUIG5, in whichthere is a decrease in cell viability

below the 50% mark for concentrations higher than 70 uM). The decrease in cell

viability is evident in microscope images where the number of cells decreases with

increase in concentration in comparison with the comixpkeriment. While the MOF

has shown to be toxic above 70uM, these concentrations are very high; typically,

concentrations of 0.5uM to 1uM concentrationsDaix are administered and at this

concentratioNUIG5 has a cell viability > 80%.
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The main objectig of NUIG5 is to protect healthy cells by preventing interactions
between these amdbx. To investigate this, the toxicity 8fUIG5, Dox@NUIG5 and

free Dox towards HDF cells were compared. This was conducted as previously
described. The data shown Kigure 4.11reveals that the cytotoxic effect of
Dox@NUIG5 was similar to that of unloadedUIG5 and less toxic towards healthy
cells in comparison to fre@ox. FreeDox has an LC50 value of 3uM. However, upon
encapsulation, this toxicity is significantly redwuc where the LC50 value has
increased from 3uM to 76uM. This reduction in toxicity and the above MTT assay
results confirm thaNUIG5 is nearly nontoxic and can be applied in the biomedical
field with good biocompatibility while also protecting HDF cétlsm the highly toxic
anticancer drugDox.

100
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Figure 4.11: Cytotoxicity studies comparing the toxicityNiIG5, Dox@NUIG5 and freeDox.

4.4.8Dye Adsorption studies

The pollution of hazardous dyes in wastewater is an-gi@ving problem faced by
communities worldwide. The large surface area and pore sNEI®@5 prompted us

to study its dye adsorption potential. The dye encapsulation studies were carried out
by soalng activated crystals MUIG5 into aqueous solutions of either Rhodamine B

or Brilliant Green The dye encapsulation was initially investigated by batch studies
using U\tvis spectroscopy. The maximum loading capacity obtained for Rhodamine
B and BrilliantGreen, were 44% wt (equivalent to 800 mg Rhodamine RUI§55)

and 37.5% wt (equivalent to 600 mg Brilliant GreenrNJIG5), respectively.
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Figure 4.12: Adsorption isotherm graph showing the encapsutatiborganic dyes, RhBEUJIG5
(blue) BG@NUIGS5 (orange).
The dye adsorption equilibrium data atetted inFigure4.12 The best description of
the data is provided by the Langmuir modéb(re 4.2, Appendiy, **considering a
monolayeradsorption with a finite number of homogeneous and equivalent active sites

(ean ©)):

~

X h

= | 81
J~|8-1

P
n o
where q (mg g) is the amount of dye per gramNMIG5 at the equilibrium
concentration Ce (ppm of metal ion remaining in solution), gm is the maximum
adsorption capacity of tiéUIG5, and KL is the Langmuir constant related to the free

energy of the adsorptioFitting parameters are as listed; RhB=883,kL 0.068, R:
0.999, BG= ¢666, kL 0.0058, R 0.997.

In(de-<)

®RhBBNUIGS

Tem V= -12.629+5.8726
... R?=0.9862

0 0.05 01 015 02 025 03 035
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o
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R?=0.9927

Time (h)

Figure 4.13; Fitting of the experimental data for the organic dyes. Top; RNBIES5 data fitted to
the pseudo first order kinetic modBlbttom: BG@NUIG5 data fitted to the pseudo first order kinetic
mockl.
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The dye adsorption bMUIG5 exhibits different kinetics depending on the dye. For
Rhodamine B there is a smooth fast kinetics wiremease in the adsorption capacity

Is reached after only 20 minutes. This is slightly slower for Brilliant Green where it
takes 4 hours of contact time to reach an adsorption max. In order to get a better insight
into the dye adsorption mechanism, the eskpental kinetic data were fitted to a
theoretical model; pseudost order and pseudsecond order kinetic models were
used according to eqgB)(and 9), 48

IN(Qe-q) = ING-kat @)

_P ,Bb w h

o
n Qg n

where k1 and k2 are the rate constants for the psenstloand pseudsecond kinetic
models, respectively. Again, the uptake for each diferdnce in order. A good fit

was obtained for the pseudicst kinetic model (g 277, k1: 0.046 and#R0.997) for

RhB whereas a good fit for pseudecond order (q354.24, k2:0.39 and R 0.986)

in regard to BG(Figure 4.13) The different fits are indicative of either chemisorption

or physisorption mechanism, where the different mechanisms can be due the formation
of a strong interaction or coordination bond between the encapsulated dyes and
NUIG5. Each dye has different fummanal groups present resulting in different type or

strength of interactions.

Regenerations experiments were investigated in order to recycle the framework after
dye adsorption. This was achieved by washing the Dyg@5 with ethanol until
solution becamelear. WhileNUIG5 can then be reused to further encapsulate dye
about 20% of the MOF is lost each time, resulting in less dye being encapsulated. This

was repeated for four cycles.

4.5 Conclusion

The need for thediscovery of new materials witlexcellent peformance in
environmental and biomedical applications, including drug delivery, and adsorption
and removal of hazardous species from aqueous sysegneatly increasing each
year. Due to their pore size, highly porous MOBse excellent candidate foreth
delivery and encapsulation of these large organic moledulgks 5 andNUIG6 are

new addition to tis relatively small family of MOEFThe synthesis oNUIG5 was
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achieved through both solvothermal amucrowave assisted methods where the
change irsynthetic route resulting inf€erence in particle size NUIG5 and its novel
organic linker are nontoxiandexhibits outstanding performance Dox adsorption
while also providing a controlled pH targeted reled$e presence of aromatic rings
in theframework has the potential to stabildexi nt o t he MOFs-" pores
stacking interactionsThe cytotoxic effect oDox@NUIG5 was also investigated,
revealingsimilar LGso values to that of unloadeNUIG5 and less toxic towards
healthy cells in comparison to frdgox. This reduction in toxicity confirms that
NUIG5 is nontoxic and can be applied in the biomedical field with good
biocompatibility while also protecting HDF cells from the highly toxic -aaticer
drug, Dox.

FurthermoreNUI G5 possesses a considerabiee uptake capacity foRhodamine B
and Brilliant Greenwith fastadsorptiorkinetics.Thedifferentadsorptiormechanisms
can be due the formation of a strong interaction or coordination bonce:dretine
encapsulated dyes adUIG5. Each dye has different functional groups present
resulting in different type or strength of interactiof@egeneration experiments

allowed for recyclability of the framework.
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4.7 Appendix

Table4.1: Crystallographic data foNUIG5.

NUIG5
Formula CaeHs6N6O13Z21n4
Mw 1642.85
Crystal System cubic
Space group 1213
al A 36.231712)
b/ A 36.2312(12)
o/ A 36.2312(12)
VA3 475613)
Z 8
T/K 100(2)
aA 1.54184
DJ/g cm® 0.459
g(Mo Ka)/mm™ 0.638
Reflections collected 16495
Independent reflections 11151[Rint = 0.0437)
Ri? 0.0675
WR2P 0.0832
Goodness of fit onF? 1.086

*Ri=  Bol-Fd )| Folf "WR. = [E[w(Fo® - Fc’)?] / EP)AI™

NUIG5
NUIG6

Wavelength (cm")

Figure 4.14: IR spectra showing the similarities betweddIG5 andNUIG6.
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Figure 4.15: SEM of NUIGHy first sonicating the reaction vial before MW synthdgsticles of
15um can be seen surrounded by smaller nanoparticles sized vershdg3s.
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Figure 4.16: IR spectra providing proof of the same product synthesised using
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Figure 4.17: HPLC data for Ibu@UIG5, showing the decrease of Ibu regarding time.

Absorbance

0.5
=0 hrs

0.4 —— A48 hrs
——96 hrs

03

0.2

0.1

0
350 400 450 500 550 600 650
Wavelength (nm)

Figure 4.18 UV Vis data foDox@NUIG5.
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Figure 4.19: HPLC data forDox@NUIG5.
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Figure 4.20: IR spectrashowing the encapsulation bbx.
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Figure 4.21: HPLC of Dox release showin@oxat RT of ~10 min and the ligand at ~13 min
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Figure 4.22: Cytotoxicity studies dfHs andNUIG5 using HDF cells and an MTT assay.
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Figure 4.23: UV vis showing the encapsulation of RhB (left) and_G_B (right) USIlakg>5.
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Figure 4.24: Fitting of the equilibrium adsorption data for RnB@IG5 (left) and BG@NUIG5
(right) to the Langmuir model

180



Chapter 5

Doxorubicin encapsulation and delivery

using a novel highly porous MOF NUIG7
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5.1 Abstract

Metal organic frameworks (MOFs) have attracted considerable attention in recent
years due to their use in a wide range of environmental, industridbiantedical
applications. The employment of multitopic elongated linkers in MOF chemistry
provided access to highly porous 3D MOFs,42(L0 EJJn (NUIG7),wher ee= L 0 H
4,4'A(4carboxybenzylidene)amino)cyclohetz3-dienl yl) azanediyl) bis (4,1pheny
lene))bis(azanylylidene))bis(methanylylidene))dibenzoic acid, prime example.
NUIG7 displays the same topology withnsO(L)]n (NUIG5), where L= 4,4'4(4
carboxybenzylidee)amino)cyclohexa,3-dienlyl)methylene)bis(4,1phenylene)) bis
(azanylylidene))bis(methanylylidene))dibenzoic aadhighly porous MOF with a
surface area 0f841 nf/g. It is noteworthy to mention, due to the instability of highly
porous frameworks (perdiameters > 15A) there are very limited number of MOFs
with a surface area of around 5008 git. UV-vis, FTIR and TGA, studies indicated
that NUIG7 also exhibits an exceptionally highox adsorption capacity (1850 mg
Dox/g NUIG7), larger than that odNUIG5 (1100mgDox/g NUIG5). The HDF cell

line was used to assess the toxicitNaflG7 and its organic linker, revealing an §C
value of 7QuM and 3QM respectively. Both species are Amxic at concentrations

of 0.5uM to 1uM Dox, the typical administeredodage oDox. The cytotoxic effect

of Dox@NUIG7 was also investigated, revealisgmilar LC50 values to that of

unloadedNUIG7 and less toxic towards healthy cells in comparison toDme

5.2 Introduction

Porous materials have been widely used in the gtomnd transport of guest
molecules!®® Zeolites are one member of this family that has been heavily explored
in such application$®® With their well organized andpen channels, zeolitewe
excellent candidate®r hosting guest particle$*'°. Rimoli et al proided evidence

of this, where two different synthetic zeolites successfully encapsulated and released
the antii npammat or y d¥Sanjlarlyk teet effgrtive éneapsulation,
storage and transport of guesblecules can be seen for other members of the porous
material family pure organic systems for exampdeich adiposomes have shown to
encapsulate large amounts of guest molecules and with their strong biocompatibility,
theycan be used adrug carriers3® Even though these materials have great benefits,

there is a limitation to theirdsorption ability. In most cases, especially in regard to
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zeolites, due to their chemical makeup, they belong to the microporous family
While this is an attractive size when encapsulating metatjahe encapsulation of
large organic molecules is restricted, making theséemads inadequate in the

encapsulation, storage, and transport of guest molecules such large drugs.

One such instance is their use as drug carriers for the encapsulation and transport of
large organic drugs such &woxorubicin @ox). Dox is part of the athracycline
antibiotic family used to treat canc&s The acute toxicity of this drug severe where

the side effects include bone marrow toxicity, cumulative cardiotoxicity as well as
gastrointestinal disordéf$3%, Doxorubicin exhibits low bioavailability of
approximately 0.5%41% and has been associated with high cardiotoxicity thdeedn

to congestive heart failure. The low bioavailability Dioxorubicin is due to
cytochrome P450 enzymatic attack, chemical degradation by stomach acids and poor
membrane permeatidfi> Hence a highly developednd efficientDox drug delivery
systemis required to address the above mentioned drawbBalesto the size of the
molecule, many known drug came are insufficient being either too small d

encapsulate the drug or the amount loaded is minimal.

With this, the development of new, more efficient, and stable materials with larger
pore sizes have become a hot topic.ekample of such is metal organic frameworks
(MOFs)%4. MOFs possessxtraordinarily high porosity and large surface aréas.
Their pores can range from the microst&ito the highly porous MOFs falling under

the mesoporous region. The pore size and topology of the framework can be finely
tuned by seld@ing appropriate linkers and metal nod&fue to the high porosity of
metal organic frameworks (MOFs), they can be used to encapsulate many forms of
guest molecules, including large organic molecules such drugDbtké’. Being

hybrid material, the chemical and physical properties of the overall MOF structure can
be altered simply by changing the inorganic and organic building bfédksr
biomedical applications this is a huge advantage over current drug carriers. The
organic linker can prade the biocompatibility needed while the inorganic component
provides a controlled drug release, commonly associated with pure inorganic
system&’. The organic ligand also controls porosity, and by designing large,

elongated ligangthe synthesis of highly porous MOFs can be targéfed
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With the above in mind, decided to expand the family of highly porous MOFs. To
achieve this, we investigated the synthesis of highly porous MOF using a new Schiff
based tritopic elongated ligantd ¢ # The preliminary results using similar linkers
include the synthesis and chaterization of the Zn MOFNUIG5) and Co MOF
(NUIG6); NUIGS is nontoxic and exhibits an outstanding performance in pH targeted
Dox encapsulation and release (1100@gx/g NUIG5). 1% The use of similar
elongated ligands has been extensively used for the synthesis of highly porous MOFs.
Organic ligand molecules with a certain degree obnjugation camlsoabsorb Ight,

be emissiveand as a resufihotoluminescence property can be expecibérefore,

"- conjugated organic compounds with coordinating groups are commonly employed
as linkers in fabricatingohotoluminescentMOFs!’® These MOFs can provide
additional properties for biomedical applications such as bio sénhsiffgor optical

imaging during drug delivery’®

0] 0]

N

=

HO” ™0
Figure 5.1: Chemical structure of &3, the organic linker found iNUIG7.

Herein, we report the synthesis and characterizabfofznsO(L 63Hn (NUIG7),
which is an isostructural analogue IG5 andNUIG6 which are rare examples

of a highly porous MOF with a surface area of ~ 5000 gh . Due to the
biocompatibility of NUIG5, it was applied as a drug carrier where the encapsulation
of Dox was studiedNUIG5 shows a higlDox payload of 52% wt. With these results
and the isostructural nature of the ligaNdJIG7 was synthesized and charatzed

and itsDox adsorption properties investigated. This was achieved using UV Vis, TGA
and XRPD.
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5.3 Experimental

All manipulations were performed under aerobic conditions using materials as

received.

5.3.1Synthesis ot. 63H

Tris(4-aminophenyl)amine (2.0 g,@68 mol) was dissolved in ethanol (80 ml) and

stirred continuously for 30 mins in a 250 mL conical flask. Terephthalaldehydic acid

(3.01 g, 0.021 mol) was added stirred at a slow speed for 3 days. Orange pbwder

the ligand was precipitated and washathwethanol (20 mL x 2) and distilled water

(20 mL x 2). Yield: 86%H NMR (400 MHz, DMSGd 6 ) U 8. 97 (s, 3H
6H), 7.9 (m, 6H) 7.37.13(m, 12H).Selected IR data (KBr, ct): 2873b, 2542w,

2502Db, 1684s, 1620w, 1582m, 1495m, 1423m, 1313s, 12695w, 1166w, 1109w,

1014m, 939w, 886w, 857w, 769s, 693w.

5.3.2Synthesis 0fZn4O(LH3)2]Jn NUIG7

Method A: Zn(CHsCQy).A 2,8 (0.015 g, 0.068 mmol) was added to a solution of
(L6 B (0.069, 0.087 mmol) in DMF (5 ml) and left under magnetic stirring for 5 min
at room temperature. Then, the vial was placed in the oven at 100°C for 24 hours, after
which time orange polyhedral crystalsMUIG7 were observed. The crystals were
kept in nother liquor for Xray analysis or collected by filtration for other sedichte
studies.Method B: Zn(CHsCO»)A 2.8 (0.015 g, 0.068 mmol) was added to a
solution of Tris(4aminophenyl)amine (0.03 g, 0.1 mmol) and Terephthalaldehydic
acid (0.046 g, 0.3 mad) in DEF (5ml) and left under magnetic stirring for 5 min at
room temperature. Then, the vial was placed in the oven at 100°C for 24 diters
which timeorange single gstals are formedYield: ~80%. Selected IR data (KBr,
cm1): 3341w, 1657s, 15888555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m

5.3.3Physical Studies

IR spectra (4000400 cm?') were recorded using a Perkin Elmer 16PCIRT
spectrometer with samples prepared as KBr pellets. Powdtay Miffraction data
(XRPD) were collected using an InExuinox 6000 diffractometer. TGA experiments
were performed on a STA625 thermal analyser from Rheometric Scientific

(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and all
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runs were carried out between 20 and 600 °C. The measate were made in open
aluminium crucibles, nitrogen was purged in ambient mode, and calibration was

performed using an indium standard.

5.3.4 X-ray Crystallography

Crystallographic data foNUIG7 were collected in an Oxford Diffraction Xcalibur

CCD diffracometer using graphitmo noc hr omati ¢ Mo KU radi at
at room temperature. However, the single crystalsl@fG7 diffracted weakly and

could not be indexed satisfactorily, resulting in only the unit cell being determined
(a=36(12), b=36(12and c=36(12) Many experiments were performed to improve
stability of the crystals, this was not feasible. The crystal structuNUG7 was
characterized by unit cell from the XRD, FTIR and TGA studies. Fig. S1 shows that

the data obtained resemble toettheoretical one expected for these structures,

indicating their structural similarities witlUIG5 andNUIG6.

5.3.5Drug adsorption and release experiments

Dox (0.051 g, 0.087 mmol) was added to a glass vial containing DMSO/MeOH (1/9
mL) and stirred until all solid is dissolved. SolNUIG7, (0.02 g, 0.012 mmol) was

then added and the mixture was left stirring at room temperakwe.the
thermodynamic study, ¢hsame procedure was repeated with varying MD&x

ratios; the mixture was stirred for 1 week, filtered, and the filtrate was analysed for its
Dox contentFor the kinetic study, small volumes of aliquots were taken at designated
time intervals, centrifugd, and the drug content in the supernatant solution was
determined by spectroscopic (bNs) techniques. The drug release properties of
NUIG7Twer e studied in phosphate buffer sol
and 3.8) at 37°Cror the release dlies,Dox@NUIG7 (0.05 g) was added to a glass

vial containing solvent (10 mL) and left stirring at 37 C. Batch studies were performed
at designated time intervals, and the amount of the released drug was determined by

UV-vis spectroscopy.

5.3.6Cytotoxicity meaurements

For this analysis, Human dermal fibroblasts (HDF) cells and an MTT assay was used
to investigate the cytotoxicity d§UIG7, the organic linkerl{ 6 IHandDox@NUIG7.

The MTT assay involves the reduction of a yellow tetrazolium sal4,B3
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dimethylthazol2-yl)-2,5diphenyltetrazolium bromide] tetrazolium, to an insoluble
formazan crystal by the metabolic activity of living cells. HDF cells were seeded at a
density of 5000 cells/mL in a 9%&ell micro assay culture plate and allowed to grow
overaperiod of 24 h at 37 eC in aNUiGh CO2
(L 6 Hand Dox@NUIG7) in fresh culture medium was added into each well with
different concentrations from 0.01.00uM and incubated for 72 hours. Culture
medium only was employed #we control group, and wells containing culture media
without cells were used as blanks. 20uL of a solution containing 33mg MTT dissolved
in 6.8mL RPMI was added to each well, and the cells were incubated for another 3
hours. The excess MTT solution wagn carefully removed from each well, and the
formed formazan was dissolved in 100 uL of DMSO. The optical density of each well
was then measured at a wavelength of 590 nm using a microplate readBa¢Bio
xMark). The results from the three individual peximents were averaged. The

following formula was used to calculate the viability:

Viability (%) = (mean of absorbance value of treatment grblgnk)/(mean

absorbance value of control blank) x 100.

5.4 Results and Discussion

5.4.1 Synthesis

Tris(4-aminophenyl)enine was reacted with three equivalents of Terephthalaldehydic
acid by Schiff base condensation, forming the imine bond in the trans position creating
the organic linkerl{ 6 31 The double bond separating a series of aromatic rings allows
for flexibility in the organic ligand of the MOF. This in turn, can allow the MOF to

breathe and increase its loading potential.

NUIG7 was prepared using conventional solvothermal methods usiagHand
systematically exploring various reactions with differing reageiis;ametal sources
and solvents. A novel MOF with the formula, jn 6 $n NUIG7 was isolated. The
reaction of Zn(CHCO,)22H20 and L 6 #in a 1:2.5 molar ratio in DMF at 100°C for
24 hour yielded orange polycrystalline powdeNofilG7. The stoichiometric equation
of the reaction that led to the formationNlfIG7 is presented ieqn (1).NUIG7 can
also be synthesised byn situ means, whe Tris(4aminophenyl)amine,

terephthalaldehydic acid and metal salt were added to DMF for the solvothermal
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reactions in a 1:3:1.5 molar ratieqn 92 DMF or DEF can used in this synthetic

method produced large single crystalNefiG7.

DMF

4 Zn(CH3C0,),2H,0 + 2L'H3 » [Zn4O(L'H3),]n + 8CH3COOH + THO 1)
NUIG7
DEF
4 Zn(CH3COZ)22H20 + (NH206H4)3N +3 4-CHO(Ph)C02H —— [Zn4O(L'H3)2]n' 8CH3COOH + 7H20 (2)
NUIG7

It is noteworthy that the nature of the organic linker and choice in solvent affects the
crystallinity of the product and the reaction yigfdr example, reactions where the
linker was formedn situyielded larger, weldefined single crystals ®§UIG7. When
preformedlinker was used for theMOF synthesis, it led to the formation of a
polycrystalline product at larger yields. While in situ synthesis effects the crystalline
nature oNUIG7 where single crystals are achieved, the choice of solvent has shown
to affect the crystal size. Larger crystals are produced using DEF rather than DMF.
This may be due to DEF being a slightly larger molecule in comparison to DMF,

providing additional stability

— NUIG5

el RS — NUIG7

| | |'lﬂ"‘|f.‘lﬂl \
Ml ‘ |F|’J1| J}] |
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—_—
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Figure 5.2: IR spectra of comparindlUIG7 to NUIG5, showing the isostructural nature of the
framework.
The IR spectra dNUIG7 is shown in Figur®.2in comparisorwith the IR spectrum
of NUIG5. The NUIG MOFs exhibit identical IR spectra with several bands appearing
in the B55/1360 cml region, which are attributed to contributions from the
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carboxylate vas(Cg and vs(CO2) modes; however, the overlap withstinetching
vibrations of the aromatic ring and the carbonyl group renders further assignment
difficult. The formation of the imine boraf the organic linkecan also be identified

with an IR band appearing at 1684tm

5.4.2Description of structure

NUIG?7 is a structural analogue BUIG5 with the main difference being the organic

linker where the central C atom of the tritopic linker has been replaced Witb Ii&.7
framework consistof a tetranuclear Zn clustevgth the formulazniO bridged by

(L 6 Hligand to form a 3D network. This SBU comprises of fouf*Zons held

together by one centrals0> and six carboxylate groups creating a tetrahedral
geometry. The tritopic linker has been deprotonated, existing in its tri anionic from
where it coordinates to t Hrigeldscooridationi dual
mode. Representations of therganic SBU and organic linker bilUIG 7 are shown

in Figure5.3

&

- /{ . J'/* “ I "/y.\&\ \l
S < \< [
v \ /{ 2
¢ 2>

Figure 5.3: Top left: Structure showing the binding modes of L'Hs. Top left: Structure of inorg
SBU. Bottom: 3D framework dfUIG7.
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These building units combine to form the 3D framewstkG7 shown in Figuré.3
The high chemical stability, provided by TGA, NUIG7 in combination with its

structural similarity withNUIG5 provide evidence of interpenetrated polymeric

network. Interpenetration happens when more than one networks are catenated with

each other, and often results in the increase of the surface area and decrease of the pore

diameter of the MOF. The interpendioa provides stability to the framework and

plays a crucial role in its functional improvement. This may be the reason for the strong

thermal and chemical stability dfUIG7.

5.4.3Dox encapsulation and release studies

NUIG5, previously repded by the Papatintafyllopoulou groughowedo havehigh
loading capacities fabox while also provided a pH targeted relea$¥ith this, he
inherently high porosity, and the biocompatibilitye were promptetb assesshe
potential for drug delivery applicatiorsf NUIG7. Doxorubicin Dox) is a large

organic molecule so the high porosityMiJIG7 deemed suitable for delivery of this

drug. Firstly, MOF crystals were activated prior to the drug encapsulation in order to

reduce the amount of solvent present in the pomes, thus facilitate the drug

adsorption; this was performed methods previously used fdlUIG5.

The adsorption dbox by NUIG7 was initially confirmed by IR spectroscopy with the

appearance of the characterisbox peak at 984 crh which correspond to the

stretching GO-C band. Furthermore, there is a typical increase in the intensity of the

peaks at 1500, 1430 and 1040-tncharacteristic of the alcohol groups provided by

the drug. $eeFigure 5.12, Append)XThe impact of th®ox: MOF nolar ratio on the
NUIG7 drug loading performance found that thex uptake (mgDox /g NUIG7)

increasesvith increase of drug ratias this ratioUsing a series of external standards,

UV-vis revealed that the maximuBox upload is 63% by weight, correspang to

1735mgDox/g NUIG7. It is noteworthy to mention that there are limited numbers of

MOFs with 50wt%Dox loadings cited in literaturgvith the highest bein@5% wt
reported by NU100Q?°NUIG7 exhibits relatively higheDox loadingsin comparison
with its isostructural analogudUIG5, where 52%wt was achievét This amount
was further confirmed using TGA and HPLC. The TGA plobok@NUIG7 reveals
an additional | arge step mass | oss

decomposition of the drud@his broad weight loss step could be an indicationDioat
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has been absorbed into the pores and onto the surface. The drug uptake based on the
TGA is approximately 58% by weight, which is in close agreement with the value of
63% weight (1735m@ox/g NUIG7) calculated by UV studies.

Figure 5.4: Left: UV vis plot showing the uptake@dx by NUIG7. Right: TGA oNUIG7, Dox and Dox@NUIG7,
proving the encapsulation.

TheDox adsorption equilibrium datare plotted in Figre 5.5 The best description of
the data is provided by the Langmuir motfetonsidering a monolayer adsorption

with a finite number of homogeneous and equivalent active sites (egn (3)):

~

,L. oh
no

J*l 8.)
i} | 81

where g (mg/g) is the amount of drug per gramNMIG7 at the equilibrium
concentration Ce (ppm of metal ion remaining in solution),ig|the maximum
adsorption capacity of tHeUIG7, and K is the Langmuir constant related to the free

energy of the adsption; the fitting parameters are=0.351 and K= 28490.

Figure 5.5: Left: Adsorption isotherm plot fabox@NUIG7. Right: The adsorption data fit to the
Langmuir model
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