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Abstract

This Thesis describes the synthesis and characterisation of a variety of functionalised
metalorganic frameworks (MOFs). These MOFs have been used for the extraction
of platinum group metal (PGM) compounds from aqueous and organic solvents and

for the storagef gases such as GACH, and the G hydrocarbons.

Chapter 1 contains an introduction to PGM properties and uses with specific focus on
the chemical properties which allow for separation of PGMs from base metal

compounds andior separation between differe PGM compoundsThe synthesis

and structure prediction of MOFs is then introduced, leading into an overview of the
use of functionalised MOFs, especially those used for the encapsulation and
extraction of metal ions from solution. General experimentdirigues and details

are described, as is the theory behind inductively coupled plasma optical emission
spectrometry (ICROES), the most widely used analytical technique reported in this

work.

Chapter 2 describes the synthesis of chemically stable dmmogonalised Zr(IV)
MOFs; Ui0-68-NH, and UiG66-NH,, for extraction of PGM anions from aqueous
and acidic solutions. IGPES was used to show that both materials exhibit close to
100% uptake of Pt@ when present in just 3.5 equivalents per anion, coafyerto

the best materials reported for RfClextraction. Furthermore, UiB6-NH
exhibited consistently higher Pl uptake from aqueous solutions than four
industrially used materials supplied by Johnson Matthey. ®atiaction of PtGf

was demorsated simply by heating the doped MOF in 4 M HCI, removing 99% of
the PGM while maintaining the phase and crystallinity of 8&NH,. Separation of

PdCK” from PtCk> from acidic HCI solutions was exhibited by U&B-NH,,



showing an exceptional selegty of 20:1 for Pd:Pt from 2 M HCI. Likewise, 100%
selectivity for PtG§* and PdC# over CuC} and CuSQ from acidic solutions was
demonstrated, even in cases in which Cu was infdldOexcess. Solid state NMR
was employed to confirm the interactidretween the framework and the PGM
anions with XPS results suggesting that the encapsulated Pt species withi6liO

NH, may be PtCéKNHz)3 or PtCh(NHz)z.

Chapter 3 describes the synthesis and characterisation of a series of functionalised
Cu(ll) MOFs, NO'T-151, -155, -125 and-150, for the removal of neutral PGM
complexes, Pd(OAg) PtCL and Rh(OAc),, from THF. The design of the MOFs
allowed for an investigation into the effect of different topologssaéndfof), cage

sizes and functional groups (araj oxamide and methyl) on the uptake of each PGM
complex. ICPOES analysis showed that the MOFs were capable of extracting each
PGM complex. The oxamidiinctionalised NOTT125 exhibited the most consistent
uptake of Pd(OAg)with a maximum capacity of 3fg g* (7 NH(CORNH groups

per PtCl). The amindunctionalised NOTT155 showed the highest uptake of RiCl
with a maximum capacity of 73 mg'g(4 NH, groups per PtG). Uptake of
Rh(OAC)s was generally low, however NOTI25 showed a maximum extractioh

87 mg ¢" (3 NH(COYNH groups per PGM). The larger pda MOFs, NOTF155

and NOTF125, were more effective for each extraction than the MOFssaf
topology, NOTTF151 and NOT7¥150. However, of thessa MOFs, amine
functionalised NOTT151 was shown tgive higher uptake of each PGM than the
isostructural methyfunctionalised NOTT150. This demonstrated the importance of

incorporating a functional group capable of coordinating to the metal complex.

Chapter 4 introduces the use of a nitrogeh triazire core in the synthesis of a

variety of organic linkers to prepare MOFs for gas storage applications. The



preparation of novel 3,24connectedCu(ll) MOF of rht topology,denoted NOTT

160, is described and the structure characterised usiray Xrystallgraphy. The

material is shown to exhibit good uptake offtydrocarbons with uptake of 128 cc g

1115 cc ¢, 110 cc  for CoH,, CoHa, CoHg respectively at 298 K and 1 bar (this

becomes 212 ccly 175 cc & and 201 cc Jat 273 K and 1 bar). The setwities of

79: 1 and 70:1 calculated wusi nHtpCHdendr yos
C,H4:CH,4 respectively at 298 K are the third and second highest reported values for

a MOF under these conditions. Ideal adsorbed solution theory (IAST) was also
empgoyed to calculate and predict these selectivities and shows agreement with the
results obtained usi ng -1b0 showsés exdegtional | n
volumetric working capacity for CHof 221 cni cm™ at 80 bar and 298 K. This is

the second higtst working capacity reported for a MOF under these conditions, with

the excellent performance attributed to the high porosity and comparatively high

crystal density of the material.

Chapter 5 contains a summary of the work presented in this thesis.
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Chapter 1

Introduction to Platinum Group Metals and

MetalOrganic Frameworks



1.1 Platinum Group Metals

The platinum group metals (PGMs), which consist of Ru, Rh, Pd, Os, Ir and Pt, are
an exceptionally rare and valuable set of elements with a veidge of highly
desirable properties. These properties, such as catalytic activity, corrosion resistance,
thermal durability, biocompatibility and electrical conductivity lead to the use of
PGMs for many applications including autocatalysis, jewellerydionee, fuel cells

and electronics.The low natural abundance of these elements, coupled with the
increasing need for their use means that efficient methods of PGM extraction and

recycling are essential to meet demand.

Natural PGM deposits are found maimh ores located in South Africa, Russia and
Canada and require separation from base metals such as Cu, Ni’ahd/feety of
processes such as crushing, smelting and magnetic separation are used to give a
PGM-Cu-Ni-Fe phase and dissolution under acidonditions removes the majority

of the base metals to give a 60% PGM concentrafio selectively remove the
desired PGM from this mixture, a number of aspects of PGM chemistry must be
considered. Of particular importance is the nobility of each metaich refers to

their high insolubility in media which dissolve nearly all base metals. It may also be

described as the high potential of the reaction shown below.

MO M™ + ne-

The nobility of PGMs can be used to separate the memuble elements (Ir, Ru,
Rh and Os) from Pd and Pt, which dissolve more quickly under appropriate acidic
conditions. The second factor to consider is the coordination environment and
oxidation state of the metal ion. By far the best known and most welkesit group

of precious metals are the PGiflloro complexes as aqueous chloride solutions are

10



the only cost effective medium in which to bring all PGMs into solution. The major

species present in such chloride solutions are shown below in TaBle 1.1.

Table 1.1.PGM chloro species observed in acidic chloride solutions. Reproduced

from reference 4.

Ru(lll) Ru(lV) Rh(Il) Rh(IV) Pd(ll) | Pd(IV)
[RuClg]* [RUClg]* [RhClg]* [RhClg]* [PACL]? | [PACK]*
[RUCI5(H20)1* | [Ru0Chq* [RhCL(H,0)s]
[RUCIi(H20)2]" | [Ru0Clg(Hz0)]* | [RhCls(H0)]*
[RUCl3(H20)s]
Os(IV) Ir(11) Ir(1IV) Pt(Il) Pt(IV)
[OsCk]* [IrClg]* [IrClg]* [PtCl]* | [PtCl]*
[IrCls(H,0)]*
[IrCl4(H20),]

As the majority of these species are anionic, thieyahle to undergo anieexchange

reactions with a variety of organic bases (B) to form arpiain, as shown below.

nB*Cl + A7{MCL]™ [B]IMCL] + nA*CF

The tendency of a PGM anion to undergo this kind ofgam formation is dictated

by the charge to sizratio and charge density of the species. Species with a lower
charge density are paired more easlyributableto larger hydration spheres leading

to a weakercoulombic interaction with theounter cationd.Thus,the ease of ion

pair formation follovs the ordefMClg]* > [MCl4* >> [MClg]* > aquo speciesA

number of different methods have been used over the past 50 years to make use of

this ionpair formation to separate PGM anions from one another. The most common
method to achieve this is sohteextraction which involves the use of a receptor
molecule dissolved in solution to interact with the desired PGM. This proceeds either
via the formation of an innesphere complex, usually with a dialkylsulfide or

hydroxyoxime receptor oria the formaion of an outeisphere salt with hydrophobic

11



alkylamine reagents® The solvent extraction process consists of three main steps
(1) an extraction step to bind the metal, (2) transpbthe metal from the aqueous

phase to the organic phase, (3) bagkaction from the organic phase using NaOH
to recover the metal (Figure 1°2)The pure PGM is then obtained using an

electrorefining technique such as electrowinrihg.

[PtClg]*~ (LH)2[PtClg] (org)
2 H* >~ p—r— —>[PtClg]*
-
EXTRACT STRIP

X- < Nl ¢ 2 OH-
2L (org)

Figure 1.1.A scheme showing pidwing-controlled transport and extraction of the
Ptd¢> anion, where L denotes a receptor molecule. The organic and aqueous phases
are represented by the shaded andst@aded boxes respectively. Reproduced from

reference 9.

Solvent extraction has previously been demonstrated to great effect in the $chréde
group using amine and amidad uregunctionalised receptor molecules for the
extraction of PtGf (Figure 1.2)'' However, solvent extraction is a time and
energyconsuming process and in more recent years, other methods have been

investigated to pgorm these extractions more efficiently.

12



Figure 1.2.The strucutre of a highly functionalised solvent extraction receptor used

previouslyin the Schréder group faheremoval of PtGf from acidic solutions?

Solid phase extractants are one such example and consist of a broad range of
different sorbent materials including silica gels, vinyl chlorides, activated carbons,
polyaminepolyurea materials and chitosaiAsWhilst these sorbents do show
promise for specific dractions, many suffer from poor chemical stability, low
sorption capacities and slow uptdké-herefore there is a real need for the synthesis

of new materials able to address these problems and to avoid theotisieming

phase transfer step neededdolvent extraction processes.

1.2 MetalOrganic Frameworks

1.2.1 Introduction

Metal-organic frameworks (MOFs) are a class of hybrid materials that consist of
metal ions or clusters bound to organic linkers to form an infinite crystalline lattice
(Figure 13)."3 These lattices can exhibit permanent porosity, allowing the possibility
of guest molecule encapsulation within the structure. This has led to a multitude of
potential applications for MOFs such as gas stdf&geand separatioff®

catalysis®*° drug delivery™® chemical sensiri§>* and proton conductiot.>®

13



Metal ions

Q
o
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[ ] ® 3
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°
. 8
— osi——
.N

Organic ligands

Figure 1.3. Generic scheme showing metabanic framework formation.

Reproduced from reference 13.

Some advantages of MOFs over similar porous materials such as activated carbons
andzeolites include the relative ease of structure determination, the ability to predict
structures and very high internal surface areas (up to ~76@0)m However, the

key feature that makes MOFs so intriguing is the chemical tunability of the organic
linkers, which are not present in other inorganic materiete. linkers are usually
bound to the metal nodeéa O- or N-donating groups. €@onors are more commonly
employed and generally take the form of moaopolycarboxylates which provide a
huge rang of potential binding modes with different metal nodes. In addition to
these binding groups, the carbon backbone of the linker may be decorated with a
variety of different functional groups such &NH,, -CHs, -OH, -Br etc®® Thus,

when considering the mber of organic linkers that could be synthesised and the
different inorganic metal nodes available, the number of potential MOF products is
almost infinite®® As a result of their tunability, high surface areas and stability, we

propose MOFs to be the iematerials for the selective adsorption of PGMs from
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solution. As a type of solid phase extractant, they would also negate the need for the

phase transfer step requiredswmivent extraction techniques.

1.2.2 MOF Synthesis

MOFs aregenerallyprepared byolvothermal synthesis using a conventional heating
method. This is carried out by reacting the linker and metal precursor in solution at
high temperature and pressure in a sealed veéssalally a stainless steel autoclave

or a pressureated glass tuber vial. Polar, high boiling point solvents such as DMF,
DEF, DMA, NMP, HO and 1,4dioxane are most commonly used and s
amines are frequently added to promote crystal gréimportant factors to
consider in addition to the choice of solvent egstare temperature, pH and
concentration of the reagents, which are usually optimised by trialling a wide range
of conditions?® The metal ions are added in the form of a soluble precursor such as a
nitrate, chloride or acetate salt and the organic linkessally dissolve upon
sonication or heating in the solvéfitAlternativemethods of MOF synthesis such as

microwave heating* ball-milling® and continuous flow synthe&sare known.

The mechanismof MOF formation is via a reversible selassembly praess. The
organic linkers are able to bind reversibly to the metal nodes until the most
thermodynamically stable product (the MOF) is forrfit@ihe addition of protons to
the synthesis aids this se@l§sembly by rerotonating the COOgroups and

facilitating the breaking of the MD bonds.

1.2.3 Predicting MOF Structures
Clearly the two main components of the framework, the metal ions and the linkers,
are the most important factors that determine the resulting structure. The metal ions

can take the form of aononuclear node or, more commonly, will form metal

15



carboxylate clusters which are referred to as secondary building units (3BUs).
These SBUs are usually rigid as the metal ions are held in place by the carboxylate
groups, allowing them to serve as ties between the organic linkers and play an
important role in preventing framework collapse upon solvent renibvalhuge
variety of SBUs are known and their formation depends largely upon the chemical
properties of their constituent metal ions. Somenmon examples of SBUs are

shown below (Figure 4).%

Figure 14. Examples of SBUs commonly used in the preparation of MOFs. (a) The

square Cu paddlewheel motif, [£0.CR),(H.0),] present in the majority of Cu(ll)

MOFs. (b) the groxo trimetallic basia(lIl) acetate structure depicted as a triangle
and a triangular prism (d). (c) The octahedral basic Zn(ll) acetate noglexa |

tetrametallic cluster. Reproduced from referente 6

From these SBUs, one can identify points of framework extension whsdhiloe a
simple geometric shape, allowing a simplification of the chemical structure.
Likewise, the organic linkers may be deconstructed into simple shapes and the
combination of these simplified representations gives a clear picture of the
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underlying conectivity (topology) of the framework (Figure 5.2 This

deconstruction is known as reticular chemi§try.

Figure 1.5. Deconstruction of the metal node (a) and organic linker (b) of an In(lll)
tetracarboxylate MOF to show the underlysagtopology (d) Reproduced from

reference 8.

Using this approach to create an isoreticular series of MOFs with the same topology
is well known® "™ The first example ofan isoreticularseries was reported by
Yaghi and ceworkers in 2002 with the aim of investigagi the CH uptake capacity

of each framework® This involved the systematic variation of a range of parameters
such as carbon chain length and altering pendant functional groups along the carbon
backbone of linear dicarboxylate linkers. For example, pheraphthyl, pyrenyl,
biphenyl and triphenyl spacers were used to vary the chain length and bromo, amino,
cyclobutyl and ether groups were used to introduce functionality. These linkers,
combined with a basic zinc acetate node, created a series of idardtd©OFs ofpcu

topology, denoted as IRMGFto IRMOF16 (Figure 16).”
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Figure 1.6. View of the single crystal structures of IRMOF<4.@ in which the

tetrahedral Z§O node is represented as a blue polyhedron, the C atoms are shown in
black and the O atns in red. The yellow sphere represents the accessible pore

diameter, taking into account van der Waals radii. Reproduced from ref@@nce

As shown clearly in Figure @, the size of the pore varies greatly depending on the
linker used (3.8 A in diametdor IRMOF-5 to 28.8 A for IRMOF16). Similarly, the
accessible pore volumes ranged from 55.8% (IRMPFo 91.1% (IRMOFL6). Of

this series, IRMO¥#6 was found to be the most effective for Lélorage with an
uptake of 240 cthg™ at 36 bar and 298 K. Athe very similar IRMOFL and
IRMOF-3 structures show a much lower capacity for,Cldspite their larger pore
sizes, the authors attributed the performance of IRNBOte the favourable
interactions of the pendant cyclobutyl functional groups with thesgCH,

molecules’’
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A similar example of an isoreticular series was reported by the Schréder group in
2009*° This involved the synthesis of a range of tetracarboxylate linkers which were
combined witha Cu(ll) paddlewheel nod® give frameworks ohbo topology.
These linkers ranged from a simple biphenyl to extendeddtra and pentaphenyl
carboxylates in addition to a series of fluoro and methyl substituted analogues

designed for high Huptake (Figure T).

HOOC O COOH HOOC O COOH HOOC O COOH HOOC O COOH HOOC O COOH
HOOC g COOH O O O O
NOTT-100 O O O
HOOC COOH O
NOTT-101 O HOOC COOH O
HOOC COOH
NOTT-103
NOTT-102 O
HOOC COOH
NOTT-104
HOOC O COOH HOOC O COOH HOOC O COOH HOOC O COOH HOOC O COOH
o g g bed 90
F F F
HOOC g COOH HOOC g COOH HOOC g COOH HOOC g COOH HOOC g COOH
NOTT-105 NOTT-106 NOTT-107 NOTT-108 NOTT-109

Figure 1.7. The linkers and corresponding MOF nomenclature for the NOIX

series™®

This combination ohbo topology and open Cu(ll) metal sites resulted in each MOF
exhibiing good uptake of Hat 78 K (between 2.26 and 2.63 wt% at 1 bar).
Interestingly, thegasuptake did not follow the trend of the BET surface area and
pore volumes. Each of NOTIO1, -102 and-103 showed a significantly higher

uptake than NOTAL0O0 at 20 bar, however the larger pore NGIOR performed less
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well than NOTF101 and NOTT103, with NOI'T-103 exhibiting an exceptional
capacity for H of 6.51 wt% at 20 bar. This was attributed to the weaker overlap
potential between Hmolecules and the walls of the larger pore N@IOR and the

favourable interactions between the naphthyl groups of N@IBrand H.*°

1.3 Gas Storage Applications of Functionalised MOFs

As discussed earlier, the inclusion of a functional group sutNids, -OH, -SH, -Br

etc. on the organic linker is often employed in MOF chemistry. This is carried out to
tailor the framewdt for a specific application, most commonly to enhance
interactions between the MOF and gas molecules such asHz@nd CH.”®" In
2012, Longet al. reported the synthesis of a Mg(ll) MOF, Mdobpdc) (dobpdc =

4 | -didxido-3 , -Bighenyl dicarboxylate)incorporating 18.4 A channels through the
structure” The Md" ions lining these channels were then functionalised with-N,N
dimethylethylenediamine (mmen) to give pMdpbpdc)(mmen)s(H2-0)4 (Figure
1.8). This aminedoped framework showed excellent algt of carbon dioxide at
very low pressures, taking up 2.0 mmdia 0.39 mbar and 25 °C and 3.14 mmol g
1 at 0.15 bar and 40 °Cconditions relevant for the removal of €ffom flue gas>

For comparative purposes, it is worth noting that 86, uptale in the

unfunctionalised framework is 15 times lowsrderthe sameonditions”
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COOH
OH

H,dobpdc

Figure 1.8. A scheme showing the synthesis, activation and mimectionalisation

of Mgz(dobpdc). Reproduced from referenée 7

The isosteric heat of adsorptioQsf) cakulated from the isotherms suggested that, at
low loadings, the C®molecules were physisorbed in the MOF. However,@he
increased rapidly to71 kJ mol* with increased loading, which is indicative of
chemisorption of the C£molecules onto the free ame groups, explaining the high
uptake. Gas adsorption/desorption cycling experiments in flue gas demonstrated that

Mgz(dobpdc)(mmen)s(H20)o.4 is stable to repeated use andhotivation.

Computational methods have also been used to compare the effdidtecént
functional group®n the sorption of aariety of gases. In 2010, Mell@razniekset

al. published a report on the GGand CH sorption capacity of MIES3(Al)
frameworks with i (OH),, -COOH, -NH, and -(CHs), functional groups and
calculated theheats of adsorption in each cad3eThis was carried out using a
combination of Grand Canonical Monte Carlo (GCMC) and density functional
theory (DFT) method® As shown below in Figure 9, each material exhibited
higher a higher @for both CQ and CH in comparison to the nefunctionalised

MIL -53(Al)-NF. At zeroloading the order ofQg; for CO, is T COOH >-(OH), > -
(CHs), > -NH,, with MIL-53(Al)-COOH showing the highestsQy 14 kJ motf.

Whilst the functionalised MOFs display higher heats of adsorgor CH, than the
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parent material, it is only moderately increased (~3 kJnfot MIL-53(Al)-
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Figure 19. (a). GCMC calculated heats of adsorption for,@@ll circles) and CH
(open circles) for each MOF. (b). Predicted isotherms foy @@ squares) and CH

(open squares) at 303 K froni @.5 bar. Reproduced from referen& 7

The predicted isotherms for G@Qo not follow theQs; trend, in this case MH53(Al)-

(OH), > -NH; > -COOH >-(CHj3),. This is unsurprising as the bulk of therivas
functional groups also affects the gas uptake, hence the poor performance-of MIL
53(Al)-COOH at 0.5 bar. However, the quick €a@ptake in this MOF between-0

0.1 bar in comparison to MIE3(Al)-NF suggests that the functional grodpes
enhane gasstorage. Likewise, the very low uptake predicted for MB(Al)-(CHs),
compared to the other materials strongly suggests that the interactions of polar

functional groups with C@are far more favourable than with npalar groups. The
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predicted CH isothems exhibited a negligible change across the series. The
selectivity of CQ:CH, of 1517 for MIL-53(Al)-(OH),, -NH, and -COOH is far
higher than that of MIt53(Al)-NF (~ 7) and shows clearly that functional groups

can greatly improve the uptake of one gasranother.

1.4 Functionalised MOFsfor Metal Encapsulation

With regards to our focus on the extraction of PGMs, the most significant literature
reports concern the encapsulation of metal ions from solusory MOFs To date
there has been very littlegearch into PGM scavenging using MOFs, however there
are a significant number of reports of functionali$edmeworls used for sensing

and encapsulation of a variety of metals.

1.4.1 Transition Metals

The most common use of MOFs in this context is fossgnof transition metal ions
such as Fe(l11¥?% Co(11)**® and Cu(l1}®® in solution. One of the first examples of
such work was reported by Qiat al. in 2009 using a luminescent Eu(lll) MOF
containing a pyridyl isophthalate link&r.Importantly, the structure contains 1D
channels surrounded by six pyridyl grou@sgure 1.10) an ideal arrangement for
interaction with guest metal ions. Activated samples of the MOF were added to DMF
solutions containing a variety of different metal nitrates'(Md, Mg**, C&*, Mn?*,
Co?*, Ccu*, zn™ or Cd") to give metaincorporated [Eu(pdg)]-XxDMFyM™
crystals for luminescence studfésPhotoluminescence spectra of these crystals
exhibited characteristic transitions corresponding to" Eans at 590, 616ral 698

nm.
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Figure 1.10. The 1D channels ifEu(pdc) s] surrounded by pyridyl groups (left) and
a comparison of the luminescence intensity of [Eu(d®DMFyM"™*

incorporating various metal ions. Reproduced from refererice 8

The intensity of thesednsitions was shown to be heavily dependent on the identity
of the metal encapsulated within the [Eu(pdgxDMFyM™ framework. For
example, the incorporation ofalkali and alkalineearth metal ionsresulted in
negligible quenching of the luminescenotensity, whereas the transition metal ions
reduce the intensity by varying degrees (FigurE)1.The Cu(ll}doped material
showed the greatest reduction in luminescence intensity at approximately half that of
the metalfree framework. Cd(ll), Co(ll) andn(ll) also decreased the intensity
significantly. XPS studies of these transition mekaped crystals showed a shift
corresponding to the N 1s orbital of the free pyridyl groups (398.5 to 399.2 eV),

indicating a weak interaction between the Lewis bsisés and the Kt ions®

The sensing of Béions is of particular interest as they play a crucial role in many

cellular processes and a deficiency or overload 8f ¢ lead to medical conditions

such as hemochromatosi s, efllh 2003 Yaees al.and Par ki
reported the use of MHI5E3(Al) as a highly sensitive and selective detector of Fe(lll)

from solutionvia a cation exchange mechanism (FigurkL)®
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Figure 1.11. The cation exchange mechanism (top) and the fluorescence respons

of MIL-53(Al) to a variety of metal ions (bottom). Reproduced from refereBce 8

Metal sensing was carried ouiti the addition ofMIL -53(Al) to a series of solutions
containing a variety of metal ions and measuring the fluorescence of the resulting
matrial. As MIL-53(Al) is strongly fluorescent, the cation exchange leading to
weakly fluorescent MIE53(Fe) was easily observable. This allowed for detection of
Fe** from an aqueous solution with a linear range-@08 puM and a detection limit

of 0.9 uM¥# Furthermore, to determine its potential for application in biological
samples, MIE53(Al) was used as a probe to detect levels Jf e samples of
human urine. Recovery of Fe was shown by fluorescence to be between 98 and
106%, which was in very good r@gment with ICRMS analysis of the same

samples. This cation exchange strategy offered promise for MOF use in detection
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applications, although the authors suggested that the synthesis and purification of

MIL -53(Al) needed improvement before it could bedisn a larger scaf?.

1.4.2 Lanthanides and Actinides

Another area of great interest is the encapsulation of lanthanide ions for biomedical
and drug delivery applications and to enable tunable luminest&ficghe first
known example of lanthanide eattion in a MOF was reported by Rosi and co
workers using an anionic Zn(ll) adendtamework denoted as biMOF-1, with
dimethylammonium cations residing in the 1D chanfeBamples of bidMOF-1

were soaked in solutions of DMF containing nitrate saflffb**, Sn?*, EU** or Yb**

to give a series of L¥i@bioMOF-1 materials via replacement of the

dimethylammonium cations (Figure 2)1

i._

2 {2 3
, O

Sm”@bio-MOF-1 Th*@bio-MOF-1 Eu”@bio-MOF-1
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Figure 1.12. A depiction ofLn®*" ion encapsulation in biMOF-1 and the
excitation/emission spectra of the resultingtemials. Reproduced from referen& 9
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Luminescence studies in the presence of water (a solvent with the ability to quench
NIR emitting lanthanides) showed that the®Lrions could be easily detected,
suggesting that biMOF-1 protects the encapsulateshsofrom the solution. As bio
MOF-1 was acting as a scaffold for the’Ltions, the authors hypothesised that the
doped materials could act as small molecule sensors. To test thieNMb-MOF-1

was evaluated as an oxygen sensor. The MOF was activatqulazed into a gas
chamber and the luminescence in response to the additiongsEsGvas monitored.

A signal decrease of ~40% was observed after 5 minutes of exposuseMuadd,
importantly, returned to its original intensity upon removal of the gasyishgahat

reversible sensing was possible.

In more recent years, the extraction of actinides and radionuclides from solution has
been explored using MOFs, with particular focus on the removal of uranium from
seawater % As nuclear power is helping ttvercome the shortage of fossil fuels it

is vital to find new sources of uranium to improve the sustainable development of
nuclear power. The available supply of terrestrial uranium is predicted to last just 80
years, however, the quantity of uranium @awater is estimated to be ~1000 times
greater than thi¥" Hence the development of technology able to selectively remove
uranium ions from seawater is of high importance. In 2015, dtual. reported the
synthesis of a Zn(Il) MOF containing 1D chanrfeisctionalised with acylamide and
carboxyl groups (Figure 131% Activated samples of this MOF, denoted
Zn(HBTC)(L), were added to solutions containing U(VI) ions to evaluate its

adsorption capacity.
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Figure 1.13. View of the 1D channel along tleaxis of Zn(HBTC)(L) (left) and the
uptake of U(VI) ions with respect to pH and time using 100 ppm solutions of U(VI)

and 10 mg of MOF at 298 K (right). Reproduced from refererice 9

A series of experiments were set up varying pH, contact time, tempenatLit\4l)
concentration to investigate the effects of these parameters on U(VI) uptake. It
should be noted that whilst uranium speciation is known to vary with pH, the
predominant species over the pH range used wag'U®s shown in Figure 13}

the pH hasa dramatic effect on the uptake, increasing from 55 thep®2 mg &
between pH 1 and pH 2 and then reducing with further increases in pH. The
maximum adsorption capacity of 92 mg ig significantly lower than the 217 mg'g
reported by Linet al.in a similar series of experimentsith Zr(IV) based MOFS®
However, the uptake time of just one minute shows that Zn(HBTC)(L) has great

potential for quick and efficient scavenging of 80 This quick adsorption is driven
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by the interactions between Wions and the free functional groups of the MOF, as

determined from IR experiments.

1.4.3 Heavy Metal lons

Heavy metal such as Hg and Pb are a significant health concern when released into
the environment as they have the potential to accumulate iutharhbody® As a

result, their removal and recovery from industrial waste streams, and even drinking
water in less developed countries, is a nece$&itx. number of MOFs have been
tested for their Hg(ll) uptake capacity in recent ye¢&r&® with the first known
example published in 2011 by Cle¢ al. using a thioether functionalised M&&
analogue for the removal of HgGtom ethanol solution¥” The first example of a
MOF capable of Hg(ll) extraction from an aqueous solution was reported inntlee sa
year using thiol functionalised HKUST, a watesstable Cu(ll) MOF containing
benzenetricarboxylate linket¥ The thiol functional groups were added to the MOF
postsynthetically. This was performed Imgating HKUST1 under vacuum to give
open Cu(ll) sites, followed by stirring in a toluene/dithioglycol mixture to graft
dithioglycol moieties to the Cu(ll) ions (Figure 4)1 Three differentcompositions

of the MOF after possynthetic modification were determined using energy
dispersive Xray spectrosapy (EDX); A, CuBTC-DTG-0.18,B Cu-BTC-DTG-0.92

andC Cu-BTC-DTG-1.52 (BTC = benzene tricarboxylate, DTG = dithioglycd).
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Figure 1.14. A schematic illustration of the coordination of thiol functional groups to

free Cu(ll) metal sites in HKUST. Repoduced from reference 20

Mercury extraction experiments using these materials were performed inowvater
the course of 24 hourgsing a wide range of concentrations (from 0.1 to ~1500
ppm). The initial and final solution concentrations were analyséug ustomic
fluorescence spectroscopy (AFS) and a % uptake and adsorption capacity {(th mg g
were calculated for each sample. SamBle CuBTC-DTG-0.92, exhibited the
greatest HY adsorption capacity at all concentrations, showing an excellent
maximum caacity of 714 mg § and a 99.8% uptake. This compared very
favourably to other porous adsorbents such as functionalised silica gels which
generally exhibit a capacity of ~100 mg gnder similar condition&'® More
importantly, B still exhibited 90%uptake at much lower concentrations of around
100 ppb (a more realistic real world concentration). Unfunctionalised HKUST
samples were found to exhibit no uptake capacity fof' Hans under the same
conditions, strongly suggesting that the extractioansrely a result of interactions

between the thiol groups and the metal itfhs.
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1.4.4 Precious Metals

The vast majority of MOF research concerning precious metals involves the
encapsulation of Au, Ag, Ir, Pd and Pt nanopatrticles for a variety of catalyt
applications:'**® However, as stated previously, very few papers have reported
MOFs with the ability to sense or scavenge precious metals from solution. In 2013,
Xu et al. reported the synthesis of a M@Fanalogue functionalised witlyl and
sulfanyl groups, denoted ASMO#s, for detection of precious metals from
solution!” The sulfur groups were added to provide a conjugated photoluminescent
aromatic core and the alkene was used to providenor and -acceptor character

for preferentiabinding of noble metal ions. As noble metal ions are chemically soft
species, they were also expected to interact with the thioether moieties, producing a
substantial quenching of photoluminescet¢dJponimmersion of ASMOF5 in a
solution of Pd(MeCNXCI, in MeCN (0.25% w/w), the crystals exhibit a distinct
colour change from light yellow to dark red within minutes (Figur®)1.ICP-OES

analysis showed a Zn:Pd ratio of 6.25 : 1 in the framework, equivialénc4 Pd(l)

ions per functionalised cage.
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Figure 1.15. A view of the cage structure of ASME&8-(left) and the colour changes

exhibited upon immersion in a variety of metal ion solutions (right). Reproduced

from reference 14

ASMOFR5 was also immeed in solutions of other precious metals and transition
metals, giving a colour change in each case (Figur®.1Ak none of these colour
changes are particularly distinct, ASM@Rherefore provides a simple method of
detecting Pd(ll) in the presence ather metal ions. Unfortunately ASMG&3-was
found to be unstable in water and the-dehed samples began to degrade in air

within hours*Y

The first example of a MOF designed specifically for the removal of PGMs from

2118

water was published by Amirgt al. in 2012~ This involved the preparation of

HKUST-1 incorporating immobilised &, nanoparticles functionalised with amide
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and pyridyl groups in the pores, for the removal of Pd(ll) from seawater (Figure

1.16).

Figure 1.16. A schematic illustration ohie functionalisation of HKUSTL with

Fe;04 nanoparticles. Reproduced from referencg. 11

Pd(Il) extraction was investigated using batch experiments in 15 ml-minded

water with 30 pg of Pd ions, whilst the pH was adjusted using dropwise addition of
NaOH or HCI solutions. Once the extraction was complete, the concentration of the
solution before and after was calculated using flame atomic absorption spectroscopy
(FAAS) and converted into a % of Pd removed from solution. Under optimised
conditions theMOF exhibited 100% adsorption of Pd(ll) from solution with a
maximum capacity of 105.1 mg-gHowever, this was only successful when using a
trace amount of Pd(ll) and the MOF exhibited no adsorption of Pd(Il) from HCI

solutions, which is by far the mastmmon medium for PGM dissolutidff

In 2015, Xu and cavorkers reported the extraction of Pd(ll) from aqueous acidic

waste solutions using a Zr(IV) analogue of the sulfur and alkemdionalised
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Zn(I) MOF described earlie® The framework consistsf @r-oxo clusters bridged

by the organic linkers to give a structure containing cages decorated by the functional
groups (Figure 14). As Zr(IV) is very oxophilic, it produces MOFs with high levels

of thermal and chemical stability including stabilityanidic solutions in which the
majority of MOFs would decompose. To carry out the extraction, 300 mg of the
MOF, denoted ASUiI@6 was added to simulated liquid waste containing 20 metal

ions of different concentrations.
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Figure 1.17. A schematic illustrabn of the synthesis of ASUKB6 and the removal

of Pd(ll) from nuclear waste. Reproduced from referen@ 11

After shaking for one hour in 40 ml of the 1 M HRjSolution, ICRAES analysis
showed a 95% reduction in Pd(Il) concentration and importantlygkapof the
majority of the other metals was negligible. Whilst uptake of Ag(l) and Se(ll) was
observed (Figure 18), ASUIO-66 still exhibits excellent selectivity for Pd(Il) over a
wide range of metal ions. It is also important to note that the samectexira
performed with unfunctionalised Ui66 gave a Pd(ll) uptake of just 1.4%,
highlighting the key role of the functional groups in this process. The retrieval of
Pd(Il) from ASUIO66 was demonstrated by stirring PA@ASKE® samples in a
mixture of HNQy/thiourea at 50 °C, releasing 85% of the Pd from the pores. It was
possible to repeat this cycle of uptake/retrieval without a significant loss of

efficiency (40.8 mg gto 37.9 mg ¢ after 5 cycles}®
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Figure 1.18. Percentage of the metal ions adsdrbg ASUIO66 from a simulated

agueous waste solution. Reproduced from referenge 11

The first reports of MOFs capable of recovering PGM chlorides from aqueous
solutions were published in 203#'? Huanget al. investigated the extraction of
PtCL%, in the form of KPtCl, from aqueous solutions using a series of isoreticular
Zr(IV) UiO-66 frameworks functionalised wittNH,, -F, -OMe and-NO, groups*®
Uptake of tle anion was monitoredn-situ using Xray absorption spectroscopy
(XAS). Each MOF was idpersed in a gPtClL/H,O solution, sealed in a liquid cell
and placed into the -Xxay beam. XAS spectra were then collected periodically over
the course of 36 hours. The results showed that&@&®IH, exhibited the greatest
sorption capacity for PtGI (94%) with the other frameworks performing poorly
(between 16% and 29% uptak&) Fitting of the spectra allowed the coordination of
Pt within UiO-66-NH; to be monitored over time, show a rapid decrease in-€t
coordination from 4 to 2 and a concomitardrease in RN coordination from O to 2
(Figure 1.D). Thisconfirms that the coordination number remained at 4 and suggests
that the square planar geometry of Pt(ll) is maintained with 2 ¢tblups of the

MOF binding a PtGlmolecule within the pore.
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Figure 1.19. The time dependence of Pt coordination with Cl (left) and N (right).

Reproduced from reference@

A similar coordination trend was observed for L86 and thé NO,, -OMe andi F
functionalised MOFs. The Rl coordination reduced from 4 to52with a rise of O

to 1.5 in P1O coordination, strongly suggesting that the Pt complex binds with the
framework carboxyl groups in the absence of an, §idup. A DRIFTS study also
showed a suppression of the carboxyl vibrations upon Pt loading, givitigerfu
evidence for this theor{?° Following this work, the same group published a more
detailed report focussing on the use of W®NH, as an extractant for Pt&1'%

This will be discussed in more detail in the introduction section of Chapter 2.

1.5 Scopeof this Work

The key aim of this work was to explore the use of MOFs for the recovery of PGMs
from aqueous and organic solutions. A specific focus was on the design and
preparation of MOFs with pendant functional groups capable of selectively binding

to these metal complexes.

Chapter 2 focuses on the synthesis of ligands for the preparation of highly stable
Zr(IV) MOFs for the removal of PGM chlorides, particularly RfClfrom aqueous

and acidic solutions. These frameworks incorporate amine groupind to the
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chloride groups of the PGM and the sorption capacity was compared to that of non
functionalised analogues as well as industrially used sorbent materials. The uptake
into each material is examined using {OES and UWis spectroscopy and the
doped MOF materialare characterised using a combination of solid state NMR,

ICP-OES and Xray photoelectron spectroscopy (XPS).

Chapter 3 is based around the retrieval of three important PGM compounds,
Pd(OAc), PtCl, and Rh(OAc), from organic solvents-or this purpose, a series of
Cu(ll) frameworks has been synthesised and their sorption capacity is analysed by
ICP-OES and XPS techniques. The design of the series allows for a direct
comparison between different functional groups (amine, oxamide anuylinet
addition to exploring the effect of different topological structures and pore sizes on

guest encapsulation.

Chapter 4 focuses on the synthesis of novel MOFs based around a ritchgen

triazine core and their use for PGM extraction and gas stseggration
applications. The gas adsorption and separation properties of a new, highly porous
MOF, denoted NOTA160, are examined and compared to similar materials
previously reported in the literature. In particular, high pressurg <0kption and

low pressure separation of GHrom C, hydrocarbons in NOT-IL60 is discussed,

with LangmuirFr eundl i ch fittings applied to t he

law and the IAST model tpredictselectivities for one gas over another.

1.6 ICP-OES
Inductively couped plasma optical emission spectrometry (GBS) is a powerful
analytical technique for the determination of trace elements within a sample. The

instrument consists of an excitation source which contaiosch consisting of three
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concentric tubes madef quartz and another suitable matetfalA copper coil,
called the load coil, surrounds the top of the torch and is connected to a radio
frequency (RF) generatd? Argon gasis passed through the torch, RF energy is
applied to thdoadcoil and a sp#&ris added to the highly energised Ar atoms, which
are stripped of electrons, forming plasma. Further agitation of these Ar ions and
electrons by the RF field increases the plasma temperature to approximately 10,000
K.'? The sample, in liquid form, is cearted to an aerosol using a nebuliser and
directed into the centre of the plasma. The aerosol is quickly vaporised and the
atoms/ions from the sample are promoted to excited StatBelaxation of these
excited states to the ground state may occur girdbe emission of photons, which

are then separated into their component wavelengths through a diffraction grating.
As each element has a characteristic set of emission wavelengths, the wavelength of
the photon emission can be used to determine the eldroemwhich it originated.

As the number of photons is directly proportional to the quantity of an element
within a sample, ICRODES is a very accurate technique to determine the
concentration of an element in solution. There are many advantages @ES®er
similar techniques such as direct current plasma (DCP), micrewdueed plasma
(MIP) and laset#nduced plasma (LIP). For example, the very high temperature of the
plasma means that IGBES gives efficient and reproducible vaporisation, excitation
and ionisation of a huge range of elements from different matifteBhis is
particularly useful for the excitation of metals with very high melting points- ICP
OES gives low background noise, low levels of chemical interference, has a highly
stable, higly electron dense source and is better able to handle liquid samples than
other techniques, all of which lead to excellent accutdtiy.also exhibits very low

detection limits for the majority of elements, with some detected in concentrations as
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low as0.1 ppb (0.1 ng £).}* Thus ICROES was the ideal technique to use to

monitor changes in PGM concentration in solution during the extraction process.

1.7 General Experimental Methods

1.7.1 Reagents and Analytical Techniques

All solvents and reagents wepeirchased from Sigmaldrich, Alfa Aesar, Fisher
Scientific or Frontier Scientific and were used without further purification unless
stated. The specific details of the synthesis of organic linkers are described in the
experimental section of each chapt®&OF materials were prepared using a
solvothermal method in a variety of different ves$e®50 ml Schott bottles, 45 ml

stainless steel Parr autoclaves, 15 ml pressure tubes or 8 ml Wheaton pressure vials.

'H and®C NMR spectra were recorded on BrukE#?X-300, DPX%400 and AV400
spectrometers. Mass spectra (ESI) were recorded on a Bruker MEDBI
spectrometer. Elemental analyses were performed on44QElemental analyser at

the University of Nottingham. Powder-bay diffractograms were measured on a
PANal yti cal Xo6Pert P R-R Ur dai dfi fart a cotno mea e &
Thermogravimetric analyses were performed under a flow of air (20 ml/min) from 25
I 600 °C using a heating rate of 5 °C/min on a TA S0 thermogravimetric
analyser. Infraed pectra were recorded on a Thermoscientific Nicolet iISHRET
spectrometer at the University of Nottingham. Uig spectra were recorded on an
Ocean Optics USB2000+ UVIS ES spectrometer using a EMINI-2-GS light
source. ICPOES spectra were measured gsanOptima 2000 DV ICPOES with

S10 autosamplein all cases the samples were measured against 0, 20, 40, 60 and
100 ppm calibration standards containing the elements of int¥fStanalysis was

performed by collaborators at Johnson Matthey Technolgyre (JMTC) using a
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Thermo Escalab 250 instrument with monochromated Akradiation (486.6eV)

with a spot size of 650 uNSSNMR spectra were also acquired at JIMTC at a static
magnetic field strength of 9.4 T I30( 1H) =
console using a widebore Bruker 4 mm BB/1H WVT MAS probe and TopSpin 3.1

software. For*C, the probe was tuned to 100.63 MHz and the spectra referenced to

the alanine Ckisignal at 20.5 ppm

1.7.2 Single Crystal Xray Diffraction

In-house single crystak-ray diffraction experiments were run on Bruker APEX,

Agilent Technologies Supernova and Agilent Technologi®apernova I

diffractometers using GK Ur adi at i on (e = 1.5418 i) . As
diffraction, several structures were solved from datdectdld at Diamond Light

Source, beamline |19, us i nAy. Dataywas refinedlt r on r adi
using CrysAlis Pro and all structures were solved using the Sfex2d SHELX?

software packages. Where necessary, PLATON/SQUEEZEas employedto

remove residual electron density associated with disordered solvent molecules to

give a set of solverfree diffraction intensities.

1.7.3 Gas Adsorption Isotherms

Low pressure Blisotherms at 77 K were carried out on a Quantachrome Autosorb, a
Micromeitics 3Flex Surface Characterisation Analyser syst@mmd a Tristar I
Surface Characterisation Analyser system using high purity (99.999%) research
grade N. Gas sorption isotherms from2D bar were carried out on a Hiden
intelligent gravimetric analgs (IGA). Prior to all measurements, approximately 100

mg of solvent exchanged MOF was loaded into the sample holder and outgassed at
100-120 °C under high vacuum for 20 hours to remove all guest molecules.For H

adsorption experiments, ultpure grade K (99.9995%) was purified further by
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passing through a zeolite to remove trace impurities before entering the sample
chamber. This same process was adhered to for the purificationHf Bigh
pressure (80 bar) CH adsorption experiments were carried oytcbllaborators at

General Motors.
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2.1 Introduction

In recent years Zr(IV) basednetalorganic frameworks have garnered much
attention largely as a result of their high chemical and thermal stability as well as
being stable upon exposure to moisture and wakee first Zr(IV) MOFs, UiQ66,
UiO-67 and UiG68, were reported by Lilleduet al. in 2008, with structures
consisting of linear dicarboxylate linkers in combination with aduster (Figure

2.1)2

Figure 2.1.Structures of Ui@66 (left), UIO-67 (centre) and UiB8 (right).

Reproduced from reference 2.

It is this Zg clusterthat is responsible for the exceptional stability of Zr(IV) MOFs.
The cluster contains an inner core ok@(OH), in which the Zr(IV) ions are
arranged octahedrally with alternatieggO and £3-OH groups capping the triangular
faces of this octahedrolVith the linker taken into consideration, this core becomes
a {Zrs04(OH)4(COy)12} cluster in which all of the polyhedron edges are bridged by
CO, groups from the linker with each Zr(IV) ion coordinated to eight oxygen atoms

in a square antiprismatic geotne(Figure 2.2).
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Figure 2.2.Left to righti Square antiprismatic geometry around a Zr(lV) ion, the
inner ZgO4(OH)4 cluster, the ZgO4(OH)4(CO,)12 clusterwith bound linkers, the
alternating triangular and square faces of the cluster as determinteal fyirits of

extension of the linke Reproduced from reference 2.

While gas adsorption in Zr(IV) MOFs has been studied, the lack of open metal sites
inhibits their effectiveness for such applications. However, their robust nature has led
to much work in eeas previously unexplored with less stable MOFs. For example, in
2014 Yaghi and cevorkers reported the water adsorption properties of a series of
Zr(IV) MOFs for applications such as dehumidification, thermal batteries and

delivery of drinking water (Figre 2.3)*
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MOF-801 MOF-802 MOF-805
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HOOC COOH

MOF-808

MOF-841

Figure 2.3.Structures of the linkers and the corresponding MOF nomenclature used

by Yaghiet al.in Zr(IV) MOFs for adsorption of watér.

Each framework retained its phase and crystallinity after water @asorand
demonstrated almost constant uptake capacities over five cycles with a facile and low
energy cost of regenerating the material. M&IAR exhibited an excellent low
pressure capacity forJ of 22.5 wt% at 0.1 bar and M&341 showed an uptake of

44 Wt% at 0.3 bar.The authors suggest that these characteristics make 800R
suitable material for use in advanced thermal batteries and that@4DFhay be

used for storage and release of water in remote desert areas.

In addition to water stability, ZlV) MOFs have recently been used for the
destruction of nerve agent and mustard gas simutdmtmst notably, in 2015, Farha

and ceworkers reported the use of NLOOO (Figure 2.4) for the degradation of the
nerve agent simulant dimeth4nitrophenyl fnosphate (DMNP) and the highly toxic

chemical warfare agent Soman-piacolyl methylphosphonofluoridat®).
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Figure 2.4.View of the linker (left), pore structure (centre) and metal nodes (right)

present in NJ1000. Reproduced from reference 4.

NU-1000 iscomposed of eightonnected {Zs(lu3-O)4(13-OH)4(H20)4(OH)4} nodes
bridged by 4connected pyreneontaining linkers. This creates very large channels
of 31 A in diameter within the structure with terminal hydroxo and aquo ligands
directed into the channdlpon heating under vacuum, these ligands are remaved t
give open Zr metal sites iU-1000dehyd,(Figure 2.4). The degradation of DMNP
via the cleavage of a-B bond was carried out in an aqueous buffered solution of N
ethylmorpholine and monitored by*P NMR and U\vis spectroscopy. The
degradation of Soman was also followed ¥ NMR. NU-1000 was found to
exhibit remarkable activity for the destruction of both compounds, with,®fT15
minutes for the hydrolysis of DNMP and a,lof just 1.5 minugés when using NU
1000dehyd? Similarly the T, for Soman degradation was 36 minutes using NU
1000 and 3 minutes using N1O0OGdehyd, comparable to the best reported solid

state materials used for nerve agent destruétion.

Another relatively new applit®n for Zr(IV) MOFs is the sensing and adsorption of
small molecules from solutioff*®In 2013, Serret al.reportedhe encapsulation of

caffeine (amphiphilic) and the analgesic ibuprofen (hydrophobic) in a series of UiO
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66-X MOFs, where X denotes arictional group? Both drugs were encapsulated in

the frameworks using an impregnation method with 10 Mgt caffeine in HO
(drug:MOF ratio of 2:1) and 20 mg Lof ibuprofen in EtOH (drug:MOF ratio of
4:1). After soaking in the solution for 24 houtlse MOFs were dried under vacuum
and the quantity of drug adsorbed by each framework was calculated using a

combination of HPLC, elemental analysis and TBA.
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% caffeinc encapsulation (exp.) % ibuprofen encapsulation (exp.)

Figure 2.5.Predicted and experimental caffeine and ibuprofen adsorption in a series

of functionalised Zr MOFs. Reproduced from reference 10.

Experimentally, caffeine encapsulation was shown to be greatest with lipophgic CH
groups in the framework or with a polarised Br group, which is in reasonable
agreement with the results predicted using wangtative structur@ctivity
relationship (QSAR) (Figure 2.5). This was attributed to the favourable interactions
of the frameworks with the caffeine molecules rather than the solvent water
molecules which were adsorbed preferentially in the more hyii@diOFs,
leading to a lower caffeine uptake. However, even the lowest uptake of 10.0% in
UiO-66-OH is greater than those generally observed for polbased delivery

systems. Ibuprofen adsorption was much greater in@f@nd UiG66-NH, than
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with any dher functional groups, attributed largely to the greater BET surface area of
these frameworks. Figure 2.5 shows clearly that the uptake into the MOFs with larger

functional groups such a€F;, -Br, -NO, andi Cl is poor'®

Of particular interest to the wiopresented in this Chapter is the use of Zr(IV) MOFs
for encapsulation of metal species from solution. In 2013, Lin andockers
reported the use of pesynthetically modified UiG68-NH, frameworks containing
phosphorylurea groups for the removal oénium from artificial seawatéf. The
three MOFs used were the parent WE®NH, material, MOF 1, a
diethoxyphosphorylurea  functionalised  material, MOF2, and a

dihydroxyphosphorylurea functionalised material, M®@igure 2.6).

CO,H

(]

O R i’TCF'__& [ZrgO4(OH)4(L)g](solvents)
H MOFs1-3

CO,H MOF1:L=L4,R=H
HoLq - Hols MOF 2: L = Ly, R = C(O)NHP(O)(OEt),| 1
MOF 3: L = L3, R = C(O)NHP(O)(OH),

Figure 2.6.The structve of UiO-68-NH, derivatives used for the removal of 8O

from solution. Reproduced from reference 17.

Uranium extraction experiments were carried out in both water and simulated
seawater containing NaCl, p&0,, KCI, NaHCQ, MgCl,6H,0 and CaGl*®*° In

each extraction, 10 mg of MOF was added to 10 ml of a 100 ppm solution containing
uranyl acetate, (USOAC),2H,0). After shaking for one hour and removing the

sorbent, the uranium concentration of the solution was analysed byisJV
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spectroscopy and IGMS. Each MOF was then washed with HCI to investigate the
ease of removal of uranium from the material gogtaction. While MOFL was

found to adsorb no U under these conditions, both MOBsand 3 removed
almost all of the uranium from solution. Theyhést uptake capacity of MGFwas

217 mg ¢ in water and 188 mggjin artificial seawater in comparison to 54 mg g

in the Amidoxime fibres used as a compariSofihe uptake of 217 mggn MOF 2
corresponded to approximately one 4Gon bound petwo ligands. Whilst washing

with 1 M HCI removed a significant quantity of the uranium from the pores of MOFs
2 and 3, a reasonable proportion remained in the pores, suggesting a strong
interaction between the metal ions and the frameworks. This worksespeel the

first use of a MOF for the removal of radionuclides from aqueous media.

In 2015 Zhonget al.reported the selective uptake of®aver NF* from an aqueous
solution using a Ui@b6-X series in which X = H, Br, N NH(CH,),-SGsH,
(COOHY.? In each experiment, 10 mg of MOF were added to a 10 ml solution
containing a 1:1 mass ratio of Cu:Ni which was spun at 130 rpm for 10 hours. After
removal of the sorbent, the concentration of each metal in solution was determined
by ICP-OES. This determinedhat UiO-66-(COOH) was the most effective
framework for the separation of €ufrom Ni**, with the higher uptake of Gl
ascribed to the JaHFeller effect enhancing the coordination ability of?CuThe
calculated selectivity of 27:1 for Cu:Ni makes UgB-(COOH), the best material to

date for this separation which is of great importance for the recycling of transition

metal ion<®

The encapsulation of platinum group metals (PGMs) by Zr(IV) MOFs has been
reported, usually in the form of Pd or Pt nandpkes for catalysis applicatiori$?*

However, of greater relevance to the work in this Chapter is the uptake ¢f Br@l

56



CuCk from aqueous solutions using U derivatives reported by Huaeg al.in
2014 This involved the addition of 100 maf activated MOF to 12 ml of 4D to
which K,PtCl, or CuCh were added. A combination ofN DNP SSNMR
spectroscopy, IGB®ES and XAS analysis along with DFT was used to calculate the
uptake of metal ions and determine the coordination of the Pt(Il) spedies MOF
cavities*® An efficiency of 70100% for Pt uptake into Ui®6-NH, was reported

with just a 6% uptake of Cu. In contrast, U8B exhibited an 18% uptake of Pt.

15N DNP SSNMR spectroscopyof Ptdoped UiG66-NH, clearly showed the
growth of a pak associated with the interaction between the dlidups of UiG66-

NH, and the encapsulated Pt (Figure 2°7).

(a) UiO-66-NH,

—NH_-..P12+ a) b) 4 ——
! ' 4 e‘ - !

(b) Ui0-66-NH, control

{c) 0.05 Pt@Ui0-66-NH,
{d) 0.10 Pt@Ui0-66-NH,

(e) 0.20 Pt@Ui0-66-NH,

200 -250 -300 -350 —
8'*N/ppm Nk A\

Figure 2.7."°N DNP SSNMR spectra of Rtloped samples of Ui®6-NH; (left)
and the stable configurations of Pt€hcapsulated in the MOHRdht), a)i (2,2)-cis,

b) (2,2}trans c) (2,3}trans d) (3,3)}trans Reproduced from reference 16.

Furthermore, EXAFS data proved that the encapsulated species was nat adptCl

but a neutral PtGlspecies. DFT modelling suggested that two,Njrbupswere
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bound to each PtgWith a (3,3)trans configuration being the most stable, although
the energy difference between this and the {@i2pand (2,3)trans configurations
was small. This modelling fitted the experimental {OBS analysis of the doped
UiO-66-NH, materials which gave a ratio of between 1.9 and 2.5 didups per
encapsulated Pt&€ITo the best of our knowledge this is the first known literature
example of a metadrganic framework used for the extraction of a PGNbite

from an aqueousolution.

2.2 Aims of thisWork

The aims of this work were to investigate the extraction of PGM anions from
aqueous and acidic (HCI) solutions, using metglanic frameworks, with particular
focus on the hexachloroplatinate anion, BXCAs Zr(IV) MOFsare well known to

be highly chemically stable and have been used for similar applications, as described
above, Zr(IV) was our metal of choice when considering the design of MOFs for
PGM extraction. Also of key concern was the presence of an amine or amide
functional group to interact with the chloride groups of the P&M.These
protonatable hydrogen bond donors are capable of forming ion pairs with tlhg PtCl
anion and encapsulating it within the framework, as shown in previous work in the
Schroder grop?>2?® The general process carried out in the course of this work is

outlined in Figure 2.8.
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As-synthesised

MOF SC XRD, PXRD, TGA

Solvent exchange, heat under vacuum

Activated MOF

ICP -OES
UV-Vis

PGM-doped
MOF

HN03/ heat Solution

concentration

Digested ICP -OES sl MOF composition

Figure 2.8.A scheme showing the steps taken from MQHfthesigo the

encapsulation of PGM species and subsequent analyses.

The first step is to design and $lyesise the desired MOF and to fully characterise it
using single crystal Xay diffraction (SCXRD), powder Xay diffraction (PXRD)

and thermogravimetric analysis (TGA). Having elucidated the structure and shown
the bulk material to be phase pure and rti@ly stable, the synthesis solvent is
replaced with a more volatile solvent (usually acetone) by exchanging the solvent
sever al ti mes over the course of 5 days.
under vacuum to remove all solvent and guest mi#dscfrom the pores. Once
activated, the MOF is placed into the P&lhtaining solution and left at room
temperature without stirring. It should be noted tieatextractionexperimentsvere
carried out with stirring, however this lead to the dissolutbthe MOF materials.

As the extraction is taking place, the concentration of the solution can be monitored

by ICR-OES and UWVis spectroscopy. Once the extraction is complete, the MOF is
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removed from the solution, dried and digested in Hid@ analysedyblCP-OES to

give the ratio of encapsulated mdtt) to framework metal (Zr).

2.3 Results and Discussion
2.3.1 UiO-68-NH>

2.3.1.1 Synthesis

In addition to chemical stability and an amine functional group, the desired features
when selecting a MOF for agaus extraction of precious metals were a high BET
surface area and large cavities within the framework in which to encapsulate the
metal anions. For these reasons, 8#®NH, was chosen as a suitable material with
which to carry out these extractiofisThe amine functionalised triphenyl linker of
UiO-68-NH,, H,L* (Scheme 2.1)was synthesisedia a Suzuki crossoupling
reaction between 28ibromoaniline and(4-(ethoxycarbonyl)phenyl)boronic acid
These reagents were heated at 90 °C with Pd(dpp&@l K3PO, in a mixture of
1,4-dioxane/DMF in anargon atmosphere for 24 houkollowing extraction into
CHCI; and purification through a plug of silica gel, the diester product was obtained
in good yield (76%). This ester was then hydrolysed in NaOH(aq)fiadito pH~1

with 37% HCI and recrystallised from hot DMF to give the pure ligagid'H

COOEt

B(OH), 1) NaOH(aq)
NH,  Pd(dppf)Cl, NH, THF NH,
KsPO, 75°C
Br Br ——>—*—— Et0OC COOEt ———— HOOC Q O O COOH
1,4-dioxane/H,0 2) HCI
90 °C

76% 89%
()

Scheme 2.1The synthetic route to .

60



H,L! was then reacted with Zrgh DMF at 120 °C using PhCOOH as a modulator

to give colouless octahedral crystals of U&B-NH,. The use of PhCOOH as a
competitive modulator is essential as the oxophilic nature of Zr(IV) makes reversible
selfassembly very difficult and may lead to the formation of many unwanted side
products or amorphous plesswithout modulation. Single crystal diffraction on the
in-house GV1000 diffractometers and at beamline 119 of Diamond Light Source was
too weak to afford the single crystal structure. However, the powdesy X
diffractogram (Figure 2.9) of the &ynthessed material was successfully indexed to

the same unit cell as that reported by Behegra. (F-43m; a= 32.7767(5R).%’

— Acetone exchanged

— As-synthesised

—— Simulated
I ' I ' I ' I ' I ' 1
0 10 20 30 40 50

2theta / degrees

Figure 2.9.PXRD patterns of simulated,-agnthesised and acetone exchanged-UiO

68-NHo.
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2.3.1.2 Structual Analysis

The structure of Uidb8-NH, consists of Zr@clusters each connected to 12 separate
dicarboxylate linkers to give a 3D structure. The framework consists of two types of
cagei one octahedral and one tetrahedral (Figure 2.10). The cif fita fsbich
Figure 2.10 was constructed was taken from the paper in which the structure-of UiO

68-NH, is originally reported’

Figure 2.10.View of the octahedral and tetrahedral cavities present irn838H,.

For clarity the NH groups have been removeadr the structure as they exhibit 8

fold positional disorder.

The larger octahedral cavity is ~20 A in diameter with accessible windows of 10 A.
The smaller tetrahedral cage is 13.5 A in diameter with accessible pore windows of 7
A. The cavity diameters we calculated by fitting a sphere from the centre of the
cage to its walls, taking into accowdn der Waals radii and the window diameters
were estimated from the largest sphere able to pass through the window. The

diameter of a PtGl anion has been perted as 4.6 A% meaning that it should
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comfortably pass through the cavity windows in LB®NH,. The central phenyl
ring of the linker exhibits twdold positional disorder with a torsional angle of 48°
between each conformation and the planar carlatxygroups. The amine moieties

are consequently disordered over 8 positions and have therefore been removed from

the structure shown in Figure 2.10 for clarity.

2.3.1.3Thermal Stability and N, Sorption

After synthesis, samples of Ui6B-NH, were washed wh fresh DMF to remove
any benzoic acid or unreacted linker. The crystals were then kept in acetone which
was replaced twice a day over the course of five days. To confirm that the material
exhibited permanent porosity, the acetone exchanged sample wasl heaer
vacuum at 120 °C for 16 hours and a nitrogen isotherm was measured frbar @t

77 K. This showed a reversible typsorption profile with a total uptake of 697 cc g

L at 1 bar (Figure 2.11).
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Figure 2.11.N; isothem for UiO-68-NH, at 77 K from 01 bar after acetone

exchange and sample activation.
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The estimated BrauBmmettTeller (BET) surface area of desolvated LB&®NH,

as calculated from this isotherm was 25531 with a total pore volume of.01

cm’ g™,

100 -
90 ]
80 ]
70
60 ]

50 4

Mass%

40 -
30
20 -

10 4

T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature / °C

Figure 2.12.TGA trace of acetone exchanged W& NH in air.

Thermogravimetric analysis of the acetone exchanged sample in air showed solvent
loss below 100 °C, with the material then stable up to ~450 °C, beyond which point a
mas loss corresponding to framework decomposition is observed (Figure 2.12). This

is consistent with previous reports on the thermal stability of 68DIH,."’

2.3.1.4AqueousExtraction of K ,PtClg

As platinum is the most abundant and widely used PGM akgthgpalladium? the
initial experimentsfocused on thextractionof P{IV), in the form of PtGf, from
agueous solutions. This involved the addition of 20 mg of activated68i®H, to
100 ml solutions of varying Pt concentration and monitoring clengethis

concentration over time. As ppm (mg'Lis both a common unit of measure for
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PGM concentration in industrial applications and the concentration measurement
calculated by the ICP spectrometer, all solutions concentrations were measured in
ppm raher than in mol dil. To determine the concentration as a function of time, 1
ml aliquots of the Pt solution were removed periodically and diluted with 9 ml of
ultrapure deonised water. This solution was then analysed by-GES and the
concentration wasompared with that of the original solution, from which a % of

extraction can be calculated.

Errors resulting from the use of pipettes, volumetric flasks, measuring cylinders and
from measuring the mass of MOF and PGM were taken into account and a
propagéion of uncertainty was calculated as the square root of the sum of the
squared errors. As the % uptake was calculated using eqn (1) shown below, the
uncertainty of the % uptake was calculated by summing the errors of each part (egn
(2)), whereEi andEf are the errors associated with the initial and final concentrations

respectively.

bonoonae 8 S b2 pmm eqn(1)
Ponod@eDdQI o QN0 0 eqn(2)

Furthermore, the periodic removal of 1 ml aliquots leads to additional uncertainty as
the % uptake is overestimated in each case by x %, where x is the number of aliquots
removed from the 100 ml sdion. This is accounted for in each plot and results in

an asymmetric error.

The first extraction was carried out using 100 ml of a 100 ppm solutiopRifCl in

H,O and 20 mg Ui@8NH,. This corresponds to a ratio of 0.88 Ngroups per
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PtCk* anion,where the molecular mass of U&B-NH; is taken to be that of one
complete linker plus 1/ of a ZrOs cluster (ZECooH1aN1016/3 = 443.56 g mot).

The MOF exhibits fast initial uptake of the PGM (28% extraction from solution after
3 hours) which beginstplateau at around 24 hours, leading to a total extraction of

51% after 120 hours (Figure 2.13).
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Figure 2.13.Extraction of K,PtCk from 100, 50 and 25 ppm Pt solutions using UiO

68-NH..

This uptake corresponds to 1.75 NHoieties per PtGf anion. In comparison to the
2 NH, groups per PtGt required in UiG66-NH,, as reported by Huargt al, our
result suggests that Ui68-NH, is potentially a very effective and efficient sorbent

material for PtGf.1°

These coditions were then repeated using a 50 ppm solution ¢Pt®L,
corresponding to a ratio of 1.76 MEroups per PtGf anion. Interestingly, the total
extraction has only increased from 51% to 54% and whilst the initial uptake once

again accounts for the ajority of the extraction, the uptake after 3 hours has only
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increased from 28% to 32%. The ratio of NPtCk> in the materiatalculated from

the 54% extraction is 3.23:1.

Finally, these conditions were repeated with a 25 ppm solution BftGk,
correponding to a ratio of 3.52 NHyroups per PtG} anion.Figure 2.13 shows that

the 20 mg sample of UKB8-NH, removed 97% of the Pt from the solution by 120
hours and the uptake after 3 hours had increased from 32% in the 50 ppm case to
43%. The total upake of 97% corresponds to 3.5IH, groups perPtCk® anion

This shows clearly that the number of RfCAnions extracted per NHiecreases as

the concentration of the initial solution decreases. This is most likely to be a result of
an equilibrium betwen the solvated and encapsulated anions, thus obéyng

Chatelier's principle.

In addition to determiningolution concentration by ICBES, U\tvis spectroscopy

was also employe(Figure 2.14%o monitor the change in the intensity of the bands
associateavith PtCk* from the initial solution to théinal solution (after 120 hours)

This wascarried outfor the three cases described previously (100, 50 and 23ppm
solutiond and shows clearly that in each instance there is a reduction in intensity of
the PtC bands during the experiment. In accordance with the-Baabert law,

A = Ulc, this is directly propo(whereAnal
represents absorbance, U is the mos ar
solution concentration)As there is more than one band associated with thegzl?tCI

the reduction in peak intensity is not uniform over the wavelength range shown in
Figure 2.14. The intensity used for comparison between spectra was therefore
averaged wer a series of points at around 300 nm, a wavelength at which the bands
do not overlap as significantly. The spectra showed 39%, 62% and 94%
concentration reductions for the 100, 50 and 25 ppm solutions respectively
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(compared to 51%, 54% and 97% redudctidrom ICROES analysis). While these
results agree in trend with the IE€PES data, the values vary significantly depending

on the wavelength of the chosen points. As such, theQEB results were deemed

to be of greater reliability.
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Figure 2.14.Initial and final U\-Vis spectra for 100 ppm (top left), 50 ppm (top

right) and 25 ppm (bottom) solutions o§&Ck> in H,0.

Following each extraction, a small quantity (~5 mg) of ®@&M-doped MOF

material was digested by heating in 2 ml of 69% HMN@ernight at 70 °C. This was

68



then diluted with 10 ml of ultrapure denised HO, filtered to remove undissolved
linker and analysed by IGOES to determine the ratio of Pt to Zr in the sample. As
the ratio of Zr:NH in the framework is 1:1, the molarti@of Pt:Zr calculated from

the ICROES concentration is equal to the Pt\Btio. The uptake of Pt determined
from the earlier ICFOES measurements is shown below in Table 2.1 along with the
ratio of Pt:Zr expected from those results. For example, 50%e0100 ppmPt
solution (0.02589 mmol) was removed using 20 mg (0.04509 mmol) c6Bi8H,,
giving an expected Pt:Zr ratio of 1:1.

from the ICROES analysis of the digested framework.

Table 2.1.Expected ad measured ratios of Pt:Zr in Ui&€8-NH, from extractions of

PtCl>.

Expected | Measured

Initial conc / ppm | Uptake Pt/ mmol | Zr / mmol Pt7r ratio | Pt:zr ratio

100 0.02589 0.04509 1:1.8 1:2.6
50 0.0139 0.04509 1:3.2 1:5.2
25 0.01241 0.04509 1:3.6 1:11.6

Analysis of the digested samples shows that the Pt content of the MOF is in

agreement with the trend expected from the solution concentraitienBf content

decreases as the initial solution concentration decreases. However, in each case the

measured Pcontent is slightly lower than expected. This may be because the small
guantity of MOF digested in HNOwas not representative of the bulk sample or
possibly a proportion of the P#lions were still bound to the linker and were

removed from the sampby filtration.

Additionally, extraction from a 10 pptat solution was carried owtith UiO-68-NH

(20 mg) as were a series of extractions from 25 ppm solutions using varying
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quantities of MOF. The ICG®ES data for all Ui@8NH, extractions are shown

below in Figure 2.15 with each %take recorded after 120 hours.
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Figure 2.15.Extraction of 25 ppm of Pt from @ as a function of MOF quantity
(left) and extraction into 20 mg of U#68-NH> as a function of initial Pt

concentration (right)

This data shows that with just 0.88 eq. of MOF per BtC54% of the Pt is removed
from the solution, rising to 83% with 1.76 eq. of material and ~100% with 3.52 eq. as
described earlier. Clearly the uptake is increasing with the increase in MOF quantity,
as expected. It also shows that the MOF exhibits very efficient (PtGptake
comparable with that of some of the most effective receptors used in solvent
extraction, which require 3 equivalents to give ~85% extraction under similar
conditions® Lowering the initial solution concentration also leads to an increased

extraction into UiG68-NH..

As the MOF demonstrated very good capability for reah@i PtCk* from solution,
a test extraction wasndertaken using more industrially relevant conditions ofd?tCl
in an acidic HCI solution. This was carried out with 20 mg of {8BNH, in 100 ml
of a 25 ppm KPtCk/2 M HCI solution from which 1 ml aliquots were removed
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periodically to monitor the concentration. Unfortunately no measureable PGM
uptake was obserdeand a powder Xay diffractogram of the material pest
extraction showed that it had become amorphous, strongly suggddtdig
decompositionin the acidic solution. As shown in Figure 2.16, the MOF retained its
crystallinity and phase after extraction ftoH,O but the material after extraction

from HClis clearlyamorphous in character

— UiO-68-NH _/HCI
~— UI0O-68-NH /H_O

— As-synthesised
— Simulated

A S

I ! I ! I ! I ! I ! 1
0 10 20 30 40 50
2theta / degrees
Figure 2.16.Powder Xray diffractograms of Ui&8-NH, before and after

extraction experiments

2.3.2 Ui0-66 and UiO-66-NH

2.3.2.1 Synthesis
This instability of UiG68-NH, meant that a more chemically robust framework was
required to carry out extractions from HCI.€éFbfore the less porous but more stable

UiO-66 and UiG66-NH, MOFs were synthesisedor this application. The nen
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functionalised UD-66 was used to provide an insight into the effect of the NH
group for PtG§* binding. UiO-66-NH, was prepared by reactinganinoterephthalic

acid with ZrCl in DMF in the presence of an excess of PhCOOH modulator. The
product was washed with DMF angohanged with fresh acetone several times over
the course of five days before the material was activated at 120 °C under vacuum.
UiO-66 was synthesised using an identical method with terephthalic acid as the

linker in place of Zaminoterephthalic acid.

2.3.2.2 Structural Analyses

Unlike UiO-68-NH,, which features a ZrOcluster, UiG66 and UiG66-NH;
incorporate the hydroxylated Zg®H), cluster described in the introduction to this
Chapter. This cluster is linked to 12 terephthalic acid units to formba @lose

packed (CCP) structure with octahedral and tetrahedral cavities (Figure 2.17).

Figure 2.17.View of the octahedral and tetrahedral cavities observed ir@8iO

Whereas in UiG8-NH, the octahedral cage was much larger than the tetrahedral

cage,the internal diameter of the two cages in L6 is identical at 10.2 A. The
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windows to these cavities are 6.0 A in diameter, which is large enough to incorporate

a PtCH> anion (4.68).

2.3.2.3 Phas®urity, Thermal Stability and N, Sorption

Powder Xray diffraction of both materials showed that they were phase pure and
were indexed to the same unit cell as reported previo#shB(n a = b =c¢c =
20.9784 AY° The stability of UiG66-NH, in acid was investigated by heating a
small sample in 2 M HCI at D0°C for 24 hours. The resulting powder pattern
showed no phase change or loss of crystallifitgure 2.18) confirming that UiQ

66-NH; is significantly more stable in acidic conditions than {G&®NH-.

UiO-66-NH _/2M HCI

Activated UiO-66
Activated UiO-66-NH

Simulated

2theta / degrees

Figure 2.18.Powder Xray diffractograms of activated Ui©6, activated UiG66-

NH; and UiOG66-NH; after heating in 2M HCI for 24 hours.

N, isotherms carried out at 77 K showed that @®and UiG66-NH-> both exhibit a

typical reversible typé sorption profile with an almost idénal uptake of 369 cch
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and 370 cc respectively at 1 bar (Figure 2.19). The BET surface area of68iO

was calculated to be 1358 mi* with the BET surface area of UiG5-NH, slightly

lower than this at 1208 ng’, these results are consistent hwihose reported

previously**3? Likewise, the N uptake of UiG66 was consistent with previous

results, although the Niptake of UiG66-NH, was slightly higher than expect&d.
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Figure 2.19.N, isotherms from €L bar for UiG66 (top) andJiO-66-NH; (bottom)

at 77K
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Thermogravimetric analysis of acetone exchanged-&8Gn air showed solvent loss
corresponding to acetone and water below 100 °C, with the material then stable up to
~480 °C, beyond which point a mass loss corresponding to eWwark
decomposition is observed (Figure 2.20). ®NH, also exhibits solvent loss
below 100 °C followed by framework decomposition at ~340 °C. Both results are
consistent with those reported in the literaftfré with the lower stability of Ui©
66-NH, attributableto the inductive electron withdrawing ability of the N atom

weakening the neighbouringC bonds, leading to decompositith.

100 ~

Uio-66
UiO-66-NH |

90 4
80—-
70 -
60—-
50—-

Mass %
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20 4
10 S
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0 100 200 300 400 500 600

Temperature / °C

Figure 2.20.TGA traces of acetone exchanged t8®and UiG66-NH..

2.3.2.4 Comparison oK ,PtClg Uptake in UiO-66-NH, and UiO-68-NH

To compare the sorption capacity of UBB-NH, to that of UiO68-NH,, the
extractions performed using 20 mg of UBB-NH, were repeated with 13.2 mg of
UiO-66-NH, (Figure 2.21). This gives an equimolar compariseetween the two
MOFs, with the molecular mass of UG®-NH; taken to be the mass of one linker
plus 1/8" of a ZO4(OH)4 cluster = ZrGH17dNO1g3 = 292.33 g mot (i.e. the same

components as for Ui®8-NH,).
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Figure 2.21.A comparison of PtG> uptake in equimolar quantities of Ui5-NH.

and UiG68-NH..

As it has a much lower pore volume and BET surface, #reaextraction capacity of
UiO-66-NH; is unsurprisingly lower than that of Ui6B-NH,. However, above a
ratio of 2:1MOF:PGM, UiO-66-NH; is a very effective sorbent material, exhibiting
an 87% uptake of PGM from the initial solution when in 3.5:1 excess (97% for UiO

68-NH,) and with 9 eq. of MOF, both freeworks show ~ 100% extraction.

2.3.2.5 Aqueous PtGf Extraction in UiO-66 and UiO-66-NH, Versusl ndustrial
Materials

In order to determine the effectiveness of Wi®NH, and UiG66 as sorbents for
PtCk?, four industrially used materials supplied by Johnson Matthey, denoted as BP
1, WR1, SMOPEX105® and QuadrasihP >’ were used as a comparison.-BRnd
WP-1 are silica composite materials functionalised with polyamines] Béntains
primary amines and WP is a mixed primary, secondary and tertiary amine material.

SMOPEX105 is a polyolefin based fibre to which lymer chains containing
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pyridinium hydrochloride functional groups have been graitedthe chains consist
of poly-4-vinyl-pyridine. QuadrasiAP is a functionalised silica material containing

primary aminopropyldnctional groups (Figure 2.22).

-§@NH* cr BN,

Figure 2.22.Functional groups present in SMOPHRS (left) and QuadrasAP

(right).

For industrial purposes, Johnson Matthey are interested in a weight based
comparison between materials rather than a molar comparison. As suclitjahn i
test using 100 ml of a 10 ppm solution ofFHCk in H,O and 20 mg of each
compound was carried out. The mixtures were left for 24 hours and a comparison
between the initial solution concentration and final concentration byOES gave a

% uptake 6r each material (Figure 2.23). Both MOFs showed a greater adsorption
capacity than the industrial materials with U8B-NH, exhibiting 79% extraction

after 24 hours and somewhat surprisingly 50% uptake into thdumationalised
UiO-66 was observed. Oh¢ Johnson Matthey materials, Y¥PBshowed the highest
uptake, followed by SMOPEAQ5 and BPL, with QuadrastAP extracting < 1% of

the Pt from solution.
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Figure 2.23.Extraction of a 10 ppm Pt solution of P&€in H,0 using Ui0686,

UiO-66-NH; and faur industrially used materials.

Following this successful test, the sorption of Bt@hto each of these materials was
studied as a function of time, between 0 and 120 hours. As described previously, this
was monitored by the periodic removal of 1 ml aligusom each 100 ml solution

and ICROES was used to determine the concentration at each point. Three separate
comparisons were carried out using 100 ml of a 25 ppm Pt solution, with 20, 50 and
100 mg of each material. For Ui€B-NH, this corresporgito 534, 13.34 and 26.68
equivalents of the Nigroupper PtCk* anionrespectively The extractions carried

out with 20 mg of sorbent are shown in Figure 2.24.-Wexhibits the greatest
adsorption after 120 hours (92%), with U8B and UiG66-NH, showing 7% and

73% uptake respectively. However, the uptake profile observed fet ¥Hews that

this extraction is slow, with only a 21% reduction in Pt concentration after 24 hours.
In contrast, both MOFs show much greater capacity over a shorter time pertod, wit
28% and 19% extraction into Ui66 and UiG66-NH, respectively after 3 hours and

51% and 46% after 24 hours. As a quick extraction process is highly desirable, the
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greater sorption of Pt in Ui®B6 and UiG66-NH, between 0 and 3 hours

demonstrates the pitial of these materials.

100 { ® UiO-66-NH ,
] ® uvio-66
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Figure 2.24.Uptake of PtGf from an aqueous 25 ppm Pt solution using 20 mg of
each material. For clarity, only the most effective and least effective silica materials

are displayed.

These experiment@onditions were repeated using 50 mg of each material and the
results are shown below in Figure 2.25. LB®NH,, UiO-66 and WP1 now exhibit

very similar uptake capacity after 120 hours (96%, 92% and 95% respectively) and
once again the sorption capgcaf both MOFs is far greater than each silica gel

between 0 and 3 hours.
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Figure 2.25.Uptake of PtGf from an aqueous 25 ppm Pt solution using 50 mg of
each material. For clarity, only the most effective and least effeciva isiaterials

are displayed.

As in the 20 mg experiment, the unfunctionalised 18®is more effective than
UiO-66-NH; between 0 and 24 hours. This may be a result of the larger BET surface
area of UiG66 and a possible kinetic trapping effect in tB&NH, resulting in

slower transport of guestatecules through the structure.

However, when the mass of sorbent is increased to 100 mg (26.68 eq., peNH
PtCk%), a huge improvement in the extraction capability of {8€NH. is observed
between 0 and 3 los, as shown in Figure 2.26. The extraction reaches ~100% after

just 24 hours and after one hour 58% of the PGM has been removed from solution

(41% for UiO-66).
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Figure 2.26.Uptake of PtGf from an aqueous 25 ppm Pt solutiging 100 mg of
each material. For clarity, only the most effective and least effective siitarials

are displayed.

Both frameworks still display much quicker sorption than the silica materials,
although interestingly SMOPEXO05 is now the most effecgvof those sorbents,
having been the least effective in previous experiments. This is presumably a result
of the hydrochloride functional groups increasing the acidity of the solution and thus

strengthening the interaction between the PGM and the pyudgtibnal groups.

Table 2.2.Expected and actual ratios of Pt:Zr in U8B-NH;, and UiO66 from

extractions of PtGf.

MOF (mass / mg) | Uptake Pt/ mmol | Zr / mmol PE:XZprerZ[t?g Ph{[I:(eZa;s,rL;;?od
UiO-66-NH; (20) 0.00939 0.0684 1:7.3 1:5.7
UiO-66-NH; (50) 0.0124 0.171 1:13.8 1:28.2
UiO-66-NH, (100) 0.0128 0.342 1:26.8 1:48.7
UiO-66 (20) 0.00995 0.0721 1:7.3 1:12.3
UiO-66 (50) 0.0118 0.18 1:15.2 1:18.2
UiO-66 (100) 0.0122 0.361 1:295 1:57.4
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As with UiO-68-NH,, analysisof the aciddigested PGMloped frameworks shows
that the Pt content of the MOFs is slightly lower than expected (Table 2.2). As this
appears to be a consistently low value, it is likely to be the result of a small quantity

of Pt being removed as the ditgb sample is filtered to remove undissolved linker.

2.3.2.6 BackExtraction of PtCl¢> from UiO -66-NH,

Having demonstrated that Wi€6-NH, is capable of fast and efficient uptake of
PtCk” it was necessary to study the bamitraction of the PGM aniondm the
framework to recover the metal in a useable form. It was decided that the most facile
method of removal would be a simple substitution of the bound PGM sawitim
chloride iors from HCI to release the €t* in the form of hexachloroplatinic acid,

HoPtCl.

l K,PtClg HCI (aq)

UiO-66-NH, Ui0-66-NH, x[PtClg]2" UiO-66-NH,.xCI

H,PtClg

Figure 2.27.The predicted mechanism for P¢€removal from UiG66-NH,.

To investigate this, 6 mg portions of U&B-NH, from the 50 mg extraction
experiment were added to 15 ml solutions of 0.1, 0.5, 1, Z2aidHCI and heated
overnight at 80 °C in a sealed vessel. A sample was also heated in ultrapure de
ionised HO to investigate whether heat was also a factor for PGM release. After
filtration, the MOF samples were digested in 2 ml of 69% HN@heating a70 °C

for 16 hours and then diluted with 10 ml of ultrapureiaigsed HO upon cooling.

The samples were then analysed by-[@QIPS and the ratio of Pt:Zr was compared to
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that of the sample before baektraction. These ratios were converted into a % of Pt

removed from the MOF (Figure 2.28).
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Figure 2.28.% of Pt backextracted from samples of Ui@6-NH; as a function of

HCI concentration

The backextractions performed in 40, 0.1 M and 0.5 M HCI are shown to be
ineffective, withno backextraction into HO observed and only 4.6% and 10.3% of

Pt removed by 0.1 M and 0.5 M HCI respectively. However, when the HCI
concentration is increased to 1 M, 65% of the PGM is {exttacted, rising to 89%

in 2 M HCI and 99% in 4 M HCI. This demnstrates that the MOF is capable of
PtCk* uptake and subsequent release in very mild conditions. However, the fact that
significant release of the anion occurs in 1 M HCI suggests that the framework has a
high affinity for CI ions. As the majority PGMxtractions occur in acidic aqueous
conditions (usually HCI), this high affinity for chloride ions may be problematic for

selective removal of Pt¢J.
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2.3.2.7 Extraction of PtCk* from Acidic Solutions

To study the performance of UWi66-NH, under acidicconditions, an initial test
using 100 ml/10 ppm solutions of;RtCk in 2 M HCI and 20 mg samples of UiO

66, UiO-66-NH,, BP-1, WR1, SMOPEX105 and QuadrasAP was carried out.

Each solution was left at room temperature without stirring and the conaantrat
after 24 hours was compared to the initial solution concentration and converted into a

% uptake (Figure 2.29).
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Figure 2.29.Extraction of a 10 ppm solution of Pt&lin 2M HCI using Ui0G66,

UiO-66-NH; and four industrially used materials.

Under thes conditions neither Ui®6 nor UiG66-NH, is capable of extracting
PtCk” from solution. Of the Johnson Matthey materials, SMORIBE exhibits a

high sorption capacity (92%) and the uptake shown by B®/P-1 and Quadrasil

AP is negligible. It was interatl that the 20, 50 and 100 mg experiments performed
with the solutions of KPtCl/H,O would be repeated in 2 M HCI, however, the poor
uptake from the 10 ppm solution meant that the loadings were increased to 50, 100
and 500 mg. Again, 1 ml aliquots weren@ved from the solutions periodically and

the % uptake was calculated as a function of time. The results obtained using 50 mg
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of each sorbent are shown below in Figure 2.30. SMOP&Xshows the greatest
uptake (98%), followed by WR (12%), while both MO§& perform poorly again

(5.5% and 1.9% respectively for UieB-NH, and UiG66).
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Figure 2.30.Uptake of PtGf from a 25ppm Ptsolutionin 2 M HCl using 50 mg of

each material

2.3.2.8BET Surface Area Comparisonof Doped UiO-66-NH, Samples

To investigate the effect of the ‘Gbns on UiG66-NH,, the N uptake of samples

from K,PtCk/H,O and KPtCk/2 M HCI solutions was measured and compared to
that of activated Uidb6-NH,. The samples were both taken from the 50 mg Pt
extractionexperiments and were filtered and heated under vacuum at 120 °C before
gas sorption. The results show that the low pressure uptake at 77 K has decreased
considerably from 393 ccgin the bare material to 260 c& gor the sample from

HCI and to 248 caq’ for the sample from pD, corresponding to 34% and 37%

reductions in uptake respectively (Figure 2.31).
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Figure 2.31.N; isotherms for activated and anidoped samples of UKB6-NH, at

77 K

A concomitant decrease in BET sumdaarea from 1478 g in bare UiG66-NH;

to 977 nf g* and 927 rh g is observed for the samples from HCI angOH
respectively (as with the Niptake this corresponds teductions of 34% and 37%).
The reductionn uptake and BET surface area were expa for the KPtCl/H,O
sample, which encapsulated 96% of the Pt from solution, explaining the reduction in
BET surface area. The reduction i, Nptake and BET surface area for the
K,PtCk/HCI sample, which removed just 5% of the Pt from solution, isethee

assigned to the encapsulation of &lions blocking pore space.

This was confirmed by using-Ky photoelectron spectroscopy (XPS) analysis to
calculate the ratios of Zr:Pt and Zr:Cl in both frameworks. The sample frgn H
showed a Zr:Pt ratio @&.7:1 and a Zr:Cl ratio of 2.9:1 whereas the sample from HCI
exhibited a Zr:Pt ratio of 142:1 and a Zr:Cl ratio of 1.6:1, showing clearly the high

concentration of Chwithin the pores. Interestingly, a series of XPS measurements on
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the extraction sampldsom H,O (20 mg, 50 mg and 100 mg) exhibited Pt:ClI ratios

of 3:1, 3:1 and 3.5:1 respectively, suggesting that the encapsulated species within the
MOF may be PtG(NH,); or PtCL(NH,),. This is consistent with the work of Huang

and ceworkers who demonsted that the encapsulated species resulting from

extractionof PtCL? in UiO-66-NH, was likely to be PtG{NH,),.*®

2.3.2.9 Investigating theEffect of HCI Concentration on PtClk* Uptake

As the presence of Qbns was clearly having a huge impact on tipéake capacity

of UiO-66-NH, for PtCk?, the relationship between the concentration of HCI and
extraction was studied in greater detail. Samples of&6DIH, (20 mg) were added

to 50 mI25 ppm solutions oK,PtCk in various concentrations of HCI for 2¥urs

and the % uptake of the PGM was calculated from a comparison between the initial

and final solution concentrations (Figure 2.32).
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Figure 2.32.The effect of HCI concentration on the uptake of Pt@ito UiO-66-

NH> from a25 ppm solution
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These results show clearly that IdCI concentrationdoes not affect the PGM
uptake to a great extent (98% to 90% from O M to 0.1 M HCI), however when the
concentration is increased to 0.5 M, the uptake is reduced to 48%. This isetdnsist
with the backextraction experiments in which the removal of BtGtom the pores

was found to dramatically increase between 0.1 M and 0.5 M concentrations. In the 1
M solution the uptake is reduced further to 15% and to ~3% in the 1.5 M and 2 M
soluions. Whilst this severe reduction in uptake is problematic, it is worth noting
that the 0.5 M solution contains 3,900 eq. of @ir PtC4 and 731 eq. of Clper

NH, moiety, suggesting that the 48% uptake of PGM actually represegits

selectivity forPtCk> over CI in UiO-66-NH,.

Following these results, two further studies were carried out in 2 M HCI| using 100
and 500 mg of Ui@6 and UiG66-NH;, and a 25 ppm solution of RtCk, with the
solution volume reduced from 100 ml to 50 ml. Using 100 mdJid-66-NH,
corresponds to 15,600 equivalents of @r PtC§> but more importantly, only 292

eq. of Cl per NH group and gives an NHPtCE” ratio of 53:1. With 500 mg of

MOF, this becomes 58 GQbns per NH and an NH:PtCk? ratio of 267:1.
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Figure 2.33.Uptake of PtGf from a 25 ppm Pt/2 M HCI solution into Ui66 and

UiO-66-NH..

The results show a much improved uptake with the increased masses of MOF, with
both UiO-66-NH, samples extracting ~25% of the RfCfrom soltion after 120
hours (Figure 2.33). Interestingly, the initial uptake is good in both cases (46% after
1 hour with 500 mg of MOF), however this soon falls rapidly and plateaus at 25%.
This may be due to an equilibrium process in which the larger, mordivetga
charged PtGF anions bind more quickly to the NHroups but are then displaced
over time by the large excess of @ns. The uptake of the PGM anion into UB

is poor (3% with 100 mg and 13% with 500 mg after 120 hours). However, the
uptake pofile does not show the initial high uptake observed with -B8&NH,,
providing further evidence that competitive binding at the, ldkbup is the reason

for the drop in uptake Ui®@6-NH,. The large difference in sorption capacity

between UiG66 and UiG66-NH», which was not seen in the® based extractions,
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suggests that the lower pH of the acidic solution is improving the binding capability

of the NH; group.

ICP-OES analysis of digested MOF samples fmodtaction shows that the content
of encapsulated R$ higher than predicted in each case (Table 2.3). Whereas the low
Pt content of samples fromy@ was assigned to incomplete digestion of Pt bound to

the linker, the cause of thissdrepancy is currently unknown.

Table 2.3.Expected and actual ratios®f.Zr in Ui0O-66-NH; and UiG66 from

extractions of PtGF from HCI.

Ex M r
MOF (mass / mg) | Uptake Pt/ mmol | Zr/ mmol Pt:Zprer(;tt?c()j Pt;ezassr:tieod
UiO-66-NH, (100) 1.49 x 10° 0.342 1:230.0 1:108.4
UiO-66-NH, (500) 1.59 x 10° 1.71 1:1076 1:209.5
UiO-66 (100) 8.21 x 10" 0.361 1:439.4 1:416.8
UiO-66 (500) 2.05 x 10* 1.8 1:8789 1:560.1

2.3.2.10 Extraction of PdC§% from Acidic Solutions

Having demonstrated the potential of U8B-NH, as a sorbent material for Pt
extraction, itwas decided that the extraction of PgClin the form of KPdCk,
should also be studied for comparative purposes. As no Pd(IV) salts are soluble in
H.O, these extractions were carried out in 2 M HCI using 50 ml of 25 ppm solutions
of Pd, while the massf UiO-66-NH, was varied. Although the €ts> uptake under
these conditions was poor, they were used forRti@ls> experiments to give an

accurate comparison between éxtraction of bothmetals.
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Figure 2.34.Uptake of PdGf with varying quantities of Ui@6-NH..

As shown above in Figure 2.34, the uptake of Pd(IV) is significantly greater than that
observed for Pt(IV), from 17% when using 20 mg of MOF to 74% with 500 mg. As
with Pt(IV), the uptake within the first three hesuis good and unlike the Pt(1V)
extraction, which then falls sharply, the Pd sorption continues to rise slowly until ~24

hours, at which point it plateaus.

The Pd and Zr content of the digested MOF samples is shown below in Table 2.4. As
with the extractias of PtC{* from HCI, the content of the PGM is considerably
higher than predicted from the solution KCES data. In the case of the 500 mg

sample, the measured content of Pd was an order of magnitude greater than expected.
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Table 2.4.Expected anddual ratios of Pd:Zr in Uie6-NH, from extractions of

PdCE* from HCI.

Mass of MOF /mg | PR POT | zeimmal | it e | e
20 1.08 x 10° 0.0684 1:635 1:23.9
50 1.59 x 10° 0.171 1:107.6 1:30.1
100 2.56 x 10° 0.342 1:133.4 1:26.4
500 4.77 x 1C° 1.71 1:358.6 1:38.8

2.3.2.11C Solid State NMR of PGM-Doped Samples of UiO-66-NH

To investigate the interaction between the framework and guest alfOrGRMAS

solid state NMR was carried out by @brators at Johnson Matthey @opedUiO-

66-NH,. Samples of Ui@6-NH, (100 mg) were soaked in 50 ml solutions of 2 M
HCI, K;PtCk/2 M HCI, K,PtClk/H,O and KPdCkE2 M HCI, with the PGM anions
present in a 3:1 ratio of PGM:NHNn each case. Having beerftléo soak for one

week the samples were isolated by filtration and heated under vacuum to remove the
solvent. The SSIMR spectrum of each sample was then compared to that of
activated UiG66-NH, (Figure 2.35). It should be noted that the spectafnthe
activated materialcontains additional peaks from trace impurities of DMF and

benzoic acid from synthesis.
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Figure 2.35.1%C solid state CAMAS NMR spectra of Ui@6-NH. doped with
PtCk”, PdCK* and Cl. Asterisks on the activated Ui65-NH. spectrunindicate
peaks from trace impurities. Peak assignments are basbdsenreported in

reference 38.

Both the sample from 2 M HCI and the sample from thEet&k/2 M HCI mixture

only exhibit peaks that correspond to the activated framework (the residuabbdF
PhCOOH have been removed from the pores). This result is consistent with ICP
OES analysis which showed no uptake of PtGtom the 2 M HCI solution.

Interestingly these spectra show no shift in the peak correspondindttee@ atom
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bound to the M, group) at ~150 ppm, suggesting that protonation of the &itd

the presence of a Qlounte-ion in the pores is unlikely.

In contrast, the spectra of samples removed froRt®L/H,O and KPdCk/2 M HCI
solutions show a clear shift upfield of the pemdsociated with £ This strongly
suggests an interaction between the;Nioup and the PGM anions, as was
expected. Furthermore, the peaks corresponding em@€ G have shifted downfield,
which is also consistent with either a hydrogen bond betweedHhgroup and the
chloride groups of the Pt anion or with a covalent bond between theahHthe Pt
centre. The ICFOES analysis shows that, in the caseKgPtCk/H,O, the NH
groups are fully saturated with P¢€] i.e. the PGM:NH ratio is greater tha1:1
(1.01:1). This is shown in tH€C NMR spectrum above as the originalf@ak from

the activated material has disappeared completely, suggesting that all of the NH
groups are interacting with the PGM. As XPS analysis suggested that the
encapsulatedpecies may be present in the form of RtdH,); or PtCL(NH,),, the
1.01:1 ratio of PGM:NHK shows that a proportion of the uptake must be a result of
the interaction of Pt} with other components of the framework. For example, this
could indicate varder Waals interactions between RfCand aromatic protons of

the linker oroxygenatomsin the Zr cluster, which would explain the unexpected
uptake in the unfunctionalised Ui€6 material.In the case of Pdgl, ICP-OES
analysis shows a PGM:NHlatio d 0.55:1, suggesting that some of the Nifloups

are not interacting with the Pdflguests. Again this is in agreement with the SS
NMR spectrum, in which the 1(Qpeak has clearly reduced intensity but is still

visible.

In an attempt to crystallograplaity determine the nature of the interactions between

the framework and the PGM anions, these samples were sent to the 111 beamline at
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Diamond Light Source for highesolution powder Xay diffraction scans.
Unfortunately, despite the high quality datattixeas obtained, the positions of the
various guest species could not be refined. This was partly because the high
symmetry of the MOF made differentiating between real and symigetrgrated
regions of electron density very difficult. Additionally, the atdered NH group

was difficult to model and may have resulted in very low occupancies of RtDb

bound within the cavities.

2.3.2.D2 Separation of PdCk> from PtCl¢”

As the uptake of Pd€i from 2 M HCI is much greater than that of R{Glit was
expected that separation of Pd and Pt from a mixed solution of both metals would be
observed. To investigate this, 50 ml solutions of 1 M HCI containing 25 ppm of Pt
and Pd were prepared and extractions with 50 mg and 100 mg 66D, were

carried ot The HCI concentration was reduced from 2 M to 1 M to improve the
uptake of both metals and provide a clearer comparison between them. As seen
below in Figure 2.36, the uptake of Pd is considerably higher than that of Pt in both
experiments 96% and 59%emoval of Pd with 100 mg and 50 mg respectively

compared to 31% and 9% uptake of Pt.
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Figure 2.36.Extraction of Pd and Pt from mixed metal solutions using-8&NH..

This corresponds to 3.1:1 and 6.6:1 selectiviigsweigh) for Pd over Pt after 120

hours and of 5.7:1 and 12.1:he&n converted to a molar ratio.

Having earlier established that HCI concentration plays a huge role in the uptake of
the hexachloroplatinate anion, a series of Pd/Pt separations in different HCI

corcentrations (0.1 M 6 M) were carried out. In each case 50 mg of B88NH,

was added to 50 ml of a 25 ppm solution of Pd and Pt and the extraction was
monitored over the course of 120 hours. The selectivity of these separations is shown
below in Figure B7. Plots of each individual data set are shown in the Appendices

(Figures A1.1A1.3).
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Figure 2.37.Selectivity for Pd over Pt as a function of both time and HCI

concentration using UikB6-NH,.

In 0.1 M HCI, limited separationfd®d over Pt is observed (~1.2:1 after one hour),
which then increases to 2.7:1 in 0.5 M HCI. However, this increases dramatically to
6.6:1in 1 M HCl and to 15.9:1 in 2 M HCI. No uptake of either PGM was observed
from the 4M and 6M solutions. Interestigglit was noted that in addition to
dependence on HCI concentration, this selectivity also exhibited time dependence. In
0.1 M and 0.5 M HCI, the separation of Pd from Pt is approximately halved between
oneand 120 hours. However, in the 1 M solution, 4ekectivity for Pd after 24 hours
(8.8:1) is greater than the selectivity observed afterandthreehours (8.5:1 and

7.8:1 respectively). In the 2 M solution, the selectivity after one and three hours is
reduced but greatly increases at 24 and 120 hpeeking at a 20:1 Pd:Pt ratio after

24 hours. These changes in selectivity are a result of the equilibrium effect described
earlier for the extraction of Pt from HCI solutions. In the more concentrated
solutions, the initial uptake of Pt quickly declinsd plateaus at around 24 hours,

whereas the extraction of Pdridinues to increase over time.
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2.3.2.8 Separation of PGMAnions from BaseM etals

In addition to separation between PGMs it is also of great importance to separate
PGMs from transition metatompounds, particularly chlorides and sulfate8 As

Cu is one of the major transition metal impurities in P&dtaining oreé! we
examined the separation of PfCfrom CuCh and CuS@from 1 M HCI solutions
containing 25 ppm of both metalss with the extractions described previously, a 24
hour test was undertaken using 50 mg of 48&®and UiG66-NH; in 50 mI25 ppm
solutiors of Pt and Cu. The initial concentration of the solution was compared to the
concentration after 24 hours by ICHES and corerted into a % uptake of both

metals (Figure 2.38).

m UiO-66-NH2 m UiO-66

% uptake
P RN N W Ow A~ BN
o o (@2 o O o O

ol
1

!

K2PtCl6 CuCI2 K2PtCl6 CuSO4
Compound

Figure 2.38.Uptake of Pt and Cu compounds from mixed solutions of

K,PtCk/CuCh (left) and KPtCK/CuSQ (right).

The results show clearly that UiB-NH, exhibits 100% selectivity for Ptgl over
Cud; as no uptake of Cu is observed over 24 hours and the Pt concentration in
solution was reduced by 39%. The uptake of Et@bm the KPtCE/CuSQ mixture

is slightly lower (33%) and 0.8% of the CuS® removed from solution but this still
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equates to ra excellent selectivity ratio for Pt over Cu of 37:1. Unlike the amine
functionalised MOF, Ui@6 exhibited negligible uptake of Pt&) CuCh and
CuSQ, demonstrating the importance of the NHoiety for extractios from these

acidic conditions.

Following these successful results, B6-NH, (50 mg) was added to mixed metal 1
M HCI solutions containing 25 ppm of Pt and 25, 250 and 2500 ppm;Cu@ach
case ~100% selectivity for Pt over Cu was observed, even in the presence of a 100

fold excess of CuHigure 2.39).
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Figure 2.39.Uptake of Pt and Cu from mixed solutions oFP#Cl/CuCl, of 25:25

ppm (top left), 25:250 ppm (tojght) and 25:2500 ppm (bottom).
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Despite the relatively low total uptake of PfC(36%, 29%, 13% respectively for

the 1:1, 1:10 and 1:100 ratio solutions of Pt:Cu), the uptake between 0 and 3 hours is
good. This suggests that U&B-NH, is a useful material for quick and selective
removal of PtGf from base metal solutions. It is worth noting that the extraction
from the 25:25 ppm solution of Pt:Cu (Figure 2.39, top left) was performed using a
different batch of MOF to the extractions from 25:250 ppm and 25:2500 ppm
solutions. This may be the cause of the very different uptake pobfikerved for this

experiment.

These conditions were then repeated using GuS@lace of CuCl (Figure 2.40).
Again, 100% selectivity for Pt over Cu is observed, although the uptake of Pt is
greatly reduced to 13% and 8% with 25 ppm and 250 ppm of Cu respectively. No
uptake of Pt is akerved when Cu is in 100 times excess. This may be the result of a
kinetic competition effect between the RfClanions and the Cu species which

increases with the increasing content of Cu in solution.
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Figure 2.40.Uptake of Pt and Cu from mixed stibns of KPtCk/CuSQ of 25:25

ppm (left) and 25:250 ppm (right).
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It should also be noted that the uptake of Pt@om the 25:25 ppm solution is now
much lower than that observed from the initial test under the same conditions. The
reason for this isinclear, although the batch of U&B-NH, used in this case was
different to the batch used in the initial tests.The separation ofP@6m CuCh

and CuSQ@ was investigated using the same set of experimental conditions. The
extractions of Pd@t from CuCh shown in Figure 2.41 exhibit 100% selectivity for

Pd over Cu from the 25:25, 25:250 and 25:2500 ppm solutions. Unlike thé PtCl
ICUChL separations, the 120 hour sorption of RACWas not affected by the
concentration of Cu in the solution, remaigialmost constant at 76%, 80% and 76%
for the three concentrations. However, the extraction of &d@ler the first three
hours does reduce from 63% to 50% to 46% as the Cu concentration is increased ten
fold each time. Again this suggests a competikiveetic effect brought about by the

increased concentration of Cu in solution.
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Figure 2.41.Uptake of Pd and Cu from mixed solutions aPCE/CuCl of 25:25

ppm (top left), 25:250 ppm (tojght) and 25:2500 ppm (bottom).

Similar results ee also observed for the separation of Pd from Gu&{Qure 2.42).

Uptake of PAGf from a mixed 25:25 ppm Pd:Cu solution is 100% selective for Pd,

with 75% PdG§* uptake and no measureable extraction of Cu@Overy slight

reduction in Cu concentrat is observed from the 25:250 ppm solution, however

this still corresponds to a 182:1 molar selectivity for Pd:Cu and an 18:1 ratio when

the tenfold mass difference between Cu and Pd is taken into account. The extraction

of Pd from the 25:2500 ppm soloiti decreaseto 38%, although the Cu uptake is

just 1%, corresponding to a 33:1 ratio of Pd:Cu. Of greater importance is the fact that

75% of this Pd extraction occurs within the first three hours and over this time there
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is no observable uptake of Cu. $hineans that Ui®6-NH, has the potential for
quick and 100% selective uptake of Pd from sulfate solutions even in the presence of

a large excess of Cu.
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Figure 2.42.Uptake of Pd and Cu from mixed solutions ePHCE/CuSQ of 25:25

ppm (top &ft), 25:250 ppm (topight) and 25:2500 ppm (bottom).

ICP-OES analysis of the digested MOFs from these mixed Pt/Cu and Pd/Cu
experiments is in agreement with the results from solution as only trace amounts of

Cu were fand to be present in each case.

After every extraction experiment carried out using 8@NH,, PXRD patterns

were recorded to confirm the stability of the MOF in the different solutions used.
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Figure 2.43 shows that the MOF retains its crystallinity and phase after extraction
and crucially hat it exhibits no sign of amorphous character after the-ezirkction

of PtCk” at 80 °C in 4 M HCI described earlier in the Chapter.

Simulated
Activated

— Pd/2 M HCI
— Pt/2 M HCI
—— 4 MHCI/80 °C
—— 6MHCI

| |
\ | I I ol

|
o \ \
I\ Lt UM LA
Mt S\ AN

‘ I | | '
WW}WWW”WAWW“WU -WMKJWMJ‘W@WW% A

I A | b | " A Il
T | LW il W A I o) N
byt ) et vt btsged e [~ Nared Yemtd LA i s

| N [
W\Aw»«w‘ bt [ Mictonad b/ W"h M

2theta / degrees

Figure 2.43.PXRD patterns showing the stability of U&®-NH, in HCI solutions.

Furtherwork to be carried out with Ui®6-NH, will include >N DNP SSNMR
spectroscopyf the Pt and Pdioped frameworks to provide additional information

on the species encapsulated in the pore. This will be used to determine whether the
interactions between tHeamework and the metal are hydrogen bonds from the NH

to the chloride groups of the PGM or covalent bonds from the tdHhe Pt/Pd
centre. The separation of Ni from Pt and Pd will also be investigated as it is a major

impurity in PGMcontaining ores. iRally, the separation of Pd(ll) species such as

104



PdCb from PtCk* will be examined as Pd(ll) is the most common oxidation state of

Pd wsed in industrial applications.

2.4 Current and Future Work

2.4.1 NOTT-300(Al) vs UiO-66

Whilst the presence of an NHroup within a MOF is clearly a big factor for the
uptake of metal ions, the structure of the framework may also play a role. As shown
with the extraction of PtGl from water into UiG66, the lack of a functional group
does not always inhibit the encafsion of guest metal ionsThus it was
hypothesised that the cage structure within 488 was responsible for the
encapsulation of Ptgd in the absence of a functional group. In particular, the
potential for van der Waals interactions between the metal and the aromatic
protons of the linkers and the oxygen atoms of th® Ztusters within the cage were
thought to be responsible for the observed metal uptake. To establish a relationship
between MOF structure and metal encapsulation, the uptake ©f6®Jiwas
compared to that of #tameworkcontaining 1D channels, NOT300(Al), a MOF

first reported by the Schroder group in 201 NOTT-300(Al) was chosen because,

like UiO-66, it contains a nefunctionalised linker and is stable to aqueous and
acidic onditions (the framework does contain accessible OH groups, however they
are not expected to contribute to metal encapsulation). The structure is comprised of
octahedral &oordinate Al(lll) ions bound to four carboxylate groups from the
biphenyl tetracartxylic acid linker and to two bridging OH groups. This gives rise

to 1D channels, lined by the ligand, of 6.5 x 6.5 Alimmeter (Figure 2.44).
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Figure 2.44.The linker (top left), Al(lll) chain (bottom left) and 1D channels (right)

present in NOT-300(Al).*?

These channels make NO-BDO(AI) an excellent comparative material for 66

as the 6.5 A diameter of the channels closely matches the 6.0 A cavity windows in
UiO-66. As the cages in UkB6 provide a much larger number of aromatic protons
to interact with the PGM in comparison to NO-BDO(AI), it was predicted that the
uptake of PtGf from H,O would be considerably lower in NOT300(AI) than that

of the UIO MOFs. However, for the same reason we predicted that the uptake of
PtCk” from HCI in NOTT-300(Al) would not be greatly affected by the presence of
CI" ions in solution as the vdW interactions between the framework anebGlid be

much weaker than in Ui®6. The uptake of Ptg4 from 50 ml/25 ppm solutions in

H,O and 2 M HCl into 20 mgf NOTT-300(Al) is shown below in Figure 2.45.
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Figure 2.45.Comparison of PtGf extraction from 25 ppm solutions in® (left)
and 2M HCI (left) using Ui@6, UiO-66-NH, and NOTTF300(Al) as measured by

ICP-OES.

As expected, the extraction from® (25% after 120 hours) using NOT300(AI) is
much lower than observed for Ui&b and UiG66-NH,. However, whilst the uptake
from 2 M HCI is just 16%, this is a 36% reduction from thgOHexperiment
compared with the reductions of 97% and 93% for 88 and UD-66-NH,
respectively. While NOTA300(Al) may not be a good candidate for PGM extraction
from HCI, this result strongly suggests that future work towards an amine
functionalised framework containing 1D channels may showt gneemise for this

application.

2.4.2 Synthesis oNew Amine-Containing Ligands
In addition to the metal scavenging described above, this work has also been focused

on the organic synthesis of novel amfoactionalised linkers (Figure 2.46).
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Figure 246. Amine-functionalised linkers for the synthesis of novel metganic

These linkers will then be used for the preparation of new functionalised Zr(IV)

MOFs. This work is currently ofgoing.

2.4.2.1 Synthesis of b2

The first step in the syhesis of HL? was the esterification of -8mino4-
bromobenzoic acid in acidified ethanol, followed by a Suzuki coupling of this ester
with (4-(ethoxycarbonyl)phenyl)boronic aci(Bcheme 2.2). These reagents were
added to a mixture of 1-dioxane and DMFontaining KPO, and Pd(dppf)Gland

heated in a microwave reactor at 88 °C. The diester product resulting from this

NH,

0oy -ooo

H,oN
H,L3

framaworks.

reaction was hydrolysed in NaOH(aq) and acidified with HCI to giate?H
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COOEt

B(OH),
Pd(dppf)Cl, 1) NaOH(aq)/THF
K3PO, 75°C
EtOOC%: ;FBr EtOOCH O COOEt HOOCH O COOH
1,4-dioxane/H,0 2) HCl
NH> 88 °C NH, NH;

99%
84%

Scheme 2.2Synthesis of bL>.
2.4.2.2 Synthesis of b.® and H,L*
The synthesis of H.3was attempted as a facile way to increase the number of amine
moieties on the dicarboxylate linker. The preparation involved the reaction of a
diboronic acid withethyl 3:aminc4-bromobenzoateasingPd(dppf)Ch and KPOy in
a mixture of 1,4dioxane and DMF at 85 °C in a microwave reactor. However, upon
analysis of the product there was no evidence of the desired triphenyl estéHfrom
NMR, *C NMR or MS. The synthesised product was determined to be a
homocoupled diester (Scheme 2.3). Hydrolysis and subsequent acidification of this

product gave a dicarboxylic acid, denoted ak*H

B(OH),
B(OH),
Pd(IopnCl, NH, 1) NaOH(aq)/THF NH,
3 4 o
Et0OC Br Et0OC O O cooet —C+ hooc O O COOH
1,4-dioxane/DMF 2) HCI
NH, 85°C H,N H,N

95%
54%

Scheme 2.3Homocoupling reaction to producelH.

Interestingly, the preparation ofg¢homocoupled product was not possible without
the addition of the boronic acid. Presumably the boronic acid was required to
facilitate the reduction of the Pd(Il) catalyst to the catalytically active Pd(0) species.
In an attempt to prepare the desiregd Hproduct, the reaction was repeated using
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Pd(OAc)», NaCO; in a 2methoxyethanol/bD mixture at room temperature

(Scheme 2.4).

B(OH),
B(OH),
1) NaOH(aq)
Pd(OAc), HoN THF H,N
Na,CO, 75°C
EtOOC Br — = Et0OC COOEt ——— > HOOC COOH
2-methoxyethanol/H,0 2) HCI
NH, t NH, NH,

14% 60%

Scheme 2.4Successful preparation obE.

These conditions were adapted from a paper by Meat al. in which the
production of a homocoupled {pyoduct was avoided using milder reagents and
lower temperatur& These conditions did result in the formation of the desired
product, albeit in low yield, as a brown solid, which was recrystallisech fhot

ethanol to give pure #°.

2.4.2.3 Synthesis of b.°

The amidefunctionalised HL®> was synthesised to compare the effect of an amide
group to that of an amine group for the extraction of $tCThe synthetic route
involved the reaction of 2;8ibromoaniline with acetic anhydride to give(R,5
dibromophenyl) acetamide in good yie(@0%) This was then reacted with- 4
carboxyphenyl boronic acid usingsRO, base and Pd(dppf)Elcatalyst in 1,4
dioxane at 80 °C (Scheme 2.5). The product was isoédted removing the solvent

under vacuum, washed with CHC4cidified with HCI and dried to give purelt.
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Scheme 2.5Synthesis of bL°.

The Suzuki coupling reaction was previously carried out usi(f
(ethoxycarbonyl)pényl)boronic acidhowever the hydrolysis of the ethyl ester also
partially cleaved the M amide bond, even under mildonditions at room

temperature.

Unfortunately no successful reaction conditions for the formation of novel Zr(IV)
MOFs with HL%H,L> have yet been found. Reactions have produced either no

product or amorphoysowders as determined by PXRD.

2.5 Conclusions

In this Chapter we have demonstrated the capability of three Zr MOFsG&INH,,
UiO-66-NH, and Ui0G66 for the removal of PGMs fronokition using ICPOES

and UM\vis absorption techniques. In particular, W6G-NH, exhibited an
exceptional capacity for Pt§] extraction from water in comparison to industrially
used silica gels. This framework also showed good sorption capacity fef Rl

PdCk* from acidic HCI solutions, which represents the first example of a MOF
successfully being used for this application. Furthermore, a solid state NMR study
showed clear evidence of the interaction between the MOF and these PGM anions.
Sorptin experiments on mixed metal solutions showed that&fOIH, was able to

separate Pd(IV) from Pt(IV) very efficiently (20:1 uptake of Pd:Pt). In addition to
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Pd:Pt separations, Ui&6-NH, demonstrated 100% selective sorption of Ft@nd
PdCE* over boh CuCh and CuSQ including cases in hich Cu was in 10dold

excess.

More recent work on NOT-BOO(Al) has shown that the design of a MOF to

incorporate NH-functionalised 1D channels may greatly enhance the sorption of
PGM chlorides from HCI solutions. Weave also synthesised a series of amine and
amidefunctionalised linkers and work to trial reaction conditions for the successful

synthesis of novel Zr(IV) MOFs is ongoing.

2.6 Experimental

Synthesis of(4-(ethoxycarbonyl) phenyl)boronic acid

4-Carboxybenene boronic acid (20 g, 120.5 mmol) was dissolved in a mixture of

ethanol (250 ml) and 95% sulfuric acid (8 rahd heated at 85 °C for 16 bpon

cooling, the solvent volume was reduced to ~ 75 ml under vacuum_@n@B0 ml)

was added to precipitate thpgoduct as a white solid. This solid was isolated by

filtration, washed with KO (3 x 25 ml) and dried under vacuum to give the pure

product (22.1 g, 95%fH NMR (400 MHz, dmseds) U = 7.92 (sJ, 4H), 4.7:
= 7.0 Hz), 1.33 (t, 3HJ = 7.0 Hz);®*C{*H} NMR (100 MHz, dmseds) & = 166 . 4,
134.7, 131.6, 128.4, 61.2, 14.6. MS(ESI) m/z 195 (M + H). Anal. Calcd (Found) for

CoH11BO4: C,55.72 (55.77); H, 5.72 (5.79)%.
Synthesis of HL*

(4-(Ethoxycarbonyl)phenyl)boronic aci2.80 g, 14.43 mmol) was added to a
mixture of 2,5dibromoaniline (1.50 g, 5.98 mmol) andRO, (3.06 g, 14.43 mmol)

in 1,4dioxane/HO (55 ml; 10:1 v/v). Pd(dppf)@(60 mg) was then added under an
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argonatmosphez and the vessel was heatedler argon at 90 °C for 24 Bnce the
reaction was complete, the solvent was removed under reduced pressure and the
resulting residue was extracted into Ckldlhe CHC} was removed under reduced
pressure to give a brown oithis oil was then extracted into CHGind passed
through a plug of silica gel. After evaporation of £, the pure product was
isolated as a yellow solid (1.76 g, 4.52 mmol, 764)NMR (270 MHz, dmsalg) U

= 8.04 (dd, 4H,] = 8.1, 1.4 Hz), 7.77 (d, 2H = 8.6 Hz), 7.64 (d, 2H] = 8.4 Hz),

7.18 (s, 1H), 7.16 (d, 1H,= 2.7 Hz), 7.01 (dd, 1H] = 8.1, 1.6 Hz), 4.36 (q, 4H,=

5.1 Hz), 1.34 (t, 6H) = 7.0 Hz). MS(ESI) m/z 390 (M + H).

This diester (1.39 g, 3.57 mmol) was added to a solution of TAF(3and 2 M
NaOH(aq) (30 ml)and heated at 75 °C for 16 fihe aqueous layer was then
separated and the organic layer washed with fresh 2 M NaOH(aq) (2 x 15 ml). The
aqueous layers were combined and 37@3 was added dropwise until pHi~giving

a yellow precipitate. This precipitate was filtered, dried and recrystallised from hot
DMF to give HL! as a yellow solid (1.06 g, 3.18 mmol, 89%). NMR (400 MHz,
dmsoeds) U = 12. 98 (X5=8.0Rz)1Yy.768d, ZHi= 84 #iz), 7.83Hd,

2H,J = 8.4Hz), 7.18 (d, 1H,) = 4.0 Hz), 7.17 (d, 1H] = 2.0 Hz), 7.03 (dd, 1H] =

8.0, 1.8 Hz), 5.13 (s, 2H)**C{*H} NMR (100 MHz, dmseds) U = 167. 7,
146.3, 145.0, 144.3, 140.0, 131.3, 130.5, 130.4, 130.3, 129.2, 127.7, 127.0, 116.0,
114.3. MS(ESI) m/z 32 (M - H). Anal. Calcd (Found) for £H1sN1O4: C, 72.06

(71.39); H 4.54 (4.42); N, 4.20 (3.97)%.
Synthesis ofethyl 3-amino-4-bromobenzoate

3-Amino-4-bromobenzoic acid (2 g, 9.26 mmol) was dissolved in a mixture of

ethanol (40 ml) and 95% sulfuric acitl.{ ml) and heated at 85 96r 16 h Upon
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cooling, the solvent volume was reduced to ~ 20 ml agd 100 ml) was added,
forming a mass of white precipitate. This precipitate was isolated by filtration,
washed with HO (3 x 25 ml) and dried under vacuum give ethyl 3aminc4-
bromobenzoatas an offwhite solid (1.41 g, 62%YH NMR (400 MHz, dmseads) U

= 7.47 (d, 1HJ = 8.4 Hz), 7.42 (d, 1H) = 2.1 Hz), 7.03 (dd, 1H] = 8.4, 2.0 Hz),

4.27 (q, 2HJ = 7.2 Hz), 1.34 (t, 3H] = 7.2 Hz).
Synthesis of HL?

Ethyl 3-amino4-bromobenzoat€800 mg, 3.28 mmol)(4-(ethoxycarbonyl)phenyl)

boronic acid(763 mg, 3.93 mmol, 1.2 eq.) angRO, (3.47 g, 16.3 mmol, 5 eq.)

were dissolved in a degassed mixture ofdigkane/HO (10:1; 55 ml). Pd(dppf)GlI

(30 mg) was adled under an argon atmosphere and the solution was heated at 88 °C

for 1 hour in a microwave reactor. Upon completion of the reaction, the solvent was

removed under vacuum and the crude product was extracted intos. Cifalr

removal of CHCJ under reducegressure, the product was dissolved in,Ckland

passed through a plug of silica geAfter evaporation of CKCl,, a pale

orange/yellow oil was isolated. Trituration of this oil with@Hgave the product as a

pale yellow solid (867 mg, 84%)H NMR (400MHz, dmseds) U = 8.05 (dd, 2 H
= 5.6, 1.8 Hz), 7.62 (dd, 2H,= 7.0, 1.8 Hz), 7.45 (d, 1H,= 1.6 Hz), 7.24 (dd, 1H,

J=7.8, 1.8 Hz), 7.16 (d, 1H,= 8.0 Hz), 4.37 (q, 2H] = 7.2 Hz), 4.32 (g, 2H] =

7.2 Hz), 1.36 (t, 3HJ = 7.2 Hz), 1.32 (t, 3H) = 7.2 Hz) **C{*H} NMR (100 MHz,

dmsacds) a = 166. 4, 166. 0, 146. 0, 144. 1, 130. 8,

116.4, 61.2, 61.0, 14.7. MS(ESI) n824 (M + H).

This diester (850 mg, 2.71 mmol) was dissolved in a mixture of THF (25 ml) and 2

M NaOH (25 ml)andheated at 75 °C for 16 Jpon cooling, the aqueous layer was
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separated and the organic layer washed with fresh 2 M NaOH(aq) (2 x 15 ml). The
aqueous layers were combined and 37% HCI was added until pH~1 to give an off
white precipitate. This solid wasolated by filtration and washed with,@ (30 ml)

and EtOH (30 ml) and dried under vacuum to give%hs an offwhite solid (693

mg, 99%)*H NMR (400 MHz, dmsed) U = 8 .J8 &0 Hz)l7.66 @nH3H),

7.47 (d, 1HJ = 7.6 Hz), 7.28 (d, 1H] = 7.6 Hz);**C{*H} NMR (100 MHz, dmse

d) U0 = 167. 6, 167. 5, 142. 9, 131. 7, 131.

m/z 256 (M- H). Anal. Calcd (Found) for GH11N:O4: C, 65.37 (64.68); H4.31

(4.26); N, 5.45 (4.83)%.
Synthesis of HL>

Ethyl 3-amino4-bromobenzoat€976 mg, 4.00 mmol), 1;8enzene diboronic acid
(1.59 mg, 9.60 mmol) and Ba0; (1.02 g, 9.60 mmol) were dissolved in a degassed
mixture of 2methoxyethanol/water (4:1; 40 ml). Pd(OAc200 mg) was added
under an argon atmosphere and the solution was left tatsthom temperature for

48 h Once the reaction was complete, the solvent was removed under vacuum and
the crude product was isolated asaakdbrown oil. After triturating with water, the
crude product was recrystallised from hot ethanol to give the produgiads rown

solid (233 mg, 14%).

This diester (200 mg) was dissolved in a mixture of THF (25 ml) and 2 M NaOH (25
ml) and heated aty°C for 16 h Upon cooling, the aqueous layer was separated and
the organic layer washed with fresh 2 M NaOH(aq) (2 x 15 ml). The aqueous layers
were combinednd 37% HCI was added until pHH+to give an offwhite precipitate.

This solid was isolated byltiiation and washed with 4 (30 ml) and EtOH (30 ml)

and dried under vacuum to givelH as an offwhite solid (104 mg, 60%}H NMR
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(400 MHz, dmseds) O = 7 . 949.0(Hd, @.0 HzZ}, R.84 (s, 2H), 7.73 (dd,

2H,J = 5.6 Hz, 2.0 Hz), 7.68 (s, 4H}C{*H} NMR (100 MHz, dmseds) U = 167.

139.7, 137.2, 131.4, 130 129.9, 127.6, 117.7, 116.3.
Synthesis of HL*

Ethyl 3-aminc4-bromobenzoat€776 mg, 3.18 mmol), 1;8enzene diboronic acid
(285 mg, 1.72 mmol) and3RQ, (1.12 g, 5.28 mmol) were dissolvén a degassed

mixture of 1,4dioxane/DMF (2:1; 30 ml) in a 35 ml microwave tube. Pd(dppf)CI

(30 mg) was added under an argon atmosphere and the solution was heated at 85 °C

in a microwave reactor for 30 mins. Once the reaction was complete, the sohgent
removed under vacuum and the crude product was extracted intos. Cifalr
removal of CHCJ under reduced pressure, the product was dissolved j€lgkhd
passed through a plug of silica gel. After evaporation of,@} a pale
orange/yellow oil wassolated. Trituration of this oil with #D gave the product as a
pale yellow solid (305 mg, 54%3jH NMR (300 MHz, dmses) a = 7. 48
7.45 (s, 1H), 7.42 (d, 2H,= 2.1 Hz), 7.03 (d, 1H] = 2.1 Hz), 7.01 (d, 1H] = 2.1

Hz), 5.62 (s, 4H), 4.27 (@H, J = 7.2 Hz), 1.27 (t, 6HJ = 7.2 Hz);"*C{*H} NMR

(75 MHz, dmseds) U = 166. 1, 146. 6, 133. 0, 130.

MS(ESI) m/z 329 (M + H).

This diester (300 mg) was dissolved in a mixture of THF (25 ml) and 2M NaOH (25
ml) and heate at 75 °C for 16 hUpon cooling, the aqueous layer was separated and
the organic layer washed with fresh 2 M NaOH(aq) (2 x 15 ml). The aqueous layers
were combine@nd 37% HCI was added until pH+o give a white precipitate. This
precipitate was isolateby filtration and washed with @ (30 ml) and EtOH (30 ml)

and dried under vacuum to givelH as an offwhite solid (237 mg, 95%}H NMR
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(300 MHz, dmseds) U = 7.46 (s, 1H)J=271H#AX03@E,, 1H)
1H, J = 2.1 Hz), 7.00 (d, 1HJ = 2.1 Hz);**c{*H} NMR (75 MHz, dmseds) U =

167.6, 146.2, 132.8, 131.3, 118.4, 116.5, 112.5. MS(ESIPAIAMi H).
Synthesis of HL®

2,5-Dibromoaniling(3.15 g, 12.55 mmol) was added to a mixture of acetic anhydride

(11 ml) and HO (11 ml)and heated at 100 °C for 4 The resulting light brown
precipitate was then added to water (100 ml) and stirred at room temperature for 1
hour. This solid was isoladeby filtration and dried under vacuum giving(R,5
dibromophenyl)acetamide (3.31 g, 90%). NMR (400 MHz, dmseds) U = 9. 59
1H), 7.87 (d, 1HJ = 2.4 Hz), 7.61 (d, 1H] = 8.6 Hz), 7.32 (dd, 1H] = 8.6, 2.4Hz),

2.10 (s, 3H)®C{*H} NMR (100 MHz, dmseds) U = 169. 3, 97138. 4,

129.4,120.7, 116.6, 23.8.

N-(2,5dibromophenyl)acetamide (1.00 g, 3.41 mimd-carboxyphenyl boronic acid

(1.47 g, 8.86 mmol), ¥0O, (3.60 g, 16.98 mmol) and Pd(dppfGL4 mg) were
added to degassed idibxane (35 ml) and heatedhder argon at 80 °C for 48 h
Upon completion of the reaction, the solvent was removed undauwato give a

light brown solid which was washed with CHChcidified with 37% HCI to pH~1

and dried to give the product as an-wfiite powder (1.23 g, 78%JH NMR (270
MHz,dmseds) O = 9. 50 ( sJ=28.5 H2),,7.848t, IHB=8(6tHz), 4 H,
7.69 (dd, 1HJ = 8.1, 1.5 Hz), 7.54 (dd, 2H,= 6.8, 5.0 Hz), 7.49 (d, 1H = 8.0

Hz), 1.93 (s, 3H)!*C{*H} NMR (100 MHz,dmseds) & = 169. 4, 167. 7,
143.5, 139.4, 13@, 135.8, 131.4, 130.6, 129.9, 129.3, 127.6, 127.2, 126.1, 124.9,
23.5. Anal. Calcd (Found) forsH;7N;:0s: C, 70.39 (69.28); H4.56 (4.39); N, 3.73

(3.82)%.
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Synt hes i-bspheayf]-3 [ 3 Htgtcarbaxylic acid

3, 3 6Te®ameétlyylbiphenyl (5 g23.06 mmol) and NaOH (3.69 g, 92.24 mmol)
were dissolved i"BuOH/H,O (1:1, 250 ml). The reaction mixture was heated to 50

°C with stirring and portions of KMngXtotalling 44 g, 276.72 mmol) were added to

the solution once the purple colour of the presigortion had faded. After 35 g of
KMnO,4 had been added, the reaction temperature was increased to 70 °C and the
addition of KMnQ continued until the purple otour persisted for over 3,h
indicating full oxidation of the methyl groups. Excess KMnflas re&luced by
addition of IPA (100 ml) and the solution was filtered whilst hot. The Mogke

was washed with boiling water (250 ml) and the aqueous filtrate was concentrated to
~ 50 ml by evaporation and acidified with 37% HCI to pH ~ 1. The resulting white
precipitate was collected by filtration, recrystallised from hot DMF and washed with
wat er t o gibiphenyl}®uy 3 &tetfachrbdkyiic acid as a white solid
(5.79 g, 76%)'H NMR (400 MHz, dmseds) U = 13.51 (835164 H) ,
Hz), 8.45 (d, 4H, = 1.6 Hz):**C{*H} NMR (100 MHz, dmseds) U = 166 . 8,
132.8, 131.9, 130.0. Anal. Calcd (Found) fogtdioOs: C, 58.19 (57.29); H3.05

(3.00); N, 0.00 (0.00)%.
Synthesis of UiG66-NH»

2-Aminoterephthalic acid (310 mg, 1.71 mmol), Zrg400 mg, 1.71 mmol) and
benzoic acid (6.25 g, 51.2 mmol) were dissolved in DMF (100 ml) and heated in a
sealed round bottom press flask at 120 °C for 48.hThe resulting ofwhite
precipitate was isolately centrifugation and washed with fresh DMF which was
exchanged with acetone over the course of 5 days. Removal of all volatiles under

vacuum produced the final product as a pale yellow solid (455 mg, 91%). Anal.
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Calcd (Found) for ZCasHaNeOsz C, 32.87(32.71); H, 1.95 (1.98); N, 4.79

(4.66)%.
Synthesis of UiQ66

Terephthalic acid (284 mg, 1.71 mmol), Zr¢100 mg, 1.71 mmol) and benzoic acid
(6.25 g, 51.2 mmol) were dissolved in DMF (100 ml) and heated in a sealed round
bottom pressre flask at 120 °@or 48 h The resulting white precipitate was isolated

by centrifugation and washed with fresh DMF which was exchanged with acetone
over the course of 5 days. Removal of all volatiles under vacuum produced the final
product as a white solid (372 mg, 78%hal. Calcd (Found) for Z€C4gH25032: C,

34.65 (34.24); H, 1.70 (1.68); N, 0.00 (0.00)%.
Synthesis of UiG68-NH,16DMF2H,0

H.L' (20 mg, 0.06 mmol), ZrGl(14 mg, 0.06 mmol) and benzoic acid (250 mg, 2.05
mmol) were dissolved in DMF (4 ml) and heated isealed 15 ml pressure tube at
120 °C for 72 h The resulting colourless crystals were isolated by filtration, washed
with hot DMF and dried in air to give the final product (32 mg, 83%) Anal. Calcd

(Found) for ZgCieeH194N220s50: C, 52.16 (51.83); H, 5.0881); N, 7.97 (7.99)%.
Synthesis ofNOTT -300(Al)

Biphenyl tetracarboxylic acid (120 mg, 0.36 mmol), Al(RPH,O (680 mg, 1.81
mmol) and piperazine (200 mg, 2.32 mmol) were added to a solution of HNE3

ml) and water (30 ml). This mixture was hea@d210 °C in a stainless steel
autoclave for three days. Upon cooling, the solvent was decanted and the solid

product was washed with hot DMF (25 ml x 3), hot methanol (25 ml x 3) and dried
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under vacuum to give desolvated NOGBUO(AI) as a pale yellow poved (89 mg,

599%).
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Chapter 3

PGM Scavenging from Organic Solvents

Using Functionalised Cu(ll) MOFs
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3.1lIntroduction

PGM-catalysed crossoupling reactions for the formation of-©€ bonds have
arguably become the most important chemical processes used in industrial
applications: Procedures such as HetkSonogashird® Negishf’ and Suzuk**
crosscowpling reactions generally employ a Pd(ll) or Pd(0) catalyst (Figure%1).
Likewise, Pt and Rh catalysts are also commonly used@nbGnd forming>**C-H
activatiot>'® and direct borylation reactiori5® Upon completion of these
reactions, the atalyst must be separated from the product to avoid the loss of the
PGM into a waste stream and to avoid contamination of the product, which is of
particular importance for pharmaceuticilddeterogeneous catalysts may be easily
removed from the final poduct, however crossoupling reactions often use

homogeneous catalysts which present significant separation pralems.
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Figure 3.1.Mechanism of the Heck reaction and related comggling reactions.

Reproduced from reference 12.
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These problems can bearcome by recrystallisation, although this often results in a
significant loss of product.An alternative to recrystallisation is to use a material

capable of scavenging the residual catalyst from soldtidme key advantage of

such materials is thaheir chemical functionality may be tuned specifically to afford

high affinity for the residual met&!.For the selective uptake of PGM catalysts, these
scavengers usually include amine and thiol functional groups. For example,
trimercaptotriaziné-?? polystyrenebound ethylenediamifdéand Johnson Ma't |
SMOPEX series of functionalised polyolefin fiblé%(Figure 3.2) have been used
successfully for the removal of Pd(ll) and Pd(0) species from a range of organic

solvents.

SH

— 0
NN S NHCr 54 SH
}ﬁ/\S)l\N/)\SH O o/

Figure 3.2.The structures of trimercaptotriazine (left), SMOREQRS (centre) and

SMOPEX234 (right).

Whilst the materials currently used for PGM scavenging show great efficiency for
the removal of specific catalysts, the sheer number and varielijffexent catalysts

and solvent mixtures means that no single compound is effective in every scenario.
As such, we propose the use of MOFs as an alternative to the materials currently
used, with the advantages of predictable structures, cage sizes abdith¢o tune

the relative positions and functionality of pendant groups within the pores. To the
best of our knowledge, the use of MOFs for the recovery of PGM catalysts from

solution has not previously been reported.
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3.2 Aims of thisWork

The aim of his work was to investigate the uptake of Pd, Pt and Rh complexes,
specifically Pd(OAc), PtCL and RR(OAc);, from organic solutions using
functionalised MOFs. Pd(OAg)PtCl, and Rh(OAc), were chosen as they are of
industrial interest to Johnson Matthapd are relatively small PGM species, thus
more likely to fit through the pore windows of a MOF. As Cu(ll) is well known to
form a huge variety of different MOFs under mild conditi6s,it was decided that

a Cu(ll) metal node would allow a variety different ligands to be used to prepare
MOFs on an appropriate scale to carry out a range of extraction experiments. To
fully understand the factors dictating the encapsulation cfetheetal species, a
comparison of different functional groups, topologa®l cage sizes was required.

As such, the linkers #°-H4L° (Figure 3.3) and their corresponding Cu(ll) MOFs
were prepared. These linkers allow for a direct comparison between amine, oxamide
and methyl functional groups and a comparison of the two diféopologies given

by the linear an&/-shaped linker geometries.

HOOC NH, COCH
HOOC COOH
(=0~

COOH COOH HOOC COOH

H4|_6 H2|_7

COCH

HOOC o HNQ HOOC O O O COOH
@—NH o) COOH Me

COOH COOH
HOOC

H,L8 H,4L®

Figure 3.3.Structures of the functionalised tetracarboxylate linkats#H,L°.
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3.3 Results and Discussion
3.3.1 NOTT-151

3.3.1.1 Synthesis of [CHL ®)(H,0),] 4DMF'H,0 (NOTT-151)

The first of these frameworks to be synthesised was([€H,0),] 4ADMFH,0
(denoted NOTT151) prepared from the tetracarboxylate linkefLH HsL® was
synthesisedria a Suzuki crossoupling reaction of 2:8ibromoaniline with(3,5-
bis(ethoxycarbonyl)phenyl)boronic adil a microwave reactat 85 °C A solution

of these precursors together withRQ, and Pd(dppf)Glin a degassed mixture of
1,4-dioxane and water was heated with stirring for 1 hour at 85°C (Scheme 3.1).
After work-up and column chromatography to give the pure tetraester, the compound
was hydrolysed in a THF/NaOH solution and then acidified to pH~1 with 37% HCI

to give the pure ligand as an-othite powder.

EtOOC COOEt
B(OH),
Pd(dppf)Cl, O 1. THF/NaOH(aq) O
KsPO, EtOOC COOEt 75°C HooC COOH
Br Br 1,4—digg€1rg:e/HZO O NH, 2. HCI O NH2
NH; COOEt COOEt COOH COOH

86% 95%

Scheme 3.1Synthesis of4L°.

The corresponding MOF, NOTFI51, was preparedia a solvothermal reaction of
H4L® and Cu(NQ@)»3H.0 in acidified DMF at 80 °C for 20 hours in an 8 gihss

vial to give large, green plate crystals diCux(L®(H»0)] 4ADMFH,0.
Microcrystalline sampke for metal scavenging were prepared using the same

conditions on a larger scale in a 100 ml Schott bottle.
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3.3.1.2 Structural Analysis

Single crystal Xray diffraction reveals that NOFI51 crystallises in the hexagonal
space group6s/mmc with unit cell dimensionsa= 18.326(8) A,c= 23.99(2) A
andV = 6977(8) K. The framework is a 4;4onnected structure incorporating a
Kagomé lattice, a common feature of many metganic frameworkd?® (Figure

3.4). However, the underlyingsatopology of NOTF151is much less common and

to our knowledge is only exhibited in one other MOF, reportedsby et al. in
2011%° The rarity of thessatopology is a result of the need for a tetracarboxylate
ligand in which bothsophthalatemoieties are almost perpendicutarthe plane of

the core. In NOTT151, this is brought about by the central amine functionality
sterically hindering the isophthalate units such that a torsion angle of 86.4 ° between
the two ring systems is present. This topology introduces three tiséivities into

the MOF, denoted cagés B andC (Figure 3.5). Most importantly, and in contrast

to tetracarboxylate MOFs that do not possesstopology>®? cageA features a
triangular arrangement of three amine groups, ideally placed to maximisguess
interactions. This is useful for gas storage applications but crucially for metal
scavenging applications the accessible diameter of the cage is just 6.4 A and the
distance between adjacent Ngtoups is 5.7 Aj.e. large enough to accommodate a
PGM complex whilst ensuring the available groups on the PGM are in close
proximity to the amine moietiy. For reference, Pd(QAs) ~ 5.2 A x 4.5 A in
diameter (8.1 A x 2.3A in monodentate formy and PtC] is ~ 4.6 x 4.6A in
diameter* CageA is comprise of six Cyll) paddlewheels with three complete
ligands bridging between them and the amine groups point directly into the centre of
the cavity. CageB is comprised of six Q) paddlewheel units with six ligands

bridging between opposing clusters antudher six isophthalates joining adjacent
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paddlewheelsThe six amine groups line the walls of the pore and the internal
accessible diameter is 12.2 A when axial water molecules are removed from the
paddlewheels and the etmtend distance is 18.0 A. Ca@gis not functionalised

with amine groups and has an accessible internal diameter of 10.0 A. All internal
diameters were calculated by fitting a sphere from the centroid of the cage to its

walls, taking into account Van der Waals radii.

Figure 3.4 View of the linker conformation (left) and Kagomé lattice (right)

observed in NOTA151.

Figure 3.5.View of the polyhedral cages A (left), B (centre) &¢right) present in

NOTT-151.
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3.3.1.3 Phas®urity, Thermal Stability and N, Sorption
To confim the phase purity of the bulk material, powderay diffractograms of the
assynthesised and acetone exchanged MOF samples were recorded (Figure 3.6). and

successfully indexed to the same unit cell as the single crystal structure.

Simulated
As-synthesised
Acetone exchanged
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Figure 3.6.PXRD patterns of simulated,-agnthesised and acetone exchanged

NOTT-151.

The potential accessible volume of the desolvated material is 68%, as calculated by
the PLATON/VOID routiné® after removal of allguest solentsand coordinated

water moleculesvith a calculated crystal density of 0.807 gtmhermogravimetric
analysis of the asynthesised sample of NOTI51 in air showed solvent loss (DMF

and HO) below 160 °C, with the material stable up to 270 °C, beyond which point a

mass lossorresponding to framework decomposition is observed (Figure 3.7).
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Figure 3.7.TGA trace of asynthesised NOT-IL51.

To prepare NOTT151 for the metal scavenging experiments, the solvent of the as
synthesised sample was exchahgéth fresh acetone twice daily for 5 days. This
material was then heated under vacuum at 100 °C for 20,lougs/e the activated
framework NOTF151a and the permanent porosity was confirméd an N,
sorption isotherm performed at 77 K frorl(ar. This exhibited a reversible tyge
sorption profile with a maximum uptake of 669 ¢t @igure 3.8). The estimated
BET surface area of the material, as calculated from this isotherm, was $887 m

with a total pore volume of 0.88 érg™.
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Figure 3.8.N; isothermfor NOTT-151afrom O-1 bar at 77K.

3.3.2 NOTT-155

3.3.2.1 Synthesis of [C4L ")(H-0),] 7TDMFH,0 (NOTT-155)

To study the effect of structure and cage size on PGM encapsulation, a linear
analogue of kL. was synthesised ti the aim of preparing a MOF &f topology

to compare with thessatopology of NOTF151. This linker, denoted ', was
synthesisedria a Suzuki crossoupling reaction of 28ibromoaniline with(3,5
bis(ethoxycarbonyl)phenyl)boronic aqiicheme 3.2)A solution of these precursors
together with KPO, and Pd(dppf)Glin a degassed mixture of igdoxane and water

was heated for 3 days at 85 °C. After waoik and column chromatography to give
the pure tetraester, the compound was hydrolysed in a THFHMNation and then

acidified to pH~1 to give the pure ligand as a pale yellow powder.

132



EtOOC COOEt

B(OH),
NH, Pd(dppf)Cly EtOOC NH, COOEt 1.THF/NaOH(aq) HOOC NH,  COOH
po -0 o
oo e = DO
1,4-dioxane/H,0 2. HCI
85°C EtOOC COOEt HOOC COOH

91% 98%

Scheme 3.2. Synthesis oflH.

The corresponding MOF, NOTI55, was preparedia a solvothermal reaction of
H,L” and Cu(NQ),3H:0 in acidified DMF/H,O mixture at 80 °C for 20 hours in an

8 ml glassvial to give large, green plate crystals [Gfuy(L")(H20),] 7DMFH.O0.
Microcrystalline samples for metal scavenging were prepared using the same

conditions on a larger scale in a 100 ml Sthottle.

3.3.2.2 Structural Analysis

Single crystal Xray diffraction reveals that NOFI55 crystallises in the trigonal
space groufR-3mwith unit cell dimensions = 18.6224(5, ¢ = 38.283(1)A andV

= 11497.8(7)&°. The framework is a 4-4onnectedstructure offof topology which
consists of two distinct cage8, and B (Figure 3.9). Cagé comprises 12 Qui)
paddlewheels joined by six complete ligands to give an elliptical cavity measuring
23.8 A x 11.3 A. The windows to the cavity are 8.3 A in diten (the amine groups
have been ignored in this measurement asflddrdisorder makes it impossible to
accurately determine their position). C&jeonsists of six paddlewheels arranged in
two sets of three clusters. Six ligands bridge between the lwaters and the
isophthalate units of sifurtherligands bridge between adjac&hi(ll) paddlewheels

in the same cluster. The accessible internal diameter inRageasures 12.8 A and
the windows to the cage measure 9.0 A, again this is measiteedisregarding the

amine functional groups.
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Figure 3.9.View down thea-axis fop) and of cages Abpttom lef) and B pottom

right) seen in NOTT155.

3.3.2.3 Phas®urity, Thermal Stability and N, Sorption
The phase purity of the bulk samplesanfirmed from the powder patterns of the

assynthesised and acetone exchanged materials (Figure 3.10).
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Figure 3.10.PXRD patterns of simulated,-agnthesised and acetone exchanged

NOTT-155.

The potential accessible volume tbk desolvated material is 71%, as calculated by
the PLATON/VOID routiné® after removal of all guest s@ntsand coordinated
water moleculesvith a calculated crystal density of 0.779 gtrithermogravimetric
analysis of the asynthesised sample in ahows a mass decrease corresponding to
solvent loss below 240 °C, followed by a mass loss at 285 °C attributed to
framework decomposition. The acetone exchanged sample exhibits much more rapid
solvent loss followed by the same MOF decomposition temperaitir285 °C

(Figure 3.11).

135



As-synthesised

100 +
) Acetone exchanged

90
80—-
70
60—-

50

Mass %

40 -

30

20

10 +

T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature / °C
Figure 3.11.TGA trace of asynthesised and acetone exchanged NQ@33.

An N isotherm at 77 K was then measured to confirm the permanent porosity of
activated NOTT-155a (Figure 3.12). This exhibitedypical reversible typeé
behaviour with an uptake of 808 c¢,q BET surface area of 2528 mi* and a pore

volume of 1.03 crig™.
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Figure 3.12.N; isothermfor NOTT-155afrom 0-1 bar at 77K.
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3.3.3 NOTT-125

3.3.3.1 Synthesis diCux(L &)(H-0),] 3DMA3H,0 (NOTT-125)

To compare between different-lbbnd donor groups, an oxamitienctionalised
analogue of BL’, denoted K2 was synthesised. This linker was known to give a
Cu(ll) framework isostructural to NOFI557° thus providinga direct comparison
between amine and oxamide functional groups for PGM sorptigtf. whs prepared

by a nucleophilic substitution reaction between oxalyl chloride and 5
aminoisophthalic acid (Scheme 3%8)The reactants were added to dry THF at 0 °C
unde argon and left to stir for an hour. Triethylamine (TEA) was then added and the
solution was stirred at room temperature overnight. Following acidification to pH~1

and recrystallisation from hot methanol, the pure ligand was isolated in good yield

(80%).
COOH

HOOC 1. THF 0 °C

o cl 2. TEA 25 °C HOOC O HN

NH, +

c’ o 3. HCl NH O COOH

HOOC
80% HOOC

Scheme 3.3Synthesis of k5.

The corresponding Cu(ll) MOF, NOTI25 was preparedvia a solvothermal
reaction between M® and Cu(NOY3H,O in a mixture of acidified
dimethylacetamide (DMA) and 4@ at 70 °C in a 8 mlglass vial to give blue block
crystals of [Cux(L®)(H»0),]3DMA3H,0. Microcrystalline samples for metal
scavenging were prepared using the same conditions on a larger scale in a 100 ml

Schott bottle.
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3.3.3.2 Structural Analysis

Single crystal Xray diffraction reveals that NOTI25 crystallises in the monoclinic
space group2,/c with unit cell dimensiona = 27.9161(6)b = 18.6627(4)c =
32.3643(8) A,b = 112.655(3)° an¥ = 15560.5(7) A As seen in NOTT155,
NOTT-125 is a 4,4&onnected framework dbf topology consisting of two cages,

and B. The cages aralmostidentical to thoseobservedin NOTT-155, with the
central functionality having changddom an aniline group to an oxamide group
(Figure 3.13). Cagé\ consists of 12 Qul) paddlewheels joined by six complete
ligands giving an elliptical cavity measuring 23.2 A x 12.4 A in diameter. The
windows to this cavity measure 6.6 A, 7.9 A and 8.5 dpahding on the
configurations of adjacent oxamide groups. C&yeés comprised of sixCu(ll)
paddlewheels arranged in two sets of three clusteysn NOTT-155, $x ligands
bridge between the two clusters and the isophthalate units of six other ligatugs br
between adjacent paddlewheels in the same cluster. The accessible internal diameter
in cageB measures 12.8 A and the windows to the cage measure 6.9 A, 6.9 A and

8.8 A. Again, this is dependent on the relative configurations of adjacent oxamide

grougs.
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Figure 3.13.View down thea-axis (top and of cages Abpttom lef) and B pottom

right) seen in NOTT125.

3.3.3.3 Phas®urity, Thermal Stability and N, Sorption
PXRD patterns were recorded to confirm the phase purity -Gyrthessed and
acetone exchanged samples of NGIZb (Figure 3.14) and both were indexed to the

same unit cell as the single crystal structure
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Figure 3.14.PXRD patterns of simulated,-agnthesised and acetone exchanged

NOTT-125.

The tential accessible volume of thesolvated material is 71%, as calculated by
the PLATON/VOID routiné® after removal of all guest s@ntsand coordinated
water moleculewvith a calculated crystal density of 0.672 gtrthermogravimetric
analysis of asynthesised NOT-IL25 exhibits solvent loss below 240 °C, with the
material showing stability up to 340 °C, at which point a mass loss attributed to

framework decomposition is observed (Figure 3.15).
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Figure 3.15.TGA trace of asynthesised and acetone exchanged N@25.

An N isotherm from OL bar was measured at 77 K to confirm the permanent
porosity of activated NOTIL2% As with NOTT-151a and NOTTF155, this
isotherm exhib# a reversible typé sorption profile with a satation uptake of 692

cc g* (Figure 3.16). The BET surface area was calculated to be 2449 with a

total pore volume of 0.96 chy™.
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Figure 3.16.N; isothermfor NOTT-125afrom 0-1 bar at 77K.

141



3.3.4 NOTT-150

3.3.4.1 Synthesiand Structural Analysis of [Cux(L *)(H20),] 5DMF4H,0

(NOTT-150)

To investigate the effect of the amine functional group on PGM encapsulation, an
analogue of NOTA151 incorporating a methyl functional group, denoted NOTT
150, was synthesised for comparis@he linker, HL® was preparedia a Suzuki
crosscoupling reaction between 2dibromotoluene and (3,5
bis(ethoxycarbonyl)phenyl)boronic adiu 1,4-dioxane/HO. Pd(dppf)CG and KsPO,

were added and the mixture was heated under argon at 85 °C for r48(&ckeme
3.4). After purification through a plug of silica gel, the ester product was hydrolysed
in NaOH and acidified with HCI to give the tetracarboxylic acid linked. Hin

good vyield (96%) NOTT-150 was preparediia the reaction of BL° with

Cu(NGs)23H.0 in acidified DMF at 80C to yield blue block crystals.

EtOOC COOEt
B(OH),
Pd(dppf)Cl, O 1. THF/NaOH(aq) O
K3PO4 EtOOC COOEt 5°C °C HOOC COOH
Br Br 14d|oxane/H20 O Me 2. HCI O Me O
Me COOEt COOEt COOH COOH
85% 96%

Scheme 3.4Synthesis of bL°.

As with NOTT-151, NOTTF150 crystallises in theexagonal space grolgbs/mmc
with unit cell dimensions = 18.3894(4) A, ¢ =28606(4) A and/ = 6981.14) A3,
The framework is isostructural to NOTI51, comprising the same three cage8
andC (Figure 3.17) in which the NHfunctional groups of NOT-IL51 ae replaced

with methyl groups.
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Figure 3.17.View of cages A (left), Bcentre) and C (right) seen in NOTIBO.

3.3.4.2 Phas®urity, Thermal Stability and N, Sorption
PXRD was used to confirm the crystallinity and phase purity of theyrthesised
and acetone exchanged samples of NQBU (Figure 3.18). Both powder pattern

were successfully indexed to the unit cell observeah fitee single crystal structure.
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Figure 3.18.PXRD patterns of simulated,-agnthesise@nd acetone exchanged

NOTT-150.
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The potential accessible volume of the desolvatetkrial is 68%, as calculated by
the PLATON/VOID routiné (after removal of allguest solentsand coordinated
water molecules) with a calculated crystal density of 0.758 g3 cm
Thermogravimetric analysis of -aynthesised NOTIL50 exhibits solvent loss
followed by a mass loss corresponding to framework decomposition at 315 °C
(Figure 3.19). This is an increase of 45 °C in comparison to the isostructurat amine
functionalised NOTT151. The acetone exchanged sample exhibits rapid solvent loss

followed by thesame framework decomposition at 315 °C.
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Figure 3.19.TGA trace of asynthesised and acetone exchangé@d T-150.

The permanent porosity of activated NOT30a was confirmed by measuring a
nitrogen isotherm at 77 K (Figure 3.20his exhibited reversible typlebehaviour
with a saturation uptake of 592 c¢,q calculated BET surface area of 2042gh

and a total pore volume of 0.73 toi'.
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Figure 3.20.N; isotherm foiNOTT-150afrom 0-1 bar at 77K.

3.3.5 StructureSummary

To summarise, we have synthesised four Cu(ll) MOFs to investigate the effects of

structural and chemical features of a framework on the encapsulEtiGiGM

complexes (Figure 3.21).

Figure 3.21.View of the functionalised cages NOTT-151, NOTF155, NOTF125

and NOTTF150 (left to right).
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The first of these frameworks, denoted NOIF1, was prepared from a-3haped

linker (HsL®) which was combined with a Cu(ll) paddlewheel motif to give a MOF

of ssatopology. The twist of the ligal resulted in a small pore with three NH
groups in close proximity (5.7 A apart) and a larger pore with §tdups lining the

pore openings. The overall porosity upon desolvation was calculated to be 68%, with
a moderate BET surface area of 1887gm The linear analogue of s4° denoted

HiL’, was used to prepare NOTIB5, a MOF offof topology which exhibited
greater porosity (71%) and a larger BET surface area (2528)nhan NOTF151.
However, the spacing between Ngroupsis increasedThus, bysimply changing

the geometry of the linker, the MOF structure, porosity and position of the functional
groups have been altered considerably. NQPH was then synthesised as an
oxamidefunctionalised analogue of NOTI55. As NOTF125 and NOTTL55 have
thesame underlying topology, the same porosity and very similar BET surface areas,
these two MOFs allow for a direct comparison of the effect of amine and oxamide
functional groups on PGM encapsulation. Finally, a mefilmyttionalised analogue

of NOTT-151, denoted NOTTL50, was prepared. As the methyl functionality was
not expected to interact strongly with the guest metal complexes, the comparison
with NOTT-151 was designed to give a good indication of the effect of the NH
group in NOTF151 on metal encapkation. A V-shaped methyfunctionalised
linker was chosen instead of the linear analogue as the closer proximity of the
functional groups in thesatopology in comparison tfof was expected to result in
stronger interactions with the PGM. Thus it wassidered that this comparison
would better illustrate the importance of the Ngtoup for metal binding. The
structuralfeaturesof these frameworks relevant to PGM extraci@re shown below

in Table 3.1.
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Table 3.1.A structural and chemical comparisaitioe four Cu(ll) MOFs prepared

for PGM encapsulation.

Linker Framework Functional BET surface Accessible
MOF )
geometry | topology Group area/nfg pore volume
NOTT-151 | V-shaped ssa -NH, 1887 68%
NOTT-155 Linear fof -NH> 2528 71%
NOTT-125 Linear fof -NH(CO)NH- 2419 71%
NOTT-150 | V-shaped ssa -CH3 2042 68%

3.3.6 Extraction of Pd(OAc}, PtCl, and Rhy(OAc), from THF

After synthesis, each MOF was exchanged with acetone over the course of five days,
with fresh acetone added daily. The acetone exchangguesamere then activated

by heating under vacuum at 100 °C overnight and stored at room temperature under
an inert argon atmosphere. A series of extractions using 10/25 ppm of the PGM in 50
ml of THF were set up and the mass of activated MOF added wasl vetween 10,

20 and 50 mg. THF was chosen as the matrix solvent as it allows for a close
comparison to industrial conditions for PGM scavenging. Additionally, a series of
test extractions showed that PGM scavenging from THF using these Cu(ll) MOFs
was mae effective than from similar suitable solvents such as acetone and ethanol.
Each experiment was left to stand at room temperature without stirring for 48 hours,
at which point the MOF was recovered by filtration and a 10 ml aliquot of the
solution was rmoved and the THF was left to evaporate. These conditions were
chosen after initial test experiments showed that stirring resulted in dissolution of the
MOF and that very little extraction was observed after 48 hours. The residoe

the evaporatedsoluions weredissolved in 10 ml of 5% HN®and the PGM
concentration was analysed by KCEES. The same process was applied to the pre
extraction solution and the difference in concentration was converted into a % uptake

for each framework. The PGllloped MOFswvere also digested in HN@nd diluted
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with ultrapure deonised water and ICRES was used to determine the Cu:PGM

ratio of the bulk sample. This can then be compared to the ratio expected from the
solution results (Tabl e IcGlated)from tHehmolar fiex pect e
quantity of Cu in the MOF and the molar quantity of PGM removed from solution

(given by the %uptake) to give a Cu:PGM ratio.

The first series of extractions were performed in a Pd(&RAdF mixture, with each
MOF exhibiting a measaable uptake of Pd in every experiment (Table 3.2). The
calculated % uptakes show clearly that the larger pore MOFs, NG%Tand
NOTT-125, show a significantly greater extraction capacity than that of NOBIT

As NOTT-155 and NOTT151 contain the samaerictional group, the greater uptake
in NOTT-155 is attributed to the higher porosity allowing it to more easily

accommodate the PGM complexes.

Table 3.2.Uptake of Pd(OAg)from THF into a series of Cu(ll) MOFs. Values

highlighted in bold text show the nmtceffective material for each experiment.

MOF (mass / mg)| "o | o6 uptake | (PR | EECR | G rado
NOTT-151 (20) 10 14.14 7.5 66 : 1 156 : 1
NOTT-151 (50) 10 11.93 2.5 195: 1 146 : 1
NOTT-151 (10) 25 3.49 9.2 53: 1 77:1
NOTT-151 (20) 25 2.87 3.8 130: 1 1421
NOTT-151 (50) 25 8.07 4.3 116: 1 368 : 1
NOTT-155 (20) 10 18.70 9.9 50: 1 49:1
NOTT-155 (50) 10 2.86 0.6 815: 1 188: 1
NOTT-155 (10) 25 0.69 1.8 270:1 162:1
NOTT-155 (20) 25 33.15 43.7 11:1 56: 1
NOTT-155 (50) 25 18.72 9.9 50:1 292:1
NOTT-125 (20) 10 14.19 7.5 66 : 1 277 :1
NOTT-125 (50) 10 18.55 3.9 127:1 220:1
NOTT-125 (10) 25 13.12 34.6 14:1 79:1
NOTT-125 (20) 25 14.11 18.6 27:1 101:1
NOTT-125 (50) 25 27.63 146 34:1 64:1
NOTT-150 (50) 10 7.37 1.6 317:1 207 :1
NOTT-150 (50) 25 3.99 2.1 234:1 541:1
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Although the extraction capacity of NOTIb1 is moderate, it is higher than that
exhibited by both samples of methyl functionalised N&IBD, suggestinghat the

NH, functional group in NOTT151 is improving the adsorption of Pd(OAcThe
scavenging ability of NOTTL51 and NOT¥155 appear to be inconsistent between
experiments, however NOTFI25 exhibits consistent uptake with a highest capacity

of 34.6 ny g* from a 10 ppm solution (equivalent to 1 Pd complex per 7 oxamide
groups). Despite these promising results, the ratio of Cu:Pd in the digested MOF
samples is consistently lower than the expected value. This suggests that the PGM
complex may be partigl removed from solution when the digested mixture is

filtered to remove undissolved linker.

To confirm the stability of each MOF in the Pd(OAGHF solution, PXRD patterns
wererecorced for the posextraction samples (Figure 3.22). This shows cleady th

the MOFs retain their phase and crystallinity throughout the course of the extraction.
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Figure 3.22.Postextraction PXRD patterns of each Cu(ll) MOF from the

Pd(OACY/ THF mixture.

The same series of extractions was then chwoig with a PtC/THF mixture, with

each MOF again exhibiting uptake of the PGM from solution (Table 3.3). The uptake
capacities for PtGlare considerably higher than those for Pd(QAc)nsistent with
stronger interactions between the framework fumetigroups and the Cl groups in
comparison to the OAc groups of Pd(OAc) should also be noted that Pi@3
smaller than Pd(OAg)and will be more easily accommodated in MOF pores. As
with Pd(OACc), the larger pore MOFs NOTI55 and NOTT125 show muclgreater
capacity for PtCJ than NOTF151 in every experiment, especially when larger
quantities of MOF are used. For example, N@IBb,-125 and-151 exhibit 37.1%,
37.6% and 11.0% uptake respectively with 50 mgVi@F added to a 25 ppm

solution.
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Table 3.3 Uptake of PtCJfrom THF into a series of Cu(ll) MOFs. Values

highlighted in bold text show the most effective material for each experiment.

Pt conc/ Uptake / Expected Measured
MOF (mass / mg) ppm % uptake ngg g' Cu:lgt ratio | Cu:Pt ratio
NOTT-151 (20) 10 2.48 15 376:1 181:1
NOTT-151 (50) 10 26.41 6.6 88:1 177:1
NOTT-151 (10) 25 0 0 N/A N/A
NOTT-151 (20) 25 7.86 12.2 47:1 54:1
NOTT-151 (50) 25 10.97 6.8 85:1 88:1
NOTT-155 (20) 10 2.60 1.6 359:1 121:1
NOTT-155 (50) 10 62.91 15.7 37:1 75:1
NOTT-155 (10) 25 0.27 0.8 691:1 N/A
NOTT-155 (20) 25 46.53 72.5 8:1 21:1
NOTT-155 (50) 25 37.07 23.1 25:1 38:1
NOTT-125 (20) 10 12.29 7.7 77:1 142: 1
NOTT-125 (50) 10 51.01 12.7 46:1 86:1
NOTT-125 (10) 25 0 0 N/A N/A
NOTT-125 (20) 25 5.83 9.1 65:1 58:1
NOTT-125 (50) 25 37.58 23.4 25:1 76:1
NOTT-150 (50) 10 2.87 0.7 814:1 818: 1
NOTT-150 (50) 25 291 1.8 320:1 183:1

The highest uptake is demonstrated by anfiimetionalised NOTT155 at 72.5 mg

g™ from a 25 ppm solution (equivalent to 4 Nétoups per Pt). Interestingly, NOTT

155 is a more eéictive sorbent for PtGl than NOTF125. As these MOFs are
isostructural, this suggests that the interaction between theghddp and the PGM
chloride is strongethan that of oxamide groups in NOTIR5. The same is true with

the comparison of NOT-I51 and NOT¥150 in which the amin&nctionalised
NOTT-151 shows much greater sorption capacity than the mkthgtionalised
NOTT-150 (26.4% and 11.0%ersus2.9% and2.9% in equivalent eperiment$.
Again this shows the importance of functional group selection on the efficiency of
metal encapsulation. The ratios of Cu:Pt calculated from the digested MOF samples
show much better agreement with the expected valueshkaRddoped materials.
However, the Pt content is still lower than predicted, which suggest®t@atis

being removed during the filtration process. This will be discussed in greater detalil
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later in this Chapter. Powder-bay diffraction was used to néirm the stability of

each MOF in the extraction solution (Figure 3.23).
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Figure 3.23.Postextraction PXRD patterns of each Cu(ll) MOF from the BFTEF

mixture.

The final series of extractions were carried out in a(BAc)/THF mixture, with

each MOF showing significantly poorer uptake of Rh in comparison to Pd and Pt
(Table 3.4). Comparisons between the different MOFs is difficult as the Rh uptake
was very low in the majority of experiments, however N&IPb (10 mg) exhibited
excellent uptake from a 25 ppm solution of 86.6 riig3joxamide groups per Rh).

The generally low uptake is attributed to the larger size of the rhodium acetate dimer

(6.5 A x 8.2 A in diameter) in comparison to Pd(Ofa)d PtCJ.%’
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Table 3.4.Uptakeof Rhp(OAc), from THF into a series of Cu(ll) MOFs. Values

highlighted in bold text show the most effective material for each experiment.

0F (rass )| T oo upake | Ve | Eibecied T Meeeed

NOTT-151 (20) 10 28.87 15.5 32:1 1517 : 1
NOTT-151 (50) 10 0 0 N/A 2498 : 1
NOTT-151 (10) 25 4.05 10.9 46:1 5741
NOTT-151 (20) 25 0 0 N/A 6241
NOTT-151 (50) 25 4.73 2.5 197: 1 963:1
NOTT-155 (20) 10 32.95 17.7 28: 1 888 : 1
NOTT-155 (50) 10 0 0 N/A N/A

NOTT-155 (10) 25 2.11 5.7 88:1 3571
NOTT-155 (20) 25 0 0 N/A 771:1
NOTT-155 (50) 25 2.30 1.2 405 : 1 977:1
NOTT-125 (20) 10 12.45 6.7 761 1730: 1
NOTT-125 (50) 10 0 0 N/A 3033:1
NOTT-125 (10) 25 32.27 86.6 6:1 6421
NOTT-125 (20) 25 0 0 N/A 1028 : 1
NOTT-125 (50) 25 1.76 0.9 534:1 1861 : 1
NOTT-150 (50) 10 0 0 N/A 6570 : 1
NOTT-150 (50) 25 0 0 N/A N/A

For the cases in which Rh uptake was observed, the Rh content of the digested MOF
was much lower than expected (by one or twdeos of magnitude). Again, each
MOF exhibited good stability in the solution, as shown by PXRD of the- post

extraction materials (Figure 3.24).
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Figure 3.24.Postextraction PXRD patterns of each Cu(ll) MOF from the

Rhy(OAC)/ THF mixture.

3.3.7 Xray Photoelectron Spectroscopy of PGMDoped MOFs

To investigate the discrepancies between the expected and predicted ratios of
Cu:PGM, the posextraction samples were analysed byray photoelectron
spectroscopy (XPS). XPS is an analytieehnique in which spectra are obtained by
irradiating a sample with Xays. These Xays excite electrons in the sample, which

are then emitted from their parent atom if their binding energy is lower than-the X
ray energy’® The kinetic energy distribisn of these emitted electrons can then be
measured and a photoelectron spectrum recordedr every element, there is a
characteristic binding energy (directly related to the kinetic energy) associated with
each core orbital ancbnsequentlyeach elemet will give rise to a characteristic set

of peaks in the photoelectron spectriinirom the intensities of these peaks it is
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possible to quantitatively analyse the elemental composition of the sample. However,
only electrons near the surfacel(Q nm) ofthe material are emitted before being
reabsorbed, thus XPS can only provide information on the elemental composition

near the surfac®.

As instrument time was limited, only the 50 mg/10 ppm extraction samples were
analysed for comparison with the ICHES data (Table 3.5). The intensity of each
element was converted to a molar atomic % in the sample, which was then converted
to an atomic mass % to allow direct comparison between th®©EFand XPSdata

It should be noted that in the case of Rt@e binding energy of thé>t 4 orbital
overlaps withthat ofthe Cu ® orbital, meaning that the direct quantification of Pt is

not possible. However, the Cu:Cl ratio may be calculated and converted to a Cu:Pt
ratio. As only one Cl environment is evident by XRSs assumed that PtCis the

only species present in the solution and the Pt:Cl ratio is taken to be 1:4.

Table 3.5.A comparison of the PGM content of the doped Cu MOFs as determined

by ICPR-OES and XPS.

MOF PGM ICP-OES Cu:PGM ratio | XPS Cu:PGM ratio
NOTT-151 | Pd(OAc) 146 : 1 8:1
NOTT-155 | Pd(OAc) 188:1 6:1
NOTT-125 | Pd(OAc) 220:1 29:1
NOTT-150 | Pd(OAc) 207 :1 14:1
NOTT-151 PtCl, 177:1 35:1
NOTT-155 PtCl, 75:1 19:1
NOTT-125 PtCl, 86:1 31:1
NOTT-150 PtCl, 818:1 24:1
NOTT-151 | Rhy(OAC), 2498 :1 N/A
NOTT-155 | Rhy(OAC), N/A N/A
NOTT-125 | Rhy(OAC), 3033:1 N/A
NOTT-150 | Rhy(OAC), 6570:1 N/A
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In the cases of Pd(OAc)and PtCl, the PGM content determined by XPS is
significantly higher than that determined by FOES, byone order of magnitude in

most cases. As XPS is a surface analysis technique, these results are consistent with
PGM encapsulation being limited to the pores at or near the surface of the materials.
The increase in PGM content for the-@aped samples is arkedly higher than the
increase observed for the-@Riped samples, suggesting that a argiroportion of
Pd(OAc)» may be removed from the IGBES digestion process by filtration. This

also explains the poor agreement between the expectedneasuredlCP-OES

ratios of Cu:M for the Pd(OAc) extractions. However, the Cu:Rh ratios from both
ICP-OES and XPS analysis are in agreement with the@EB showing negligible

Rh content in each sample andtraxce of Rh observed from XPS.

Whilst the uptake of the the PGM complexes in each MOF appears to be relatively
low, we have nonetheless demonstrated the first example of MOFs capable of the
removal of neutral PGM species from solution. Further work on these MOFs will
include carrying out XPS analysis on eveaynple to give a full comparison between
ICP-OES and XPS data®C and™N solid state NMR of the PGMoped frameworks

will also be used to probe the interactions between the MOFs and the metal

complexes.

High resolution PXRD and single crystal XRD studlesve been carried out to
elucidate the structure of the encapsulated PGM species and the interactions between
the PGM and each MOF, however this has been unsuccessful thus far. This is
attributed to the poor PGM uptake below the surface layers, as show® By

leading to low crystallographic occupancy of the encapsulated species.
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3.3.8 Structure andProperties of MOFs Synthesised from aNovel Amine-
FunctionalisedL igand

Amongst recent work in the Schréder group, we have had great success using [1,1'
bipheryl]-3,3',5,5'tetracarboxylic acid (BPTC) as a ligand with a variety of metal
ions#%*° Most notably this has included selective uptake of @l SQ within an

Al(l1) framework (NOTT-300¥° and H uptake in an anionic In(lll) framewofk.

With this in mnd, a related aminéridged tetracarboxylate ligand, 5,5
azanediyldiisophthalic acid, denoted,Lf (Figure 3.25), was designed and

synthesisedia BuchwaldHartwig aryl aminatior{®*®

H
Hooci ECOOH HOOC N COOH
HOOC COOH COOH  COOH
BPTC H,L™0

Figure 3.25.The structures of BRT (left) and HL'® (right).

3.3.8.1 Synthesis of KL

Ligand synthesis proceeded fixga the conversion of aminoisophthalic acid to its
corresponding ethyl ester by heating in acidified ethanol. The amine group was then
converted to a bromide using $andmeyer reactibh which proceedsvia the
formation of a diazonium salt that reacts rapidly with CuBr in an HBr solution to
give the product. The key synthetic step is the reaction bet®%aed3 to give the

amine bridged compountlusing BuchwaleHartwig crosscoupling (Scheme 3.5.
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Scheme 3.5(i). EtOH, H:SO;; (ii). 15% HBr, NaNQ, CuBr; (iii). 2, CsCO;, PhMe,

Pd(OAc), PBus; (iv). EtOH/THF/NaOH (aq), 37% HCI

Despite being a very important reaction feNGondformation, this method of aryl
amination is not commonly used in the preparation of MOF linkers. Our initial
attempts at this coupling reaction using strong bases such & KKaOBu and
NaOMe yielded no productt wasfound that a combination of g30;, Pd(OAc)

and PBus in toluene under microwave irradiation gave the product in good yield
(81%). A simple hydrolysis of this ester to the corresponding carboxylic acid gave

the target ligand, H.™.

3.3.8.2 Synthesis an@tructural Analysis of [Ca(L'%)(H20)(DMF)]

A reaction of HL with Co(NQ;),6H,0 in a DMF/EtOH/HO mixture at 90 °C
yielded pink block crystals of [GE'%)(H.O)(DMF)],.. Single crystal Xray
diffraction reveas that the materiatrystallises in the monoclinic space group?,/c

with unit cell dimensionsa = 10.1447(5) Ab = 18.959() A, ¢ = 15.5864(9) Ap =
95.3985)° andV = 2984.48) A3. The resulting 3D structure is built up of binuclear
Co(Il) nodes comprising two COQ@nits bridgingbetweernthe Co ions. In addition a
further COOQis boundin bidentatefashionto Col with one O atom bridging to Co2
and a fourth ligand is bound in the equatorial positions of CoR2 &hd DMF
molecules occupy the equatorial positions of Col and an axial water molecule is
bound to Co2. This gives arverall distorted tetrahedral node with underlying 4
connectedsra toplogy. The structure comprises chains of metal nodes joined by an

isophthalate unit with the second isophthalate bridging across to the adjacent chain
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(Figure 3.26). This results in pordéannels down the- and c-axes and a further
channel in between crystallographic axes. The square channel between axes
measures 5.0 A in diameter, the channel dowrathgis measures 7.7 A x 13.0 A

and the channel down theaxis is 5.5 A in diameter. Allistances were measured

after the removal of coordinated DMF angHmolecules.

Figure 3.26.View of the metal node (top left), channel between axes (top right) and
the channels down tree andc-axes (bottom left and bottom right respectively) in

desdvated [Co(L'%)],.

3.3.8.3 Synthesis an@tructural Analysis of [Ins(L *9s].[cationa],

The reaction of &L'° with IN(NO3)33H,0 in a mixture of DMFEtOH acidified with
HBF,4 at 90 °C gave rise to colourless rod crystals of[Iff)s][cation]-XDMF. This
anonic framework crystallises in the monoclinic space gr&2g'c with unit cell
dimensionsa = 9.8716(9) Ab = 22.06@1) A, c = 17.365%2) A, b= 100.20(9)° and

V = 3716.96) A>. The structure consists of arc8ordinate In(ll) metal node bound
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in bidentate fashion by 4 CO@roups to give a pseudetrahedral cluster. As the
metal node is anionic, a courdation is required to balance thbacge, however

this cation cannot be elucidated crystallographically. This indicates that the
counterion may be a proton from the HBIsed in the synthesis. The framework is
built up of chains of these metal nodes bridged by isophthalate groups, witeradja
chains being joined by the linker. The linker exhibits a twist around the central NH
of 55.4 ° which leads tthe formation of NHfunctionalised 1D channels down the

axis of 6.8 A x 104 A in diameter (Figure 3.27).
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Figure 3.27.View of themetalnode (left) and the 1D channel down #axis

(right) in [In4(L*%)s].

3.3.8.4 ThermalStability and Phase Ririty of [Co »(L *%)(H,0)»(DMF)] » and

[In 4(L *)s]n[cation]

Powder xray diffraction was used to confirm the crystallinity and phase purity of
the ulk materials (Figure 3.28), with both being successfully indexed to the correct
unit cell from the single crystal structures. During the processing of the PXRD data,

the background was subtracted from the JJCY)(H,0)(DMF)], pattern as the
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Figure 3.28.PXRD patterns of asynthesised samples of [€b'®)(H20)(DMF)],

(left) and [In(L%)3][cation], (right).

Thermogravimetric analysis of an-agnthesised sarf@of [Coy(L')(H.0)(DMF)],
exhibited three distinct mass losses below 240 °C, consistent with the sequential loss
of ethanol, water and DMF with increasing temperature. The material is then stable
up to ~340 °C at which point a mass loss corresponding framework
decomposition is observed (Figure 3.29). The TGA trace of the In(lll) framework
shows a mass loss below 180 °C attributed to solvent loss, with the material
decomposition then occurring at ~380 °C, which is consistent with previous reports

of anionic In(lll) MOFs>°~!
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Figure 3.29.TGA traces of asynthesised samples of [€b"%(H,0),(DMF)], and

[In4(L9)s] [cation] .

Following characterisation by PXRD and TGA; iNotherms were measured at 77 K

for activated sampteof each material. However both frameworks were found to be
nonporous. PXRD patterns of the activated samples were then recorded, showing
clearly that [In(L'%s].[cation], had decomposed upon activation (Figure 3.30).
Subsequent attempts to exchange MOF with different solvents (EtOH, CH{I
MeCN and MeOH) and to activate it using supercriticab @®@re also unsuccessful.

The PXRD pattern of [GSL'®)(H.O)(DMF)], shows only a small degree of
amorphous character, thus the lack gfugtake is assigrd to DMF remaining on

the metal nodes after activation. Efforts to prepare fully activated and stable samples

of both frameworks are currently ongoing.
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Figure 3.30.PXRD patterns of activated samples of §L0%(H,0)(DMF)],, and

[IN4(L 9] [cation] .

3.4 Current and Future Work

Our current work is focused on the synthesis of chemically and thermally stable
functionalised Fe(lll) MOFs prepared from the tetracarboxylate linkgkS-H,L*°
described previously in this Chaptere(Fl) MOFs that are not based around a
terephthalic acid linker have not been commonly reported, although Zhou and co
workers recently published a series of Fe{fidjsed structures from a variety of
organic linkers? The aim of our work is to prepareseries of stable MOFs for
extraction ofPGMs from H,O and HCI in addition to the scavenging of Pd/Pt/Rh
species from organic solutions as described above. A wide range of solvothermal

reaction conditions were trialled using Fe@H,O and FeO(OAc)(H.O); metal
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precursors, DMF, DEF and NMP solvents and PhCOOH/AcOH modulators at 120

150 °C.

Thus far these reactions have yielded a single crystal structure ylifh Fhe MOF

was synthesised from the reaction of_LHand FeO(OAc)(H-0)s in a mixture of
NMP/AcOH at 120 °C to give large orange block crystdhe structure crystallises

in the monoclinic space grot?2; with unit cell dimensionsa = 10.0795(4) Ap =
17.3430(6) A,c = 15.1751(5) A,b = 105.98(4) ° andV = 25508(2) A% The
framework consists of himetallic node of &oordinate Fe centres in which Fel is
coordinated in bidentate fashion by two CQ@oups with a further two COQ@inits
bridging between Fel and the octahedrally coordinated Fe2 (Figure 3.31). The
coordination sphere of Fe2 is complkgtby another COCbridging from Fel and
three NMP solvent molecules. In combination with thelibker, in which the
isophthalate groups are perpendicular to one another, this gives an overall structure

of 50% porosity containing amirfenctionalised 10xhannels (Figure 3.31)
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Figure 3.31.The metal node (top), triangular 1D channel (bottom left) and square

1D channel (bottom right) observed in $f€)(NMP)3] ..

Two distinct channels are evident within the structure dowa-tl@dc-axes (Figure

3.30. The channel along tha-axis consists of chains of metal nodes linked by
isophthalate units, with the linker bridging between adjacent chains to give a
triangular cavity lined with amine groups of 6.0 A x 9.6 A in diameter. The second
channel consistsfahe metal nodes bridged by isophthalate with the linkers lying
along the plane of the-axis joining adjacent clusters of the same chain to give a
square cavity measuring 6.2 A x 7.2 A in diameter. Attempts to prepare a phase pure
sample of [FEL")(NMP)s], for metal extraction and gas storage applications are
ongoing. However, preparing new phases of this MOF is also of interest as the three
NMP molecules coordinated to the metal node will make([F¥NMP)s], very

difficult to activate. Furthermore, ¢hstoichiometry of the structure and the@e
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bond lengths (2.05 A 2.20 A) suggest that the Fe(lll) precursor has been reduced to
Fe(ll) within the framework, which is likely to be less chemically and thermally

stable than an Fe(lll) analogtfe®

3.5Conclusions

In summary, we have demonstrated the uptake of three neutral PGM complexes,
Pd(OAc), PtCl, and RhR(OAC),, from THF using four functionalised Cu(ll) MOFs.
The larger pore MOFs dbf topology, NOTF155 and NOT7¥125, show greater
uptake of Pd(OA), and PtC] than the smaller pore MOF, NOTIbE1l (sa
topology). The extraction capabilities of NOTB5 and NOTT125 are very similar,

with the oxamide functionalised NOTI25 showing a more consistent uptake of
Pd(OAc) across the experiments. Howevére amine functionalised NOTI55
exhibits slightly higher extraction of Ptthan NOTF125 with a maximum uptake

of 73 mg ¢, corresponding to 4 NHgroups per PtGl We have also demonstrated
that the amine functionalised NOTIE1 exhibits much greateasptake than the
isostructural methyl functionalised NOTIBO, highlighting the importance of
interactions between the framework and the metal complex in this encapsulation
process. Finally, the uptake of RBAc), was poor and inconsistent between
experiments, possibly a result of the larger size of the rhodium acetate dimer,
although NOTT125 did exhibit a maximum uptake of 86 mg. Extraction of

Rhy(OAc), into a larger pore MOF is described in Chapter 4.

A novel aminebridged linker, HL'®, has also ben synthesisedia Buchwald
Hartwig crosscoupling and progress has been made towstalsle, functionalised

Fe MOFs.
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3.6 Experimental

Synthesis of(3,5-bis(ethoxycarbonyl)phenyl)boronic acid

m-Xylene5-boronic acid (30 g, 0.20 mol) and NaOH (29 g, 0.73l)nweere
dissolved inBuOH/H,O (1:3, 1 L). The reaction mixture was heated to 50 °C with
stirring and portions of KMngXtotalling 198 g, 1.25 mol) were added to the solution
once the purple colour of the previous portion had faded. After 150 g of KkbalO
been added, the reaction temperature was increased to 70 °C and the addition of
KMnO,4 continued until the purpleotour persisted for over 3, hndicating full
oxidation of the methyl groups. Excess KMyas reduced by addition of IPA (200
ml) and the slution was filtered whilst hot. The Mn@ake was washed with boiling
water (500 ml) and the aqueous filtrate was concentrated to 150 ml byratvaip
and acidified with 37% HCI to pHt: The resulting white precipitate was collected
by filtration, washedvith cold water and dried tgive 5-boronoisophthalic aci41

g, 98%)."H NMR (400 MHz, dmseady) U = 8 J=2370 Hf)18,09 (d, AH) =

3.0 Hz).**C{*H} NMR (100 MHz, dmseds)  1169.3, 143.2, 138.4, 132.0.

Benzenel,3-dicarboxylic5-boronic tracid was heated ina solution of EtOH (450

ml) and95% sulfuric acid(18 ml)at 85 °Cfor 20 h. Upon completion of the reaction

the solution was concentrated to ~ 100 ml, whereupon water (500 ml) was added to

give a precipitate which was collected by &tion, washed with water and dried

under vacuum, giving the pure product as a white solid (38 g, 7824YMR (300
MHz,dmseds) U = 8 J=6148 H¢),t8,50 (2 HH) = 1.8 Hz), 4.36 (q, 4H] =

6.0 Hz), 1.35 (t, 6H,) = 6.0 Hz);**C{*H} NMR (75 MHz, dmseds) U = 165. 7
139. 5, 131. 5, 130. 1, 6 113361, 17124,.1699, 1d0B ( s o |
1296, 1253, 722, 697/MS(ESI) m/z 267 (M + H). Anal. Calcd (Found) for
C1H1506B1: C, 54.17 (54.23); H, 5.68 (5.58); N, 0.00 (0.00)%.
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Synthesis of HL®

2,6-Dibromoaniline (753 mg, 3 mmol§3,5-bis(ethoxycarbonyl)phenyl)boronic acid
(2.92 g, 7.20 mmol, 2.4 eq.) andRO, (7.659g, 36.0 mmol, 12 eq.) were added to a
degassed mixture of tdioxane/water (5:1, 30 ml). Pd(dppf XG40 mg) was then
added under a flow of argon and the reaction was heated in a microwave reactor at
85 °C for 1 hour. Upon completion of the reaction, sbé/ent was removed under
vacuum and the product was extracted into GHThe combined organic phase was
subsequently washed with water and brine and dried over Md$@r evaporation

of CHCl, the crude product was isolated as a Hgfawn solid. Ths solid was then
dissolved in CHCI, and passed through a plug of silica gel. Removal o$GIH
under vacuum gave the pure ester product as awhifé solid (1.43 g, 86%)'H
NMR (270 MHz, dmseds) U = 8 .J4 5.6 Hz), 8.23 ZdH4H) = 1.6 Hz),
7.11 (d, 2HJ = 7.6 Hz), 6.83 (d, 1H] = 7.6 Hz), 4.59 (s, 2H), 4.38 (q, 8BI= 7.0

Hz), 1.35 (t, 12HJ = 7.0 Hz). MS(ESI) m/z 534 (M + H).

This tetraester (1.38 g) was dissolved in a mixturddf (30 ml) and 2V NaOH

(30 ml) and heated at 75 °C for 16 bpon cooling, THF (30 ml) was added, the
agueous layer was separated and 37% HCI was added dropwise to the solution until
pH~1. The resulting precipitate was filtered and recrystallised fromxtre of hot
DMF/water (5:1) to give the desired product as anndfite solid (1.04 g, 95%)H

NMR (270 MHz, dmseds) U = 8 .J4 6.6 Hz), 8.22 2dH4H) = 1.6 Hz),

7.13 (d, 2HJ = 7.6 Hz), 6.85 (d, 1H) = 7.6 Hz);"*C{*H} NMR (100 MHz, dmse

d) U = 167. 0, 140. 1, 139. 7, 134. 5, 132.

420 (M- H). Anal. Calcd (Found) fo€;,H1sN;10sg: C, 62.71 (62.00); H3.59 (3.88);

N, 3.32 (3.56)%.
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Synthesis of HL’

2,5-Dibromoaniline (753 mg, 3 mmol}3,5-bis(ethoxycarbonyl)phenyl)boronic acid
(1.92 g, 7.20 mmol, 2.4 eq.) andRO, (7.65 g, 36.0 mmol, 12 eq.) were added to a
degassed ixture of 1,4dioxane/water (10:1, 110 ml). Pd(dppf)@40 mg) was then
added under a flow of argon and the reaction was heated in a 250 ml Schlenk flask at
85 °C for 3 days. Upon completion of the reaction, the solvent was removed under
vacuum and the pduct was extracted into CHCIThe combined organic phase was
subsequently washed with water and brine and dried over MdS@r evaporation

of CHCls, the crude product was isolated as a Hgfuwn solid. This solid was then
dissolved in CHCI, and pased through a plug of silica gel. Removal of CH

under vacuum gave the pure ester product as a pale yellow solid (1.51 gl91%).
NMR (300 MHz, dmseds) & = 8 J =15 H),t8.43 (1l HH) = 1.6 Hz), 8.40

(d, 2H,J = 1.6 Hz), 8.25 (d, 2H] = 1.6 Hz), 7.21 (d, 1HJ = 2.6 Hz), 7.19 (d, 1H)

= 3.3 Hz), 7.03 (dd, 1H] = 7.80, 1.8 Hz), 5.23 (s, 2H), 4.40 (q, 8H; 6.8 Hz), 1.37

(t, 12 H,J = 6.0 Hz). MS(ESI) m/z 534 (M + H).

This tetraester (1.51 g) was dissolved in a mixture of THF (30 na)2M NaOH (30

ml) and heated at 75 °C for 16 pon cooling, THF (30 ml) was added, the agueous

layer was separated ald% HCI was added dropwasto the solution until pHE

The resulting precipitate was filtered and recrystallised from a mixture of hot
DMF/water (5:1) to give the desired product as a pale yellow solid (1.12 g, 88%).

NMR (300 MHz, dmsedy) & = 13. 35 ( 351541)844(B1Ha6 ( t ,
= 1.5 Hz), 8.40 (d, 2HJ = 1.50 Hz), 8.23 (d, 2H] = 1.5 Hz), 7.24 (d, 1H) = 1.7

Hz), 7.20 (d, 1H, = 8.0 Hz), 7.05 (dd, 1H] = 8.10, 1.8 Hz), 5.20 (s, 2HY*C{*H}

NMR (100 MHz, dmseds) a = 167.1, 167. 0, 146. 7,
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132.5, 132.3, 131.6, 131.4, 124.3, 115.7, 114.1. MS(ESI) m/z 420HM Anal.

Calcd (Found) foCasHisN:Og: C, 62.71 (62.21); H, 3.59 (3.64); N, 3.32 (3.11)%.
Synthesis of HL®

A suspension of aminoisophthalic acid (8.4 g, 43.9 mmol) in anhydrous THF (50
ml) was cooled to 0 °C and flushed with argon. A solution of oxalyl chloride (3.24
ml, 37.8 nmol) in anhydrous THF (100 ml) was added dropwise to the reaction
mixture over a period of 1 hour, producing a white precipiate. Triethylamine (1.0 mi
7.3 mmol) was then added dmige and the mixture was stirred overnight at room
temperature. The solvemblume was reduced under vacuum to ~n30and 2M

HCI was added until pHE: The solution was stirred for 15 mins and the precipitate
was isolated by filtration, washed with water and recrystallised frormethanol to

give the product as a white powd@29 g, 80%)'H NMR (400 MHz, dmsalg) U =
11.25 (s, 2H), 8.73 (d, 4H,= 1.6 Hz), 8.29 (t, 2HJ = 1.6 Hz);**C{*H} NMR (100

MHz, dmsads) u = 166. 8, 159. 2, 138. 8, 132. 3, 126.
Na). Anal. Calcd (Found) for H12N2040: C, 51.93 (51.57); H, 2.91 (2.73); N, 6.73

(6.39)%.
Synthesis of HL®

2,6-Dibromotoluene (1.50 g, 6.0 mmpl(3,5bis(ethoxycarbonyl)phenyl)boronic
acid(3.83 g, 14.4 mmol, 2.4 eq.) andRO, (3.05 g, 14.4 mmol, 2.4 eq.) were added
to a degassed mixture of igdbxane/water (5:1, 75 ml). Pd(dppfGKUO mg) was
then added under a flow of argon and the reaction was heated in a 250lenkSch
flask at 85 °C for 48 hUpon completion of the reaction, the solvent was removed
under vacuum and the product was extiddtgo CHCh. The combined organic

phase was subsequently washed with water and brine and dried oven.Md@O
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evaporation of CHG| the crude product was isolated as a white solid. This solid was

then dissolved in C¥€Cl, and passed through a plug dicsl gel. Removal of ChCl,

under vacuum gave the pure ester product as a white solid (2.73 g, BEB)IR

(400 MHz,dmseds) U = 8.50 (s, 2H)J=72HDT36(xk, 4H)
2H, J = 7.2 Hz), 4.39 (q, 8HJ = 7.0 Hz), 2.01 (s, 3H), 1.37 (t, 128 = 7.0 Hz);

MS(ESI) m/z 555 (M + Na).

This tetraester (2.00 g) was dissolved in a mixture of THF (40 ml) akidN2aOH

(40 ml) and heated at 75 °C for 16 bpon cooling, THF (40 ml) was added, the
aqueous layer was separated 8iéto HCl was added dropwise to the solution until

pH~1. The resulting precipitate was filtered and recrystallised from a mixture of hot
DMF/water (5:1) to give the desired product as a white solid (1.52 g, 96%).

NMR (400 MHz, dmseds) U = 13. 42 ( 3514485,)818@4H 1 (t ,
= 1.2 Hz), 7.43 (t, 1H) = 7.0 Hz), 7.36 (d, 2HJ = 7.2 Hz), 2.07 (s, 3H)*C{*H}

NMR (100 MHz, dmseds) a = 167. 0, 142. 7, 141. 2, 1
129.1, 126.7, 18.9. Anal. CalcdéFdqund) for GsH1¢Og: C, 65.72 (65.44); H3.84

(3.76); N, 0.00 (0.00)%.
Synthesis of3-amino-5-(ethoxycarbonyl)benzoic acid

5-Aminoisophthalic acid (110 g, 0.607 mol) was heated in a solution of ethanol (1.2
L) and 95% sulfuric ad (55 ml) at 80 °C for 24. The solution was reduced to ~500

ml under vacuunand deionised water (500 ml) was added, resulting in precipitation
of a white solid. This solid was isolated by filtration, washed with water (200 ml) and
petroleum ether (200 ml). The crude product wesnrecrystallised from toluene to
give pure3-amino5-(ethoxycarbonyl)benzoic acifl21 g, 84%)."H NMR (300

MHz,dmseds) U = 8.08 (s, 1H)J=5B6HHI.4Y(ls6H) 2 H) ,
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= 7.1 H2):®c{*H} NMR (75MHz,dmseds) U = 166. 1, 146.4, 131.8

61.2, 14.3MS(ESI) m/z 238 (M + H).
Synthesis of3-bromo-5-(ethoxycarbonyl)benzoic acid

3-Amino-5-(ethoxycarbonyl)benzoic acifl1.3 g, 47.6 mmol) was dissolved in 15%

HBr (200 ml) and cooled to 5 °C. NaN@B.98 g, 57.7 mmol) in $O (30 ml) was

added slowly to thsolution with rapid stirring. The mixture wsenadded to CuBr

(9.80 g, 68.3 mmol) in HB(45 ml) and left to stir at room temperature foh,2at

which point a light brown precipitate was observed. This precipitate was removed by

filtration and recrystallised from toluene to give pur@&-bromo5-
(ethoxycarbonyl)benzoic acifl1.01 g, 77%)H NMR (300 MHz, dmses) a =

8.41 (t, 1H,J = 1.7 Hz), 8.30 (d, 2H] = 1.5 Hz), 4.37 (g, 4H) = 7.2 Hz), 1.35 (t,

6H, J = 7.1 Hz);®*C{*H} NMR (100 MHz, dmseds) U = 164.0, 136.2, 13:

122.6, 62.1, 14.5MS(ESI) m/z 323 (M + Na).
Synthesis of HL*°

3-Amino-5-(ethoxycarbonyl)benzoic acid(1.20 g, 4 mmol), 3-bromo5-
(ethoxycarbonyl)benzoic acid.13 g, 4.8 mmol, 1.2 eq.) and C€s (1.82 g, 5.6

mmol, 1.4 eq.) were added to degassed, anhydrous toluene (20 ml) in a 35 ml
microwave tube. Pd(OAg)18 mg, 2 mol%) and Bus (32.4 mg, 4 mol%) were
subsequently added under argon and the microwave tube was heated at 120 °C for 30
mins. The resulting mixture was evaporated to dryness, extracted inta, il kd

through Celite and dried over Mg@OThe @HCI; solution wasremoved under
vacuumto give the crude product. Recrystallisation from EtOH gave pure tetraethyl

5,5-azanediyldiisophthalate (1.48 g, 819 NMR (300 MHz, dmseds) U = 9. 25
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(s, 1H), 8.02 (t, 2HJ = 1.5 Hz), 7.93 (d, 4H] = 1.4 Hz), 436 (g, 8 H,J = 7.2 Hz),

1.33 (t, 12 H,J = 7.2 Hz).MS(ESI) m/z 480 (M + Na).

Tetraethyl5,5~azanediyldiisophthalate (1.48 g, 3.24 mmol) was added to a mixture

of THF (20 ml), ethanol (20 ml) and 2M NaOH (20 raf)d heated at 90 °C for 24 h

After sepaating the layers, 37% HCI was added dropwise to the aqueous layer until a

pale yellow precipitate formed. This solid was removed by filtration, dried under
vacuum and recrystallised from DNHR,O to give pure 5,548zanediyldiisophthalic

acid as a yellow si (1.06 g, 95%)'H NMR (300 MHz, dmsaly) U = 13. 22
4H), 8.01 (t, 2HJ = 1.5 Hz), 7.85 (d, 4H) = 1.5 Hz);**C{*H} NMR (75 MHz,

dmsods) U = 167.0, 143.7, 132.8;H).IR(Dld5, 117
state):3 / cmit 2981 br, 2562 br, &, 1698, 1596, 1541, 1410, 1348, 1278, 1262,

1045, 1032, 909, 884, 754, 693, 660. Anal. Calcd (Found) fg;6N10g: C, 55.66

(55.43); H, 3.21 (3.61); N, 4.06 (4.00)%.
Synthesis of [Cu(L %)(H-0),] 4ADMFH,0 (NOTT-151)

H,4L® (100 mg, 0.24 mmol) and Cu(NJ23H,0 (285 mg, 1.18 mmol) were dissolved

in DMF (20 ml), to which 2 M HCI (20 drops) was added. This mixture was heated
in a sealed50 ml Sclott bottle at 80 °C for 16 b produce green block crystals
which were isolated by filtration and washed with BdfiF (139 mg, 66%). Anal.
Calcd (Found) for gHssNsO:sCuw: C, 45.84 (46.11); H5.09 (4.97); N, 7.86

(7.91)%.
Synthesis of [Cu(L")(H20),] 7TDMF'H,0 (NOTT-155)

HaL” (100 mg, 0.24 mmol) and Cu(NJ23H,0 (285 mg, 1.18 mmol) were dissolved
in a mixture of DMF/H,O (20:1; 21 ml), to which 2 M HCI (10 drops) was added.

This mixture was heated in a sea&D ml Schott bottle at 80 °C for 16 to produce
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green block crystals which were isolated by filtration and washed with hot DMF (182
mg, 69%). Anal. Calcd (Foul) for Ci3HgsNgO1sClp: C, 46.52 (46.41); H5.99

(5.61): N, 10.09 (10.03)%.
Synthesis of [Cu(L®)(H20),] 3DMA 3H,0 (NOTT-125)

H4L® (30 mg, 0.072 mmol) and Cu(NJ23H,0 (60 mg, 0.25 mmol) were dissolved

in a mixture of DMA/HO (10:1; 5.5 ml), to which 50%BF,4 (17 drops) was added.
This mixture was heated in a seaksD ml Schott bottle at 70 °C for 48 to produce
blue block crystals which were isolated by filtration and washed with hot DMA (36
mg, 56%). Anal. Calcd (Found) forsgi4sNsO.1sCuw: C, 40.45 40.29); H, 5.09

(4.98): N, 7.867.57)%.
Synthesis of [Cu(L *)(H,0),] 5DMF4H,0 (NOTT-150)

H,4L® (100 mg, 0.24 mmol) and Cu(NJ23H,0 (285 mg, 1.18 mmol) were dissolved

in DMF (20 ml), to which 2 M HCI (20 drops) was added. This mixture was heated
in a seked 250 ml Schott bottle at 80 °C fot6 hto produce blue block crystals
which were isolated by filtration and washed with hot DMF (190 mg, 78%). Anal.
Calcd (Found) for ggHsgNsO1Clp: C, 44.88 (44.27); H5.85 (5.63); N, 6.89

(6.80)%.
Synthesis of [Ca(L '%(H,0)(DMF)]

H,L'° (11.5 mg, 0.033 mmol) and Co(N@6H,O (24.0 mg, 0.083 mmol) were
dissolved in a mixture of DMF/ethanol/water (3:1:1; 2.5 ml) in a 15 ml glass pressure
tube. After sonication, this solutiamas heated at 90 °C for 24 yielding pirk block
crystals (9.6 mg). IR (solid state:/ cm™ 3246 br, 1652, 1615, 1575, 1547, 1362,

1310, 1103, 1047023, 993, 816, 773, 722, 661.
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Synthesis of [In(L *93][cation],

HsL (11.5 mg, 0.033 mmol) and In(NJ2-3H,O (8.7 mg, 0.033 mmol) were
dissolved in DMF/ethanol (5:1; 3 ml) in a 15 ml glgsessure tube and 0.1 ml of
HBF, was added. After sonication, this solutisras heated at 90 °C for 72 h
yielding colourless rod crystals (8.3 mg). IR (solid stase):cm* 2967 br, 2359,

1651, 1574, 1367, 1098, 1057, 1033, 1018, 848, 811, 789775 663.
Synthesis of [Fe(L")(NMP)3],,

HsL” (10 mg, 0.024 mmol) and E@(OAc)(H.0); (15 mg, 0.025 mmol) were
dissolved in a mixture of NMP (2.5 ml) and glacial acetic acid (0.8 ml). This mixture
was then heated in an 8 gilass vial at 120 °C for 48to gve orange block crystals

(12 mg).
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Chapter 4

Triazinebased MOFs for Metal Scavenging

and Gas Adsorption Applications
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4.1 Introduction

When considering the design of potentially industrially relevant roetgnic
frameworks, a number of key factors must be assessed. The cost of production of the
organic linker is one such factor, as is the introduction of chemical functionality
which enhances the affinity of the framework for a specific guest molecule. As a
method of combining these two features, the work described in this Chapter is
concentrated on the use of cyanuric chloride as a building block for a wide range of
linkers. In addibn to its pyridyl functional groups, cyanuric chloride is exceptionally
cheap (1 kg costs 60 GBP from Sigdlarich) and the chloro groups should be
readily substituted with amine groups, thus providing a facile route to a central core

surrounded by six Mtoms (Figure 4.1).

| I H
Cl N Cl NH HN N N
T
N N —
s b

Cl L

Figure 4.1.The structure of cyanuric chloride and a simplified depiction of chloro

group substitution to give a hexanine core.

As discussed in Chapters3] these pyridyl and amine functionalities are particularly
relevant not oly to the extraction of platinum group metals but also for a wide range
of gas storage and selectivity applications. A number of literature examples have
been reported on the use of this triazine core within MOFs, most notably the groups
of Zhou!® Eddawdi®’ and Li® The first significant report of a triazirentaining
framework was published by Zhaa al.in 2006 as a Cu(ll) MOF prepared from the

| i gand -stliazided,3,3itryléi-p-aminobenzoate (#ATAB), shown in

Figure 4.2
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Figure 4.2.The structure of ETATAB as used in the synthesis of mesoMDF

This combination of metal cation and linker resulted in a-interpenetrated,
mesoporous framework with exceptional solvent accessible volume (88.3% as
calcuated from PLATON). The structure, denoted mesoMOQFonsists of an
underlyingtbo net and contains large octahedral cavities measuring 22.5 x 26.1 A in
diameter (Figure 4.3). Although only,sotherms at 77K were reported, the authors

speculated that meporous MOFs of this kind could find applications in size

selective catalysis or for separations.

Figure 4.3.The octahedral cavity (left), packing in the [001] direction (centre) and
the twisted boracite net (right) exhibited in mesoMOReproducedrbm reference

9.

In 2010, Zhouet al. reported the synthesis of the analogous Zn(ll) MOF using the

TATAB?® ligand, denoted PCNOO (Figure 4.4)'° As in mesoMOFL, PCN100
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exhibits mesopores (27.3 A in diameter), with accessible pore windows of 13.2 A x

182 A.

Figure 4.4.The mesoporous cavity (left) and accessible pore window (right) in

PCN-100.Reproduced from reference 10.

The structure is of underlyingyr topology and has a solvent accessible volume of
80.8%. Whilst this is lower than the porosigshéited by mesoMO#H, the chemical

and thermal stability of PCI400is much greateiAs a result of this, the use of PEN

100 for capture of heavy metal ions and as a size selective catalyst was explored. To
determine the uptake of heavy metal ions, PIDN was soaked in DMF solutions of
Co(NGs),, Cd(NG), and HgC}, with the resulting materials characterised by XRD
and ICROES. The ICPOES data showed the adsorption of 1.61 Co(ll), 1.63 Cd(ll)
and 1.38 Hg(ll) ions per unit formula in each case, which wabwed to chelation

of the metals by the central triazine core. A concomitant reduction in BET surface
area, pore volume and;Mptake suggested that the metal ions were confined within

the cavities rather than simply deposited on the outer surfahe M®F°

In addition to this work on metal capture and catalysis, the groups of Li and

Eddaoudi have reported the use of the triazine ligand TORAETDPAT = 2,4,6
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tris(3,5dicarboxylphenylamine},3,5triazine; Figure 4.5) in the preparation of a

Cu(ll) MOF that displays exceptional uptake of £#Dlow pressuré?®

HOOC. :; _.COOH
H N._NH
i

NN

COOCOH HN\[;:j/COOH

COOH

HOOC

Figure 4.5.The structure of ETDPAT as used in the synthesis of;(IDPAT).%®

This framework forms the expected 3.@dnnectedrht net (Figure 4.6) usuall
observed from the reaction of a trigonal planar hexacarboxylate linker with Cu(ll)

paddlewheel centrewhich will be described in greater detail later in this Chapter.

Figure 4.6.The cuboctahedral (left), truncated tetrahedral (centre) and truncated

octahedral cages seen ing(WDPAT). Reproduced from reference 6.

As TDPAT® is the shortest hexacarboxylate linker known to fornrkgnnet, the
Cuw(TDPAT) framework contains a very high density of open Cu(ll) metal sites as
well as a high proportion of Mtoms. Both of these factors are very important for

low pressure uptake of G& andconsequentlyCu(TDPAT) is currently the world
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