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Abstract

This thesis describes the process of designing a MOF that incorporates a spiropyran molecule as a

linker, as well as the use of a dielectric measurement technique to measure separation in MOFs.

Chapter 1 covers the basics of MOF synthesis and techniques that facilitate the incorporation of
functionalities into MOFs, as well a small review of existing photoresponsive MOFs. This is followed
by a brief summary of the challenges faced in xylene and styrene separation in industrial settings as
well as some examples of MOFs used in these separations. Followed by some oversight into

microwave studies on MOFs.

Chapter 2 describes the synthesis and characterisation of 10 novel organic compounds that have the
spiropyran functionality that have potential as an organic linker in a MOF. First describing the
minutiae of optimising the parameters sufficiently to progress to the synthesis of the MOFs,
followed by a study that compares the NMR and UV-Vis spectra of the ligands and how slight

variations in regiochemistry can affect the photoisomerization of the ligands synthesised.

Chapter 3 describes the combinatorial synthesis undergone which resulted in the synthesis of three
novel materials that use some of the ligands, synthesised in chapter 2. This is then followed by a
description of the characterisation of each of the frameworks, and in the case of LK-1 and LK-2

further reaction optimisation to obtain a phase-pure product.

Chapter 4 describes the work involved in designing an experimental set up that can analyse, in-situ,
the chromatographic separation of analytes in MOFs. The chapter begins with a summary of the
fundamentals of microwave cavity perturbation theory, sufficiently for the understanding of this
work. The chapter then goes onto describe the details of the method development, eventually
attempting chromatography with compounds typically found in industrial feedstocks for styrene and

xylene production.
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Figure 1 The Zn,O(-COO)s metal cluster that forms an octahedron metal SBU. When the metal SBU is
combined with two different organic linkers, the octahedrons feature in the two different
frameworks. Image reproduced from A. Schoedel.* 1

Figure 2 Three examples of how equilibria shift upon addition of an acid with the active coordinating
species (highlighted in green). In the cases of i) and ii) addition of acid shifts the equilibrium
towards the protonated forms of the linkers which are unable to coordinate with the zinc metal
ion. In the case of iii), it is showing how the addition of nitric acid reduces the dissociation of
zinc nitrate. 2

Figure 3 Three different possible cadmium frameworks determined by the structure-directing
influences of the guest solvent molecules: dimethylformamide (DMF), diethylformamide (DEF)
and isopropanol (IPA). Colour scheme is as follows: cadmium, yellow; carbon, grey; nitrogen,
blue; oxygen, orange. Adapted from Ghosh et al..*3 4

Figure 4 Two different frameworks are synthesised by varying the stoichiometry of metals and
ligands from 2:2:1 to 1:1:1 and also showing that a mixture of both frameworks is produced
when a 5:2:2 ratio is used. The rest of the conditions were the same, 160°C, 72 hours, in an
EtOH:H,0 (1:1) solvent system. Adapted from Guo et al.® 5

Figure 5 NTU-105 MOF (right) constructed using a triazole linker (left). Colour scheme is as follows:
copper, green; nitrogen, blue; carbon, grey; oxygen, red. Image reproduced from X. Wang et al.
18 6

Figure 6 Fragment of the framework demonstrating the metal SBU (left). Views along a single
channel to demonstrate how the serine and methionine moieties point towards the centre of
the pore, the residues are present in a statistical disorder (1:1) and are superimposed for better
visualisation. Copper (Il) and calcium (ll) ions from the network are represented as cyan and
purple spheres, respectively. Oxygen and sulphur atoms from the residues are shown as red
and yellow spheres, respectively. The organic ligands are represented as sticks with the
following colour scheme: sulphur, yellow; oxygen, red; nitrogen, light blue; carbon, grey, with
the exception of L-serine (-CH,OH) and L-methionine (—-CH,CH,SCH3) residues, which are
represented as red and yellow sticks, respectively. Reproduced from M. Mon et al.?° 7

Figure 7 Photoisomerism exhibited by azobenzene. 8

Figure 8 illustrates a framework constructed from the photoresponsive linkers; azobenzene
dicarboxylate (AzDC) and 1,2-bis(4-pyridyl)ethylene (4,4'-BPE) linker. 8

Figure 9 Illustration of the photoisomerism exhibited by the dithienylethene molecule. 9



Figure 10 Polarised light image of the DMOF-1@DTE single crystal before (a, c) and after (b, d)
irradiation with 365 nm light. The plane of polarisation for each image is indicated by an arrow.
Reproduced from |. Walton et al..® 9

Figure 11 Photoisomerism exhibited by spiropyran and spirooxazine molecules. Upon irradiation
with UV light, the closed spiropyran (SP) form breaks the C-O bond at the spiro centre and
extends out to the open merocyanine (MC) form. The difference in properties of these two
isomers are outlined beneath the scheme. Spiropyran, X = carbon; spirooxazine, X = nitrogen. 2

10

Figure 12 The MIL-53 framework, loaded with a spiropyran polymer, functions as a desalination
material. Imaged taken from R. Ou et al..?* 11

Figure 13 ZIF-8 membrane encapsulating spiropyran acts as an active transport system for lithium
ions. The inset shows the structure of the SSP@ZIF-8 composite in the merocyanine form.
Colour scheme is as follows: lithium, purple; potassium, pink; sodium, green; magnesium, blue.
Image taken from H. Liang et al..*° 12

Figure 14 (top) Chemical structures of the protonated forms of dobdc and m-dobdc. (bottom)
Displays the interactions of each Cg isomer with the open metal sites of the cobalt nodes in
Coz(dobdc) with intermolecular distances highlighted for comparison. Purple, red, grey, and
white spheres for cobalt, oxygen, carbon and hydrogen atoms, respectively. Reproduced from
M. Gonzalez et al.** 15

Figure 15 a) shows crystallographic data of how styrene packs inside a pore of MIL-47. b) illustrates
how ethylbenzene packs inside the same pore, note only half of the positions displayed in the
case of ethylbenzene are occupied. Dark grey, red, pink spheres for carbon, oxygen and
vanadium atoms, hydrogen atoms omitted. Reproduced from M. Maes et al..*° 16

Figure 16 showing frequency and bandwidth over time. Frequency is proportional to the e' value of
the system and bandwidth is proportional to the e'" value of the system. A is the initial filling of
the CPO-27-Co framework with NDs. B is was then the NDs is displaced by a flow of argon. C is
the refilling of the framework with ND3 and D is the second displacing of ND; with argon.
Reproduced from M. Barter et al..*® 18

Figure 17 Condensation of a salicyl aldehyde with Fischer’s base to form spiropyran and by-product.

23

Figure 18 Condensation of salicyl aldehyde with the conjugate acid of the Fischer’s base. 23

Figure 19 Cross-coupling employed by D. Williams et al. to functionalise two spiropyran molecules
with pyridine rings. 25

Figure 20 Suzuki cross coupling reaction by J. H. Lee et al. with associated yields. 25



Figure 21 Y. Cho et al. synthesising two iodinated spiropyran molecules in high yields.!? 26
Figure 22 Synthetic scheme for bromination of indoline fragment with associated yields achieved
(top). Phenanthridine derivative of spiropyran which restricts attack to the chromene fragment,
only the dibrominated product was obtained, no mono-brominated species were identified
(bottom). Reported by Zakhs et al..? 27
Figure 23 Photoisomerism of spiropyran (left) ring opening to form the coloured merocyanine form
(right). Reverse reaction typically occurs through thermal relaxation/visible light. 27
Figure 24 1,3,3-trimethylindolino-B-naphthopyrylospiran molecule studied by M. Suzuki et al..}* 27
Figure 25 Schematic illustration of the cooperative photochemical reaction model adopted from
Asahi et al.. '® The open circles represent the ground-state spiro isomer, the filled ones
represent the S1 states and/or the nonplanar open forms, and the filled rectangles represent
the trans-planar photomerocyanines. 28
Figure 26 Scheme for synthesis for hetero/homoleptic spiropyrans. 29
Figure 27 Lowest energy conformations for the free ligands 3a 3b 6b, calculated by the MM2
method on chem3D. Nitrogen (blue), oxygen (red), carbon (grey), hydrogen (white), lone pairs
of electrons (pink). 30
Figure 28 Possible bromination sites. Br; is the primary bromination site with the nitrogen directing
electrophilic attack to the para position. Br. and Bry, are possible sites to which overbromination
can occur. 31
Figure 29 TLC Left: Sample of starting material 2. Right: Cross coupling reaction to form 3a. Sample

taken from crude product after following all purification steps before column chromatography.

33

Figure 30 Scheme demonstrating the possible intermediates when synthesising 3a during the
cross-coupling process. 38
Figure 31 The spiro-core relevant to study with the relevant protons highlighted. 38
Figure 32 Full 1H spectra of 4a, 4b and 4c in CDCls. 39

Figure 33 Expansion of 'H NMR spectra of 4a, 4b and 4c in CDCls. Dotted lines show peak centres for
the appropriate peaks and are added to demonstrate the shift between NMR spectra 4a, 4b
and 4c. 40

.39 illustrating the electronic distribution around pyridine

Figure 34 Reproduced from Reddy et a
rings. Although there are two possible resonance pathways, the scheme depicting a negative
charge on the nitrogen is more dominant therefore the overall effect is reduced electron

density on the ortho and para positions in respect to the nitrogen. 41



Figure 35 Pyridine/pyrimidine moieties affect the electronic distribution around the rest of the
spiropyran molecule. In the case of 4-pyridyl substitution (4a, left) the mesomeric effects will

extend to the adjacent benzene ring fused to the pyran. In the case of 3-pyridyl/5-pyrimdyl

(4b/4c, right), the mesomeric effects do not extend to the benzene ring. 41
Figure 36 Comparison of peak positions pre/post-bromination. 42
Figure 37 DFT of ligand 4a displaying LUMO (top) and HOMO (bottom). 43

Figure 38 Expansion of *H NMR in CDCl; for 3a, 3b and 3c. Dotted lines show peak centres for the
appropriate peaks and are added to demonstrate the shift between NMR spectra. 44
Figure 39 Schematic to demonstrate how functionalisation of the indoline fragment would affect the
electronics of the rest of the molecule. In the case of 4,4’-dipyridyl substitution (3a, left) the
mesomeric effects will extend to the nitrogen atom of the indoline. In the case of 3-pyridyl/5-
pyrimdy (3b/3c, right), like 4b/4c the mesomeric effects do not extend beyond the
pyridine/pyrmidine ring. 44
Figure 40 Solution state UV-vis spectra of molecule 4a. Top: Before recording spectra, solutions left
at room temperature in ambient light for 2 days. Bottom: Before recording spectra, solutions
kept at -20°C in the dark for 2 days. 47
Figure 41 Outlining the equilibrium present when spiropyran is in solvent media. E.g. The polar
solvent acetonitrile, would stabilise the polar MC form more than the non-polar SP form, in
visible light however the MC form is being forced into the less suited SP form, thus the SP form
begins aggregating to better suit the environment.* 48
Figure 42 Solution state spectra of molecules 4a (blue), 4b (green), 4c (red) recorded in methanol
(solid line) and in the solid state (dashed line). Solution was exposed to ambient conditions
(incidental light and room temperature). 50
Figure 43 Solid state UV-Vis spectra zoomed in on the 400-550 nm region for ligands 4a and 4b. 51
Figure 44 Solution state spectrum of molecules 4a (blue) and 5a (red) recorded in MeOH (solid line)
and the solid state (dashed line). Solution was exposed to ambient conditions (incidental light
and room temperature). 52
Figure 45 Solution state spectrum of molecules 3a (blue), 3b (green), 3c (red) recorded in MeOH
(solid line) and the solid state (dashed line). Solution was exposed to ambient conditions
(incidental light and room temperature). 54
Figure 46 Crystal Structure of spiropyran appended with two 4-pyridyl moieties (3a). Carbon (grey),
oxygen (red), nitrogen (blue), hydrogen (white). 55
Figure 47 Ligand 3a crystal structure with both parts overlaid, to demonstrate disorder. The red part

is the dominant part shown in Figure 46. 55
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Figure 48 lllustrating the principles of the one-pot synthesis compared with the layer-by-layer
approach. Figure taken from Wang et al..* 71
Figure 49 Nuances of how the different generations of azobenzene-based frameworks differ in their
classification. Image taken directly from F. Coudert’s review.'® 72
Figure 50 MOF-5 encapsulating 1,3,3-trimethylindolino-6'-nitrobenzopyrylospiran as a guest
molecule. (Image adapted from N. Rosi et al..?) 73
Figure 51 Solid-State UV-vis profiles of frameworks encapsulating spiropyran before and after
irradiation with 365 nm light for 1 minute. (a) = MOF-5, b) = MIL-68 (In), c) = MIL-68(Ga), and
d) = MIL-53(Al)) 74
Figure 52 Comparison of the PXRD obtained before and after loading MOF-5 with the spiropyran
guest molecule (left). Comparison of PXRD patterns obtained before and after loading with
MIL-53. 75
Figure 53 The photoresponsive materials synthesised by D. Williams et al.?3, outlining the
composition of each framework. We will be focusing on frameworks 1 and 2 in this example. 76
Figure 54 Top: SCXRD of frameworks incorporating TNDS (1) and HDDB (2) linkers. Bottom: PXRD
patterns comparing simulated patterns from the SCXRD data and the experimental patterns.
The coloured numbers show the increase in interlay distance for each MOF which agree with
the size of the spiropyran linkers. 77
Figure 55 UV-Vis data reported by D. Williams et al. comparing spiropyran linkers solution and solid
state profiles to incorporation in a MOF.? 78
Figure 56 PXRD data obtained showing no discernible change with or without radiation (top left).
Isotherm data obtained during cycling of radiation, showing uptake and release of gas
coinciding with irradiation cycling (top right). CCC and CCN low-energy FTIR bending modes
shows the linker excited by UV light in both the ligand (bottom left) and as a linker incorporated
in the framework (bottom right). 79
Figure 57 Simple illustration of how a framework will behave upon photoconversion when all the
linkers are photoresponsive (top) compared to a framework where only the pillaring linkers are
photoresponsive. Image adapted from R. Lyndon et al..?’ 80
Figure 58 The scope of spiropyran-based linkers used in synthetic attempts of a 3™ generation metal
organic framework. 81
Figure 59 The scope of non-photoactive co-linkers used in synthetic attempts of a 3™ generation
metal organic framework incorporating spiropyran linkers. 81
Figure 60 Copper paddlewheel (top). A variety of 1D frameworks synthesised by Hwang et al.

utilising the copper paddlewheel and various N-heterocycle based pillar linkers®® (bottom). 83

Vii



Figure 61 Image of IRMOF-10 (IRMOF-9 is the same but doubly interpenetrated) from M. Eddaoudi
et al..3* They report interpenetration is more likely in higher concentrations of reagents (i.e.
BPDC and Zn(NOs),). 92

Figure 62 MFM-136 (top) synthesised by Benson et al.* using the linker 5-[4-(pyrimidin-5-
yl)benzamido]- isophthalic acid (bottom, left). The modified version of the 4c linker that could
potentially form a similar framework (bottom, right). The kink in the linker caused by the amide
functionality has a passing similarity to the kink caused by a spiro-centre thus a framework
isostructural to MFM-136 may be possible. 100

Figure 63 Large layer linkers DTD (4',5'-bis(4-carboxyphenyl)-[1,1":2',1"-terphenyl]-4,4"-dicarboxylic
acid) and the brominated variant, DBTD (3',6'-dibromo-4',5'-bis(4-carboxyphenyl)-
[1,1":2',1"-terphenyl]-4,4"-dicarboxylic acid) 101

Figure 64 Microscope picture of LK-1 109

Figure 65 Penta-coordinate zinc node of LK-1. Metal (colour): zinc (aqua), oxygen (red), carbon
(grey), nitrogen (blue). Hydrogen atoms omitted for clarity. 111

Figure 66 Images obtained from single crystal X-Ray data of LK-1. View down the main channels
(top left). View down the smaller channels (bottom left). View down the main channels with
the BPDC linkers highlighted as red and the 3a linkers highlighted as blue (top right).

Shortest distance from spiropyran linker to spiropyran linker measured to be 16.2 A (bottom
right). 112

Figure 67 Microscope picture of LK-2 113

Figure 68 Images obtained from SCXRD data of LK-2. Node (top left). Looking along the pillars (top
right). Looking along the layers (bottom left). Looking along the layers that displays
interpenetrated framework (bottom right). 113

Figure 69 View of LK-2 down b-axis (left) highlighting space between adjacent spiropyran linkers.
View down c-axis right highlighting space between spiropyran linkers. 114

Figure 70 Powder X-Ray data of the bulk material of the LK mixture (experimental) with simulated
powder patterns from the SCXRD data of LK-1 and LK-2 . 115

Figure 71 Solid state UV-vis of LK-1 and LK-2 mixture with solid state data of 3a and BPDC for
comparison. 116

Figure 72 Thermogravimetric analysis of LK mixture, under N, at a ramp temperature of 10°C min.

118

Figure 73 Microscope picture of elipsoid crystals of GG-1. 131
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Figure 74 Picture of crystal structure GG-1, looking down the c axis (left). Picture of GG-1 looking
down the b axis (right), the space between the layers is 17.435 A. Zinc (cyan), oxygen (red),
nitrogen (blue), bromine (brown), carbon (grey). 131

Figure 75 Linker 3a showing distance between terminal N atoms for the closed form (left) and open
form (right). Distances determined using the MM2 simulation from Chem3D. 132

Figure 76 NMR spectrum of ligand 3a in de-DMSO and DCI. Aromatic region (left) and approximate
region of Hi (right). 134

Figure 77 The spiropyran molecule that was analysed by Zhou et al., illustrating the equilibrium
between the open and closed isomers and the protonated and non-protonated forms of each.
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Figure 78 Spectrum of ligand 3a in DCl and de-DMSO, zoomed in on the 4.8-2.2 ppm region. Possible
peak positions of Hy highlighted with integrations. Peak position at 2.64 could possibly be the SP

form however has not been integrated due to overlap with DMSO peak and satellites. 136
Figure 79 NMR spectrum obtained for LK mixture digested in DCl and DMSO-ds. 138
Figure 80 NMR spectrum obtained for GG-1 digested in DCl and DMSO-de. 139

Figure 81 Powder X-ray data of the bulk material of the GG-1 synthesis (experimental) and the DBTD

linker (DBTD) with the simulated powder pattern from the SCXRD data of GG-1. 140
Figure 82 Solid state UV-Vis spectrum of GG-1 141
Figure 83 Microscope picture of GG-32 in mother liquor (big orange/red cube). 143
Figure 84 Crystal structure pictures of GG-32. View down c-axis (left) with distance between nitrogen

atoms highlighted to be 8.013 A. View down a-axis (right). 143
Figure 85 NMR spectrum of ligand 6b taken under digestion conditions 145
Figure 86 NMR spectrum of ligand 6b, zoomed in on the 2.3-4.8 ppm region. 146
Figure 87 NMR spectrum of GG-32 digest. 147

Figure 88 Powder X-ray data of the bulk material of the GG-32 synthesis (experimental) and the
DBTD linker (DBTD) with the simulated powder pattern from the SCXRD data of GG-32. 149
Figure 89 Solid state UV-Vis data of GG-32. 150
Figure 90 Dipoles (left) aligning when an electric field is applied (right). Image from “A guide to
characterisation of dielectric materials at RF and microwave frequencies”.?° 159
Figure 91 A Debye relaxation response for deionised water. At low frequencies, the €’ is high and
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Figure 92 TM010 mode cavity, image adapted from Cannel Youngs.?’ L represents the inductance of
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The cavities typically resonate between 1-10 GHz. For the cavity we use in our studies, the
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Figure 93 Electric field pattern (E) and magnetic field pattern (H) shown for TM010 mode. In this
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Chapter 1. Introduction

This thesis investigates the design and characterisation of photoresponsive metal organic frameworks
(MOFs) and also the design and implementation of an analytical technique using microwaves to

monitor chromatographic separations in MOFs.

1.1 Metal Organic Frameworks

MOFs contain metal nodes linked together by polydentate organic ligands (linkers) to form
microporous (pores with diameters < 2 nm) networks via self-assembly.’ The vast majority are
crystalline. These infinitely repeating arrays can be broken down into their secondary building units
(SBUs). These SBUs can be broken down into two categories, the metal clusters that act as nodes and
the organic ligands that link them together. The metal clusters are often linked together by oxo and/or
carboxylate bonds to form a well-defined shape that feature points for extension (see Figure 1).%3 The
polytopic organic ligands will feature two or more functional groups capable of coordinating to the

metal nodes (e.g. carboxylates, pyridines)

AN

HOOC™ 7
H,BDC

Zn,0(-CO0),
6-¢

Zn,O(BDC)y
MOF-5, pcu

Zn,0(BTB),
MOF-177, qom

Figure 1 The Zn,0(-COO)s metal cluster that forms an octahedron metal SBU. When the metal SBU is combined with two

different organic linkers, the octahedrons feature in the two different frameworks. Image reproduced from A. Schoedel.*

There are numerous ways to impart additional functionality to these frameworks such as open metal
sites,® defect sites,® encapsulating an active guest species’ but we will primarily be focusing on
imparting functionality through organic linker design. A framework that is constructed with an organic

linker with a specific property can inherit that property and combine it with the framework



environment to provide a material with capabilities which otherwise the framework and the organic

linker would not have on their own.

1.1.1 Synthetic strategies

MOFs are typically synthesised through solvothermal or hydrothermal methods, often forming
crystals under high temperatures and pressures. The ligands (linkers) will reversibly bind to the metal
ions, this lability allows for bonds to break and reform to form the most energetically favourable
product; being the highly ordered crystalline frameworks. The effectiveness of this self-corrective
assembly varies from synthesis to synthesis and can purposefully be negated if a framework with lots
of defects is desired. The typical method of producing new MOFs is a high throughput screening
method that alters a number of conditions, including reaction temperature and time, solvent, reagent

concentration, pH and the nature of the precursors used.?

1.1.1.1  Modulators

There are two types of modulators: acidic modulators and coordination modulators. Acidic
modulators indirectly slow the formation of the framework by shifting the position of equilibrium in
the opposite direction to the active component, can be thought of as a non-competitive inhibitor (see
Figure 2).° This concept extends to what choice of metal salts are included, e.g. using a MCl, salt as a
precursor will often produce a stoichiometric amount of HCl as a by-product, affecting crystal growth
and in some cases dissolve the framework (depending on framework stability and the quantity of acid

produced).?

®
) R \ /N—H Ee——— + 1o
0
i) N - + u®
OH
S ®
) 7h(NO3)y == + 2NO;+ 2H — =——= 2HNO,

Figure 2 Three examples of how equilibria shift upon addition of an acid with the active coordinating species (highlighted in
green). In the cases of i) and ii) addition of acid shifts the equilibrium towards the protonated forms of the linkers which are
unable to coordinate with the zinc metal ion. In the case of iii), it is showing how the addition of nitric acid reduces the

dissociation of zinc nitrate.



If acidic modulators are non-competitive inhibitors, then coordination modulators are like competitive
inhibitors. These modulators are organic molecules which have the same binding functional groups as
the organic linker and directly compete with the organic linkers for available coordination sites on the
metal ion.!° This capping effect tends to terminate the growth of framework crystals resulting in
smaller particle sizes. In the case of carboxylic acid modulators, the modulator will also reduce the
extent to which the linkers deprotonate which will lead to an increase in particle size. Therefore higher
pKa values of modulators tends to reduce the particle sizes of MOFs.2° Furthermore these types of
coordination modulators can preform the metal SBUs which can lead to an increase in crystal growth
along certain planes (e.g. 100, 111) while inhibiting the growth a long others, leading to new crystal

morphologies of the same framework.**

There are several reasons one would have for utilising a modulator in the synthesis, it can be used to
slow the crystallisation process down to obtain better crystals for Single Crystal X-Ray diffraction
(SCXRD) as typical methods of crystallisation do not apply (i.e. the framework cannot be recrystallised,
as the framework is not soluble once formed). Another reason would be in the case where strong
Metal-Ligand (M-L) bonds are formed, it can slow this process down and prevent the reaction from
forming an amorphous, disordered material. This is the case for the zirconium-based framework series
UiO, as the tetravalent zirconium ion forms strong coordination bonds with oxygen atoms.® More
specific reasons for using modulators may be to induce defect sites into the framework for purposes

such as catalysis or obtaining a specific topology or crystal morphology.*?

1.1.1.2  Solvent choice

The effects of the solvent used in MOF synthesis is not fully understood but the consequences have
been demonstrated in many instances, illustrating why it is an important factor. One of the key
principles is ensuring that the reagents will be soluble at the reaction temperature but there are more

criteria to consider beyond this.

There is a consensus that the solvent system will determine the coordination behaviour of the metal
and ligands involved. Coordinating solvents can do this by directly coordinating with the metal ion or
even feature as a capping molecule for an exposed metal site in the final structure, adding stability to
the framework. This can also occur for solvents acting as guest molecules, by filling the pores reducing
the likelihood of collapse of particularly large void-space frameworks. These guest molecules can also
act as structure-directing agents, more so with flexible linkers as the guest molecules will restrict the
movement of the flexible linkers to certain conformations which can result in completely different

structures (see Figure 3).13
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Figure 3 Three different possible cadmium frameworks determined by the structure-directing influences of the guest solvent
molecules: dimethylformamide (DMF), diethylformamide (DEF) and isopropanol (IPA). Colour scheme is as follows:

cadmium, yellow; carbon, grey; nitrogen, blue; oxygen, orange. Adapted from Ghosh et al..13

A solvent which also has a relatively strong basic character (e.g. DMF) could also have some
modulating effects by encouraging the extent of ligand deprotonation (e.g. RCOOH -> RCOO).
Coordinating solvents can also act as modulators in the same way as the coordinating modulators,

described previously.*

1.1.1.3  Stoichiometry

In a typical MOF synthesis, there is often more than one coordination environment available (unless
tightly controlled as we discussed earlier) thus the resulting framework will be closely linked to the
stoichiometry of the reagents used. X. Guo et al. report an example with a cadmium-based
framework.™ They obtained two completely different frameworks in a one-pot synthesis and were
able to obtain phase pure mixtures of both frameworks by varying the stoichiometry of the reagents

(see Figure 4).
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Figure 4 Two different frameworks are synthesised by varying the stoichiometry of metals and ligands from 2:2:1to 1:1:1 and
also showing that a mixture of both frameworks is produced when a 5:2:2 ratio is used. The rest of the conditions were the

same, 160°C, 72 hours, in an EtOH:H,0 (1:1) solvent system. Adapted from Guo et al.1®

Framework 1, which has more cadmium ions available, has a dicadmium paddlewheel with a square
based pyramidal geometry with the equatorial positions occupied by four oxygen atoms belonging to
the carboxylate linkers and the apical position bonding to the pyrazole linker. Framework 2, which has
more of the pyrazole ligand available, has a bent-trigonal bipyramidal geometry which is bound to
three oxygen atoms and two nitrogen atoms. This perfectly illustrates a d*° transition metal which has
access to multiple coordination geometries being directly affected by the stoichiometry of the

reaction.

1.1.1.4  Reaction Temperature

Like with any reaction, the temperature plays a big part in the synthesis of MOFs. The typical
solvothermal method allows for higher solubility of reagents in a liquid media at temperatures far
above the boiling point at normal atmospheric pressure, in this case the thermodynamic product is
formed. These high temperatures are not always necessary for the formation of these materials, as

there also frameworks which will form at much lower temperatures, the kinetic product.

The kinetic products observed in MOF synthesis tend to be low stability, low density and less

symmetrical frameworks than the thermodynamic products (produced in solvothermal conditions).



The kinetic product can in some cases be the same framework with the same formula but crystallise

in different space groups, often the thermodynamic product being the higher symmetry group.®

We have discussed the more subtle ways of designing and fine-tuning a MOF’s properties, now we go
on to discuss more drastic methods of encouraging change in the framework by designing the ligands

themselves.

1.1.2 Imparting functionality through ligand design

There have been numerous examples in the literature of frameworks with clever linker design that
give the MOF exciting properties. One such example is the design of frameworks with ligands that
contain nitrogen, giving it enhanced capabilities in CO; adsorption through a combination of Lewis
acid-base interactions and hydrogen bonds that depend on the nitrogen donor sites.'” This allows this

type of framework to selectively adsorb CO, from a gas mixture —an example is shown in Figure 5.
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Figure 5 NTU-105 MOF (right) constructed using a triazole linker (left). Colour scheme is as follows: copper, green; nitrogen,

blue; carbon, grey; oxygen, red. Image reproduced from X. Wang et al. 18

The successful synthesis of this MOF relied on an understanding of isoreticular chemistry and basing
it on previous amino-functionalised MOFs to design this new framework.'® Although this framework
was reported to have a BET surface area of 3543 m? g%, which is on the lower end of what MOFs are
capable of (maximum BET reported is 7140 m? g belonging to the NU-110 MOF),*° it could store CO,
up to 36.7% of its weight at 273K in 1 atm. This shows how the functionalities present in a framework

can be more important than the overall porosity.

Another example is the MTV MOF series which use more than one type of organic linker to form a

multi-functional framework. Figure 6 shows an example that incorporates amino acid residues serine
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and methionine (featuring -CH,OH and -CH,CH,SCHjs chains respectively) to allow for a framework that

can purify water of both organic and inorganic contaminants.

Figure 6 Fragment of the framework demonstrating the metal SBU (left). Views along a single channel to demonstrate how
the serine and methionine moieties point towards the centre of the pore, the residues are present in a statistical disorder
(1:1) and are superimposed for better visualisation. Copper (1) and calcium (Il) ions from the network are represented as
cyan and purple spheres, respectively. Oxygen and sulphur atoms from the residues are shown as red and yellow spheres,
respectively. The organic ligands are represented as sticks with the following colour scheme: sulphur, yellow; oxygen, red;
nitrogen, light blue; carbon, grey, with the exception of L-serine (-CH20H) and L-methionine (-CH2CH2SCH3) residues,

which are represented as red and yellow sticks, respectively. Reproduced from M. Mon et al.2°

In this example the authors combined two different linkers with the same amino acid backbone so
that the geometry and topology are unaffected by the incorporation of the two different moieties,
shown by the 50:50 ratio of serine to methionine residues being incorporated. This is also an example
of the functionality behaving as a pendant group rather than as an intrinsic part of the structure like
the previous example. These two examples show the types of optimisation, the first example shows
how the framework linker itself contains the functionality while the second framework shows the
functionalisation occurring on a pendant into the pores. This thesis is concerned with photoactive

functionalisation of frameworks, examples of both have been reported in the literature.

1.1.3 Photoresponsive materials
Frameworks that incorporate photoresponsive ligands are a specific subset of MOF chemistry that has
received a lot of attention in the last decade.?*? Particular focus has been on the azobenzene,

diarylethene and spiropyran/spirooxazine classes of photo-responsive molecules. These materials are



particularly interesting, as the ability to directly control the structure of a framework with the ease of

flipping a light switch is a very attractive concept.?®

Previously we discussed the NTU-105 MOF being designed for a high uptake of CO, due to its
non-covalent interactions with carbon dioxide, but the issue with these kinds of materials is that to
release the guest molecules (the carbon dioxide in this case) they must be put under heat and/or
vacuum which are energy intensive processes.’* R. Lyndon et al. reported a MOF that uses an
azobenzene linker which allows for the reversible uptake of CO, which can be controlled with

ultra-violet (UV) and visible light (see Figure 7, Figure 8).>°

Figure 7 Photoisomerism exhibited by azobenzene.
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Figure 8 illustrates a framework constructed from the photoresponsive linkers; azobenzene dicarboxylate (AzDC) and 1,2-

bis(4-pyridyl)ethylene (4,4'-BPE) linker.

They successfully synthesised a triply interpenetrated framework utilising only photoresponsive
linkers. Therefore each structural support had the potential for isomerisation while also having little
space to manoeuvre, as such the photoresponse did not occur in a uniform manner, but rather
produced a localised structural change. The framework would adsorb carbon dioxide then upon
irradiation would “squeeze” the carbon dioxide molecules out of the pores. Although the effectiveness
of this MOF’s desorption was better when irradiated with a 365 nm wavelength, it still had a significant

response using unfiltered sunlight therefore could be used as a solar powered, carbon-capture device.



An example of a photodynamic material with a long-range response, I. Walton et al. use the
photochromic moiety diarylethylene as a guest molecule in DMOF-1. The dithienylethene (DTE)
molecule has a very subtle structural change but has an easily observable spectroscopic change from
colourless to red (see Figure 9, Figure 10).2° By mixing evacuated DMOF-1 crystals with molten DTE,

the DMOF-1@DTE composite material was created.

Colourless Dark red

Figure 9 lllustration of the photoisomerism exhibited by the dithienylethene molecule.

Figure 10 Polarised light image of the DMOF-1@DTE single crystal before (a, c) and after (b, d) irradiation with 365 nm light.

The plane of polarisation for each image is indicated by an arrow. Reproduced from I. Walton et al..2%

I. Walton et al. demonstrated that the framework assimilates the photoresponsive property of DTE
and the MOF crystals also convert to a dark red colour upon irradiation with UV light, reversed by
irradiation with visible light. The unique property provided by using the framework as the host
material was that the DTE molecules were preferentially aligned with the pores of the host, exhibiting

as linear dichroism (see Figure 10).

The two examples presented here demonstrate that photoresponsive moieties have potential
applications in situations where there is significant structural change on a short-range scale (Figure 8)

or a subtle photoresponse on a long-range scale (Figure 10).



1.1.4 Spiropyran
Spiropyran is the photoresponsive core this thesis will be focusing on. The design and syntheses of

materials incorporating these moities are discussed in chapter 3.

Spiropyran and spirooxazines share the same opening and closing mechanism: the breaking of the C-O
bond to form the open structure (see Figure 11). The difference is that spirooxazine has an extra
nitrogen atom in place of a carbon atom on the double bond of the chromene fragment. Spiropyran
and spirooxazine are structurally very similar and therefore their syntheses are also quite similar. The
key difference is that spirooxazines possess a higher photofatigue resistance than spiropyran,

improving the overall longevity of the material in photoswitching applications.?’

X — 320-351 nm ,
X O
N O
\ A/550-600 nm N\@ 0
SP MC
non-polar polar (zwitterion)
non-planar planar
colourless coloured

extended conjugtion

Figure 11 Photoisomerism exhibited by spiropyran and spirooxazine molecules. Upon irradiation with UV light, the closed
spiropyran (SP) form breaks the C-O bond at the spiro centre and extends out to the open merocyanine (MC) form. The
difference in properties of these two isomers are outlined beneath the scheme. Spiropyran, X = carbon; spirooxazine,

X =nitrogen. 28

This class of molecules has drawn a lot of attention as the closed spiropyran (SP) form and the open
merocyanine (MC) form have vastly different properties. The zwitterionic MC form can bind to
monovalent and divalent metal ions which can then be released when irradiated with the wavelength
of light that triggers the back conversion. However merocyanine molecules tend to aggregate,
reducing their efficacy in any kind of metal-extracting application.?® R. Ou et al. resolved this issue by
incorporating these molecules as guests in the MIL-53 framework, the framework acting as a buffer
between the photoresponsive molecules preventing self-aggregation.® The spiropyran was
incorporated as a precursor to a polymer, the polymerisation performed once the spiro molecules
were encapsulated in the framework. The polymer prevented leaching of the spiropyran moiety. The
spiropyran-loaded MIL-53 was then tested for it’s ability to adsorb NaCl from water, demonstrating

its potential as an energy efficient and renewable means of desalination (see Figure 12).
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Figure 12 The MIL-53 framework, loaded with a spiropyran polymer, functions as a desalination material. Imaged taken from

R. Ou et al..?®

H. Liang et al. further demonstrated the potential of materials utilising the spiropyran class of
molecules. They encapsulated the spiropyran molecule inside of a ZIF-8 membrane, to provide a
means of selective Li*ion transport, ideal for applications in batteries and lithium enrichment. The
narrow channel sizes associated with ZIF-8 restrict the diffusion of K*, Na* and Mg?* while allowing the
smaller Li* ions to move freely (see Figure 13). This movement is then accelerated by the spiropyran

molecules reducing the impedance of the material dramatically (by two orders of magnitude).*®
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Figure 13 ZIF-8 membrane encapsulating spiropyran acts as an active transport system for lithium ions. The inset shows the
structure of the SSP@ZIF-8 composite in the merocyanine form. Colour scheme is as follows: lithium, purple; potassium,

pink; sodium, green; magnesium, blue. Image taken from H. Liang et al..3°

The two examples presented in this section, demonstrate the extra functionality that is provided by
spiropyran over other photoresponsive moieties (e.g. azobenzene, diarylethylene) due to the
significant difference in properties between the SP and MC forms. The long term goal of this thesis, is
to analyse a light-controlled molecular separation (similar to the SSP@ZIF-8 example) using a material

we designed via an in-situ analytical technique.

1.2 Molecular separations

The typical method for molecular separation of liquids is often fractional distillation which is very
energy intensive. Distillation processes currently account for 10-15% of the worlds energy
consumption.?3% As such there is a big interest in finding more nuanced and energy conservative
methods of separations. One such nuanced method is the design of porous materials like MOFs to
selectively separate and extract desirable products in ambient conditions. As such there are a few
separations which researchers have attempted to fine-tune existing MOFs or design entirely new

frameworks for.

1.2.1 Xylene

The regioisomers p-xylene, o-xylene and m-xylene are chiefly produced in catalytic reforming of crude
oil. The p-xylene isomer is the most valuable product although there is a commercial demand for
o-xylene.® p-xylene is a key intermediate in the production of polyethyleneterephthalate (PET) which
currently accounts for 18% of the worlds polymer production.?* The old method of practice for the
industrial production of p-xylene involved catalytic cracking (which has very little selectivity) which
also produced toluene, benzene and ethylbenzene as by-products. The isomers were then separated

via fractional distillation. This method of separation is expensive due to the sheer amount of energy
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required, further exacerbated by the fact some of these regioisomers have similar boiling points

(p-xylene 138.5°C, m-xylene 139.3°C, o-xylene 144.6°C, ethylbenzene 136.3°)%°.

Processes have moved on since then, fractional crystallisation and adsorptive materials (simulated
moving beds) are now the chief method of separation since the 1960s.3*3® The latter is the focus of
much research application of membrane and sorbent materials to aid separation, other chemical
processes that may improve the yield are treated with much caution as the building of a chemical
plant can cost up to 1 billion dollars and so it is a big risk to take without existing proof that it already
works on a large scale. Although this is unfortunate it also presents opportunity for porous materials
such as MOFs, as they are comparatively cheaper to implement and can improve the sustainability of
the process. The current industrial method is the use of cation-exchanged faujasite (FAU)-type zeolites
X and Y, these materials are more efficient than the fractional distillation method, but considerable
energy is wasted on the desorption process and therefore more appropriate materials are still highly
sought after. The criteria for these improved materials are high selectivity, high capacity, high
diffusivity and must have sufficient chemical, thermal and mechanical stability. A number of MOFs
have already been reported to have higher capacities and selectivities than the current industrial
standard adsorbents and it would seem it is only a matter of time before materials such as these

become the new industrial standard. *

1.2.2 Styrene

Styrene is another important intermediate in the polymer industry. 25 million tonnes are produced
annually, of which, 80% is used in polymerisation reactions for various plastics and rubbers. The
standard industry strategy for styrene production is the dehydrogenation of ethylbenzene which only
reaches 20-40% completion and therefore a significant amount of the ethylbenzene needs to be
removed from the final product as well as impurities commonly found in the feedstock: toluene and
o-xylene. Like the xylene separation, the boiling point of styrene (145°C) is quite similar to the boiling
points of the by-products, with the added difficulty of self-polymerisation due to the reactive vinyl
group. As such, vacuum distillation and extractive distillation must be employed in the presence of
inhibitors to prevent self-polymerisation. Once again this presents an opportunity for porous media
as being able to purify mixtures at room temperature would be ideal for this process, saving on both

inhibitors and energy. As such researchers have sought to use MOFs in this separative process.

1.2.3 MOFs in separations
The attractiveness of MOFs as separative media is the ability to precisely design the apertures and
therefore the selectivity of the material; other porous materials tend to have a limited range of pore

sizes or a nonuniform pore size.?” This tunability is further exemplified by the ease to which additional
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functional groups can be added to a framework to improve binding affinities, as discussed previously

(Figure 5, Figure 6).

1.2.3.1 MOFs in separation xylene isomers

Many research scientists are looking to replace zeolites with a metal organic framework in xylene
separation. The goal is a material that can selectively purify the whole mixture in one step, in the liquid
phase. As of yet, there has not been a porous material capable of achieving this. Often a material is
able to separate out one isomer (that is not p-xylene) but unable to purify the rest or struggles to do

so in the liquid phase.

D. Peralta et al. demonstrated that a well-known and synthetically easily accessible framework, ZIF-8,
was capable of separating p-xylene from isomers o- and m-xylene quite well in the gas phase, reporting
separation factors 3.9 for p-xylene/o-xylene and 1.6 for p-xylene/m-xylene.?® This selectivity was
achieved due to p-xylene’s significantly smaller kinetic diameter (6.7 A) than the other isomers
(m-xylene 7.4 A and o-xylene 7.5 A). The kinetic diameter of p-xylene is twice the size of the ZIF-8
apertures (3.4 A), but the framework undergoes a transitory structural deformation in the presence
of the xylene (which has been estimated to increase the pore diameter to 6.4 A) followed by a
reformation of the previous form allowing the p-xylene to diffuse through. This transformation is
driven by the adsorption of the p-xylene molecule to the ZIF-8 framework which is energetically
favourable, but the deformation is an unfavourable conformation, which is why it returns to the
original shape once the p-xylene has passed through the aperture. Unfortunately, ZIF-8 performed
poorly in the separation of p-xylene from ethylbenzene, as they have similar kinetic diameters
(ethylbenzene 6.7 A). This is an example of a MOF employed to separate the isomers driven by

molecular sieving rather than selective site interactions.

M. Gonzalez et al. designed two cobalt-based frameworks, one using the
2,5-dioxido-1,4-benzenedicarboxylate (dobdc) molecule as a linker and the other using
4,6-dioxide-1,3-benzenedicarboxylate (m-dobdc), to form Coz(dobdc) and Coz(m-dobdc)
respectively.3® The Co,(dobdc) framework reported affinities in the order of o-xylene>
ethylbenzene>m-xylene>p-xylene, observed for both liquid and gas phase experiments, suggesting
that this framework could potentially do the separation in one continuous process. While the
Coz(m-dobdc) framework reported affinities o-xylene>ethylbenzene=m-xylene>p-xylene, the lack of
selectivity between ethylbenzene and m-xylene was unexpected as this framework is structurally very
similar to the Coz(dobdc) framework. The affinity these frameworks have for Cs aromatic molecules is
due to the nature of the interactions between the Cs aromatics and the open metal sites of the cobalt

nodes in the frameworks. In the cases of o-xylene, m-xylene and ethylbenzene the arrangement of the
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cobalt nodes allows for interaction between two metal sites while in the case of p-xylene, only one of

the sites interacts with the guest molecule (See Figure 14).
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Figure 14 (top) Chemical structures of the protonated forms of dobdc and m-dobdc (bottom) Displays the interactions of each
Cg isomer with the open metal sites of the cobalt nodes in Co(dobdc) with intermolecular distances highlighted for
comparison. Purple, red, grey, and white spheres for cobalt, oxygen, carbon and hydrogen atoms, respectively. Reproduced

from M. Gonzalez et al.3®

In the case of Coy(dobdc), a structural deformation was observed when adsorbing o-xylene and
ethylbenzene, as the structure would distort to accommodate an extra aromatic molecule in three out
of every four pores. This MOF demonstrates a separation that is driven by intermolecular interactions
with the framework rather than size exclusivity, as we saw previously with ZIF-8. In both cases there
was a structural deformation in order to accommodate specific molecules, which demonstrates the
complexity of the mechanisms involved for each framework and that each separation has the potential

to be unique.

1.2.3.2 MOFs in separation of styrene
The styrene separation is not as commercially attractive as the xylene separation, although still

significant, it has attracted a lot less attention by material chemists. Therefore, there is less literature
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on the topic, but the separation still focuses on Cg aromatics and therefore some of the knowledge

from the xylene separation can be used as a basis for the styrene separation.

M. Maes et al. demonstrate the capabilities of MIL-47 and MIL-53 (Al) for separating ethylbenzene
and styrene mixtures.*® MIL-53 (Al) was found to be capable of also purifying small amounts of
o-xylene and toluene (2% wt) which are typically present in the feedstock for this industrial process.
The framework had a higher affinity for these two molecules over ethylbenzene and styrene and
would be able to tolerate these contaminants in small quantities as they would be retained in the

pores of the framework while ethylbenzene and styrene pass through.

(b)

view along 1D pore U \

view inside pores

Figure 15 a) shows crystallographic data of how styrene packs inside a pore of MIL-47. b) illustrates how ethylbenzene packs
inside the same pore, note only half of the positions displayed in the case of ethylbenzene are occupied. Dark grey, red, pink

spheres for carbon, oxygen and vanadium atoms, hydrogen atoms omitted. Reproduced from M. Maes et al..*°

There is significantly more attention paid to gas phase separations than liquid phase separations in
the field of MOFs, which could be due to the additional challenge presented in designing a material
that is both selective and stable to the solvent media used.***? As such the separative mechanisms

that exist in a liquid phase separation are not as well understood as they are in the gas phase,
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furthermore modelling stationary phases is even harder if the particles are non-uniform, which typical
MOFs generally are. ** It is therefore of value to add data of experiments in the liquid phase to the

literature for future computational modelling to benchmark against.

There are numerous potential stationary phases and an infinite number of possible separations. An
analytical technique that can be used as a standard to compare all these materials in separative
processes is needed, and one that could also provide analysis in-situ to understand the separative
mechanisms in play would be ideal. In this thesis we investigate non-invasive microwave methods to

monitor in-situ separation processes.

1.2.4 Microwave studies of MOFs

Microwave-assisted synthesis of MOFs is grown in popularity over the last decade, providing
advantages such as short reaction times, phase selectivity and control over crystal morphology.** The
popularity of this method has in turn sparked an interest in understanding the specific interactions of
the microwaves with these frameworks. There are several analytical methods that implement
microwaves to characterise dielectric properties, the suitability of each technique dependent on the
nature of the material, the frequency range you wish to measure in, accuracy and ease of us. All of the
techniques, however, are derived from the same fundamental principles of permittivity.*> The
principles of dielectric measurements are discussed in detail in chapter 4. Briefly, there are two values
that dielectric measurements are concerned with when an electric field is applied (see Equation 1). €,
the dielectric constant, describes the energy that is stored in a material due to polarisation and €”, the

dielectric loss, describes the energy lost in a system (typically as heat).

*

e = ¢ —j&

Equation 1 for the complex relative permittivity of a material. € is the real part of the equation that represents the dielectric
constant. jrepresents the imaginary number of the square root of -1 and the €” represents the imaginary part of the equation,

the dielectric loss.

A. Laybourn et al. studied the dielectric properties of the reagents used to synthesise the MIL-53 and
MIL-47 frameworks.*” They investigated the linker 1,4-benzenedicarboxylate (BDC) and the metal salts
with various counter anions. They determined that the M(lIl) salt solutions at concentrations above 5
mM had larger €” values than the BDC? solutions, suggesting that the heat generated will be primarily
through the metal salts interacting with the electric field rather than the organic linker. The BDC*
solutions did however demonstrate higher € values than the metal salts, meaning the
non-coordinated ligands were able to interact with the electric field in phase better than the metal
salts, this distinction is important as it means that these linkers still interact with the field, but the heat

generated during the synthesis is primarily through the metal salts.
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The investigation of the adsorption of analytes in MOFs via these dielectric measurements is still in its
infancy and have only dealt with gas phase adsorption to date. M. Barter et al. used the microwave
cavity perturbation method in tandem with in-situ neutron powder diffraction to study ammonia
adsorption in frameworks: HKUST-1, UiO-67 and CPO-27-Co.*® Upon exposure of HKUST-1 to ammonia
there was structural deformation which was observed by both analytical methods. In the cases of
CP0O-27-Co and Ui0-67, however, there were effective demonstrations of the information that the

dielectric measurements can collect that the neutron powder diffraction method could not.

Flow OF
NO, Ar ND A
- - - e . . o

1 3

A B C D |

4 11 4

0 b‘ \ 125

YA \ :

{ " \ / |
-1t / 12 =
¥ | < | 2
|| ’ : .. =
& .2} 18 €
5 | I
z | s
€ .3 1
20 |
e | || | &
~a i : : j0s ©

’|\ ' ;
| ‘
" Y 10
| Froguency |
— BaNSwWaM !
e bttt bttt ~ 05
LY 2 “ 6 8 10 12 14

Time (hours)

Figure 16 showing frequency and bandwidth over time. Frequency is proportional to the e' value of the system and bandwidth
is proportional to the e" value of the system. A is the initial filling of the CPO-27-Co framework with NDs. B is was then the
ND;s is displaced by a flow of argon. C is the refilling of the framework with NDs and D is the second displacing of NDs with

argon. Reproduced from M. Barter et al..*®

An example of the information provided from the dielectric measurements is shown by period A on
Figure 16. Upon exposure to ammonia, a peak was observed for the frequency and bandwidth, but
the powder diffraction Bragg peaks remained unchanged. The powder pattern suggested there was
no structural change, meaning that what the dielectric measurement was observing a process specific
to the ammonia gas molecules. They proposed that as the ammonia content was increasing in the
framework the dielectric loss was increasing (the bandwidth), as expected. At a certain point, the
ammonia molecules began making hydrogen bonds with each other inside the framework forming a
network of ammonia molecules. The hydrogen bonded ammonia molecules loss of freedom resulted

in a smaller contribution to the dielectric loss, observed as the fall in the peak.
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In the case of UiO-67, no complex mechanism was observed. However, upon flushing with argon, the
frequency failed to return to the original value before being exposed a second time with ammonia.
This is indicative that ammonia was strongly bound to the framework in some way (either coordinated
to metals at defect sites or hydrogen bound at metal clusters) and was unable to be removed via

flushing with argon.

In summary, the nature of the data provided by these dielectric measurements do not provide
crystal-clear conclusions (unlike a SCXRD experiment), but rather provide subtle bits of information

that would have been otherwise missed and allow for the beginning of new investigations.

1.3 Scope of Thesis

This thesis details the pursuit of two separate research aims. The primary goal was to synthesise a
spiropyran-based framework that responds to light stimulus (which is discussed in chapters 2 and 3).
The second goal was to design and test an in-situ analytical technique capable of studying the
separation mechanisms of metal-organic frameworks (which is discussed in chapter 4). The two goals
are linked by the desire to monitor the photoswitching of the metal organic frameworks with this

analytical technique, but this was ultimately beyond the scope of the project.

Chapter 2 focuses on the design and implementation of synthetic routes for the spiropyran ligands
themselves. There are 10 novel ligands in total which were successfully synthesised, chiefly utilising
N-bromosuccinimide and Suzuki-Miyaura cross-couplings to functionalise spiropyran molecules with
N-heterocyclic moieties. This chapter also discusses the characterisation of the photoisomerism of
these ligands studied via UV-Vis absorption spectroscopy, and the effects of the type of N-heterocyclic

functionalisation upon the electronics of the molecules studied via *H NMR.

Chapter 3 focuses on the synthesis of the metal organic frameworks utilising the spiropyran ligands
synthesised in chapter 2 and a co-linker. It discusses the synthetic attempts and the factors affecting
the success rate of synthesising such a material, of which three different frameworks were successfully
synthesised incorporating the spiropyran moiety and a fourth novel framework which does not
incorporate a spiropyran moiety was produced serendipitously. This chapter also discusses the

challenges of characterising these spiropyran-based frameworks.

Chapter 4 details the utilisation of microwave cavity perturbation theory to provide in-situ analytical
data of MOFs as stationary phases in molecular separations. It begins with studies of MIL-53(Al) and
UiO-66 loaded with several different compounds, varying in electronics and sterics. The chapter
continues by describing the implementation of a flow system that studies the ability of UiO-66 to

perform in the industrial separative processes involved in xylene and styrene production.
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Chapter 2. Synthesis of spiropyran ligands

2.1 Introduction

Before we can begin to design the metal organic framework, we must first design a suitable linker. We
aimed to design a pillar-layer MOF (discussed further in chapter 3), typically the layer linker is
functionalised with carboxylate groups and the pillaring linkers are functionalised with
N-heterocycles.! We desire to use a spiropyran ligand as a pillaring linker therefore the first step is to
design a spiropyran linker with N-heterocycles attached. This chapter will discuss the obstacles in
synthesising these ligands followed by characterisation of these ligands which will not only benefit the
further work involved in designing the MOF but also have wider contributions to the research

community concerning these photoactive molecules.

2.1.1 Spiropyran Synthesis
There are two common methods of synthesising the spiro- centre in molecules. The simpler of the two
is to condense a methylene base with an o-hydroxy aromatic aldehyde. There is the risk of a side

product in which the desired product condenses with the indoline again (See Figure 17).

Figure 17 Condensation of a salicyl aldehyde with Fischer’s base to form spiropyran and by-product.

Formation of the side product can be reduced by reacting the quaternary indolenylium salt with the
salicyl aldehyde with the addition of an organic base (typically piperidine).? The second way is to
condense the o-hydroxy aromatic aldehyde with the salt of the heterocyclic cation which contains
active methylene groups and isolation of the intermediate styryl salts followed by an acidic work up

(typically perchloric acid) with organic bases (often dry ammonia in solution of benzene or ether). 2

0
[ HCIO, NH; O —
+ / —_— —_—
N® o AcOH N O Q
OH \ \

ClO,

Figure 18 Condensation of salicyl aldehyde with the conjugate acid of the Fischer’s base.

As the use of perchlorates and ammonia require more care and precaution, this method is less

preferable.?
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2.1.2  Spiropyran functionalisation

The main concern when functionalising spiropyran molecules is the spiro-centre. There is a chance
that each time the spiropyran isomerises to the open form, it may cleave at the spiro centre into its
indoline and chromene fragments.>* This issue is compounded by the fact that the isomerisation does
not only occur through photolysis, but can also be triggered by the solvent polarity, pH and mechanical
stimulus.®> As we discussed earlier, the relaxation of the merocyanine back to the closed form is
encourage by thermal stimulus. Most reactions require heating to progress, therefore when a
spiropyran is used as a reagent, it is exposed to constant heat and any other stimuli present in the
reaction mixture, encouraging rapid cycling through the open and closed isomers and reaching fatigue

much quicker.

D. Williams et al. coupled pyridine functionalities to a brominated dimer and a monomer of the
spiropyran using a Castro-Stephens/Sonogoshira protocol (see Figure 19).%’ They were quite low
yielding, interestingly the dimer did not have a significantly lower yield than the monomer. The
authors do not go into any great detail as to what causes the low yield as it was not the focus of the
publication. Key details of the reaction that may have negatively impacted the yield is that the reaction
was done at 120°C which may have caused the spiro-centre to fatigue rapidly. DMF is a very polar
solvent and would encourage the open merocyanine isomer to form during the reaction. The use of
copper chloride may have also sequestered some of the reagent, as the merocyanine is well
documented to have a strong binding affinity with bivalent transition metal cations. Cu®* specifically

can cause homocoupling between spiropyrans though its precise mechanism remains unclear.?

— N
5
O,N Q d N Pd(PPh;),Cl
I g cucl
N32CO3
120°C 17% N
DMF

Pd(PPh3),Cl,
CuCl
N32003
120°C
DMF

15%

Figure 19 Cross-coupling employed by D. Williams et al. to functionalise two spiropyran molecules with pyridine rings.
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J. H. Lee et al. demonstrated a Suzuki cross-coupling method for iodinated forms of spiropyran. Initially
they aimed to cross couple with the iodinated salicylaldehyde and perform condensation afterwards
as this avoids the complications of designing reaction conditions suitable for spiropyran, but the yield
was too low due to an unidentified side product that kept forming as the major product. Both
mono- and di-substitutions using phenylboronic acid were performed with decent yields. They applied

this method to a wider scope of substrates which had adequate yields (see Figure 20).

HO\ /OH

B

R

Pd(OAc), (5 mol%)
Na,COj; (2 equiv.)

DMF
80°C
1-4hrs
R =
89% OHC § 86% OCHj,4 § 89%
NH,
Cl % 79% % 86% 95%

S o)
@—% 41% % \ 71% H3CH,CS § 79%

Figure 20 Suzuki cross coupling reaction by J. H. Lee et al. with associated yields.

The reaction was performed at 80°C which may be more accommodating for the spiro-centre than
the conditions used by D. Williams et al.. As previous, DMF was also used here, perhaps demonstrating

that the solvent polarity does not have a significant effect on the yield.

The coupling seems more successful through iodine than bromine, as expected with Suzuki couplings
due to the extra lability of the iodine atom. We must also consider the ease with which these
halogenated spiropyrans are obtained. There are plenty of high yielding examples of spiropyran

molecules functionalised with iodine on the chromene fragment.®™!
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X = H (85%)
X =CI (89%)

Figure 21Y. Cho et al. synthesising two iodinated spiropyran molecules in high yields.1!

Typically, functionalisation on the chromene fragment occurs before the condensation reaction that
forms the spiro centre, as it is easier to prepare the salicylaldehyde with the desired functional group
rather than specifically target the site on a spiropyran molecule. The indoline fragment is quite
susceptible to electrophilic attack (particularly at position X in Figure 21). As far as we know, there are
no examples in the literature of a spiropyran molecule functionalised on the para-position to the
indoline with an iodine atom. Conversely, there are plenty of target-specific bromination examples
using spiropyrans.®*?!* There may not be any good reason for this, it is quite possible that its simply

down to cost effectiveness (brominating agents are typically cheaper than iodinating agents).

NBS (1 mol eq )

O NBS(1moqu)
& (o

CHCls CHCly
I, V, VI IV, VI, VIl 60% from pathway Il
o 97% from pathway VII
0,
ILIVR=R=H V' 77%
V. VIR =Br, R'=H VI 93%
‘ R VIl 77%

VI, VI=R=R'=Br

NBS (1 mol eq.)
—_——

CHCl,

Figure 22 Synthetic scheme for bromination of indoline fragment with associated yields achieved (top). Phenanthridine
derivative of spiropyran which restricts attack to the chromene fragment, only the dibrominated product was obtained, no

mono-brominated species were identified (bottom). Reported by Zakhs et al..12

In summary, the optimal synthetic strategy that takes into account difficulty of synthesis and
cost-effectiveness is to brominate the salicyl aldehyde, then perform the condensation that forms the
spiropyran which will then direct electrophilic attack to the indoline ring, from here we can selectively

build a variety of regioisomers utilising Suzuki cross-couplings.

Spiropyran properties
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As discussed earlier in chapter 1, spiropyran is an interesting photoactive molecule due to its two

isomers having vastly different properties.

CLX 0 =
N O O Vis/A

\

Figure 23 Photoisomerism of spiropyran (left) ring opening to form the coloured merocyanine form (right). Reverse reaction

typically occurs through thermal relaxation/visible light.

The wavelengths at which the forward and reverse reactions occur can be tuned by several
modifications of the molecule. Commonly, the position para to the C-O spiro bond is modified with
nitrobenzene which gives the open form more stability and results in a bathochromic shift for the

chromene fragment absorption band.®

Crystals of spiropyran are typically resistant to photoisomerism due to the crystal lattice restricting
the movement of the photomolecules. M. Suzuki et al.** demonstrated how the physical state of a
spiropyran molecule (see Figure 24) affected its photoresponsivity. The lifetime of the open form was
reported to be 90 seconds in the solid state as opposed to 50 milliseconds when dissolved in ethanol

as a solution.®®

Figure 24 1,3,3-trimethylindolino-8-naphthopyrylospiran molecule studied by M. Suzuki et al..1*

Although it is difficult, it is not impossible for the photoisomerism to take place when the spiropyran
isinasolid lattice. Asahi et al. demonstrated that with a strong enough light source (sufficient fluence),
in their case a pulsed laser, they can force individual molecules in the lattice to isomerise.’® The
interesting part of their findings was that by isomerising one molecule, there is a coupling effect where
molecules adjacent to the isomerised molecule are more likely to isomerise. The localised ablation
with a laser increases absorbance and the isomerism creates some extra space round adjacent

molecules encouraging further isomerism to occur (See Figure 25).
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Figure 25 Schematic illustration of the cooperative photochemical reaction model adopted from Asahi et al..
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16 The open

circles represent the ground-state spiro isomer, the filled ones represent the S1 states and/or the nonplanar open forms, and

the filled rectangles represent the trans-planar photomerocyanines.

2.2  Aims

To synthesise a library of ligands containing the spiropyran moiety, functionalised with

N-heterocycles to be effective MOF linkers. The photoactivity of the spiropyran ligands will also be

characterised to allow for comparison and observe how minor changes can affect this property.

2.3 Results and discussion

The general syntheses of the heteroleptic and homoleptic, N-heterocycle substituted spiropyrans are

shown in Figure 26. 3a, 3b, 3c are the homoleptic di-substituted spiropyrans and 6a and 6b are the

heteroleptic spiropyrans. While the synthesis of 6a was attempted from precursor 5b, unfortunately

no successful outcome was achieved. The successful syntheses of the rest of these molecules are

discussed in this section.
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HO, OH

o)
Br ‘ _nes B 1 Ri
OH EtOH N © Br CHCI N O Br  Pd(dppCl, (dppf)Clz N© Ry

Reflux
24 hrs 1 (92% 3 days (57%) Dloxane HZO (4:1)
HO. OH Pd (dppf)Cl, N2 3a R, = 4-pyridyl (40%)
B’ K3PO4 3b R, = 3-pyridyl (18%)
R, Dioxane’:\‘HZO (4:1) 3¢ Ry = 5-pyrimidyl (25%)
2
Br _ HOB,OH Ry _
— NBS O R3 O
\ 2 CHCh 5x Pd (dppf)Cl, 6x
x 3 days _ KsPO,
Y Dioxane:H,0 (4:1)
4a R, = 4-pyridyl (77%) 5a R, = 4-pyridyl (95%) N, 6a R, = 3-pyridyl, R = 4-pyridyl
4b R, = 3-pyridyl (31%) 5b R, = 3-pyridyl 6b R, = 4-pyridyl, R3 = 3- pyridyl (18%)
4c Ry = 5-pyrimidyl (54%) 5¢ R, = 5-pyrimidyl (80%)

Figure 26 Scheme for synthesis for hetero/homoleptic spiropyrans.

6-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline] (1) was formed by the Fischer’s base
condensation (see Figure 17). As this reaction was high yielding (92%), we believed this method to be

sufficient and saw no reason to investigate the other synthetic routes (see Figure 18).

2.3.1 Electrophilic Aromatic Bromination of Spiropyran

Molecule 2 is well established in the literature’? and, when used in a cross-coupling reaction, could
lead to suitable pillaring linkers for our framewaorks. The simplest and most common pillaring linkers
tend to be linear, rigid and symmetrical. Having said that, there are many examples of asymmetric and
flexible pillaring linkers being used in metal-organic frameworks, however they tend to lead to
interesting and, often, unpredictable topologies.'” Spiropyran is both asymmetric and bent; the angles
between the points of extension of the phenyl rings of the photoactive cores (see Figure 27) and the
spiro centres typically range from 129 to 141°.!8 This kink in the spiro core means homoleptic
functionality (e.g. compounds 3a-3c) of spiropyran will usually result in non-linear directionality of the
consequential metal-linker bonding. Heteroleptic functionalisation (e.g. compounds 6a and 6b) may
provide a more linear pillar and therefore be a more successful pillaring agent with a more consistent

topology.
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3a

3b

6b

Figure 27 Lowest energy conformations for the free ligands 3a 3b 6b, calculated by the MM2 method on chem3D. Nitrogen
(blue), oxygen (red), carbon (grey), hydrogen (white), lone pairs of electrons (pink).

Performing a cross coupling reaction using 2 and two different boronic acids would produce our
desired targets however it would also result in 3 other possible stereocisomers which would be very
difficult to purify and provide very little control over the stereospecificity of the products. The logical
solution is to brominate a spiropyran that has already been functionalised on the chromene side. The
nitrogen on the pyran fragment of 2 directs electrophilic attack to the para position providing
regiospecificity,’? we see no presence of any other regioisomers in the NMR data (see S1 for raw data).
The molecules we wish to brominate contain N-heterocycles. Electrophilic attack on N-heterocycles
tend to have reduced activity due to the electron-withdrawing effect of the nitrogen as well the ease
to which N can gain a positive charge.'® There are still other sites on the spiropyran molecule where
bromination can occur. Zakhs et al. reported the likelihood of bromination is as follows: Bri>Br=Brp,
for molecule 2.1% (See Figure 28.) Steric hindrance could reduce the likelihood of bromination to occur

at the Br. position for molecules 4a, 4b, 4c but Br, should still be the preferred bromination site.
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Figure 28 Possible bromination sites. Br; is the primary bromination site with the nitrogen directing electrophilic attack to the

para position. Br. and Bry, are possible sites to which overbromination can occur.

NBS is an ideal bromination agent as it can work at room temperature and therefore the rate of
reaction can be more easily controlled, also due to the insoluble nature of NBS it provides a low active
concentration of the brominating agent at a time, further reducing the chance of over-bromination.
Our initial approach was to mix mono-brominated 1 with an excess of NBS at room temperature in
CHClI; for 3 days. In the synthesis of 2 this results in a 57% yield (Table 1) but heating to reflux increased
the yield of this dibrominated product to 81%.

Target Molecule Yield

Br —
2 O N0 B 57% (81%)

Br —
5a O N 5 —\ 95%

7

/)

Br.

o —N
5b 47%
o 4y ’
Br: —
> Ly
\

80%

Table 1 Bromination targets and their yields. 2 yield at ambient temperature (yield when under reflux)

Heating the reaction would encourage over-bromination, but in cases where bromination would not
take place at room temperature, this could provide just enough activation energy for the reaction to

occur. For all bromination experiments, after 3 days an NMR and an MS sample would be taken to see
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if any bromination had taken place. Initially if only the starting material was present, to try and force
the reaction, it was put under reflux. This was often a last resort, as over-bromination was a major
risk. Even if there was still the desired product in the reaction, purifying the mixture was too difficult.
An effective eluent system was not found that could separate the brominated products by
chromatography; bromine is a very weak electron withdrawing group therefore the overall polarity
was not significantly affected. This also made finding a suitable set of recrystallization conditions also

too difficult.

The only case where heating the reaction improved the yield was synthesis of 2. In all other cases
there was significant over-bromination, making the product unrecoverable. In the cases of 5a and 5c,
the reaction took longer: 5 and 7 days, respectively. Unexpectedly the presence of pyridine and
pyrimidine seemed to enhance the overall yield. There should be minimal effects to the electronics of
the molecule, as the chromene fragment’s m-system is not conjugated on the pyran fragment’s
m-system, ruling out any mesomeric effects. The inductive effect would be reduced by at least 10
chemical bonds of separation. There was no sign of over-brominated products when synthesising 2,
thus the sterics of the N-heterocycle does not seem to matter when it comes preventing attack on the
chromene fragment and if anything should have reduced the overall activity very slightly. This
reactivity difference is not yet explained; all molecules displayed similar solubilities and there was no
clear evidence of merocyanine being formed during the reaction (i.e. no apparent colour changes

during the reaction and nothing indicative in the NMR spectra).

Bromination of the Fischer’s base was also investigated, as performing the cross-coupling before the
spiro-center had formed may improve the overall yield, removing the risk of spiro-center cleavage
during the coupling process and allowing for harsher coupling conditions to be used. This method
would also avoid any of the zwitterionic MC form being sequestered from the reaction by binding with
any metal salts present in the reaction. Unfortunately, the bromination reaction would not go forward

at room temperature or under reflux.

2.3.2  Suzuki cross couplings

The cross-coupling reactions of N-heterocycle boronic acids and brominated spiropyrans were
performed using Suzuki-Miyaura methods. This section first discusses finding the optimal Suzuki
conditions for coupling 4-pyridyl boronic acid with 2 over 2 positions. Then using this method,
discusses the nuances of applying this method to synthesising the other Suzuki products. During the
optimisation of synthesis of 3a a big issue was the work up and purification rather than the reaction

conditions tested, so the purification process will be discussed first.
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2.3.2.1 Method Development: Work up and purification

The N-heterocyclic products can cause challenges in purification as pyridine is typically soluble in most
solvents, which presented challenges in finding suitable recrystallisation conditions. Column
chromatography is often the preferred alternative; however the spiro-containing compounds can
interact with the acidic silica. We established that the addition of triethylamine significantly improved
the transit of products through the column and hence the final recovered yield (Table 2, first three
entries). Triethylamine is added to neutralise the plate, to stop the pyridine moieties from adhering
to the silica, but there is still a peculiar separative effect observed by TLC which suggests multiple
different compounds present (Figure 29). The separation was also attempted using Alumina TLC

plates, unfortunately no separation occurred.

e o |R=083

* |R=060

e |Ri=036

® |R=030

--1---e--1R.=0.00
SM RM

Figure 29 TLC Left: Sample of starting material 2. Right: Cross coupling reaction to form 3a. Sample taken from crude

product after following all purification steps before column chromatography.

The presence of several spots could be explained by spiropyran opening and closing while travelling
through the silica, which causes varied separation. When removed from the acidic environment and
put in CDCl; (neutral, organic media) the ring closes to form the common compound. Due to this
interaction, monitoring the reaction progression via TLC was challenging as the only compounds that

could be monitored effectively by chromatography were starting materials 1 and 2.

The severe drop in yield for 3a, 3b and 3c could be explained by being unable to track the second
coupling and therefore these reactions may have not reached completion. Separating the starting
material 1 (which has no N-heterocycle functionality) from products 4a, 4b and 4c is relatively trivial.
In the case of 6b it is difficult to separate the starting material (4a) from the product and in the cases
of 3a, 3b and 3c the difficulty is the products being separated from the intermediates (5a, 5b and 5c¢

respectively).

Fractions: R¢= 0.30, 0.36, 0.60 all produce the same NMR spectrum suggesting the target product 3a.
R¢= 0.6 was a brown/yellow solution while R¢ = 0.36, 0.30 produced a bright pink colour. The MS of all

three samples had a peak at 676.26 which has an isotope distribution that suggests it contains iron in
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some form. An iron species would explain the pink solution as opposed to the yellow/brown we would
expect. We can assume that since nothing was observed in the NMR spectrum, the iron species is
either paramagnetic (high spin) or simply not present in a significant enough quantity to be
observable. As the NMR could not observe the iron species and the MS is neither quantitative nor able
to distinguish between regioisomers, we can only speculate as to what extent the contamination is
and the nature of the complex. Iron contamination could act as a poison for the ligands or affect the
MOF synthesis in some unforeseen way, therefore we sought to remove it. The water solubility of Fe?*
complexes and the water insolubility of spiropyran made an ethanol-water recrystallisation an ideal
choice.>?® It would also remove any pyridine that was present as a by-product of using 4-pyridyl
boronic acid. Confirmation of the removal of the iron species was afforded via the absence of the peak

in the mass spectrum.

2.3.2.2 Method Development: Synthesising 3a

The usual difficulties of cross-couplings involving N-heterocycles are also combined with the
challenges of working with spiropyrans. The reaction conditions can trigger isomerisation of the
spiropyran to form the merocyanine form and possibly complex with any metal salts present, with a
particular preference for metals with 2+ oxidation states.? A further challenge is the fatigue
associated with spiropyrans, discussed earlier. By being exposed to any conditions that would trigger
the opening of spiropyran (e.g. light, solvent polarity, pH, metal ions) as well as the closing of
merocyanine (i.e. heat), the molecule will continuously cycle through the open and closed form. By
repeatedly opening and closing, the likelihood that the molecule cleaves is increased and hence the
rate of degradation of the spiro-core increases.?? This phenomenon adds a limitation on the reaction
temperature and time. The experiments were done at 80°C and usually for a maximum of 24 hours
(or 48 hours if done on a 5 g scale to ensure completion). The first three entries in Table 2 show
examples of syntheses without triethylamine in the workup (see above) and hence do not represent
fairly the efficacy of the Suzuki-coupling conditions trialled. The rest of Table 2 describes the reactions
in which triethylamine was employed in the purification and compares different combinations of the
type of base used, the solvent media and the palladium catalyst. All solvents were mixed with water
(solvent:H,0 4:1) as it has been reported that anhydrous conditions can cause poisoning of the

palladium catalyst.?

Sample Catalyst Base Solvent Yield Notes

[phosphine ligand]

3a Pd(P(Ph)3)4 K>CO3 DME - No NEts

3a Pd,(DBA);3 K2COs Toluene 1% No NEt;
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[P(t-Bu)s]
3a Pd,(DBA)3 Na,COs; Toluene 10% No NEt;
[P(t-Bu)s]
3a Pd(dppf)Cl, Na,COs DME 38%
3a Pd,(DBA)3 K2COs Toluene 43%
[P(t-Bu)s]
3a Pd,(DBA)3 NaOH Toluene -
[P(t-Bu)3)
3a Pd,(DBA)3 KsPO4 Toluene - 25¢g
[P(Cy)s]
3a Pd(dppf)Cl, KsPO4 Dioxane 40% 5g scale
3a Pd,(DBA)3 K2COs Toluene - 5g scale
[P(t-Bu)s]
3b Pd(dppf)Cla K,COs DME 5%
3b Pd,(DBA)s K.COs DME 27%
[P(t-Bu)s]
3b Pd,(DBA)3 K3POg4 Dioxane - 100°C
[P(Cy)s]
3b Pd,(DBA)s KsPO4 Toluene - 2.5g scale
[P(Cy)s]
3b Pd(dppf)Cl, KsPO4 Dioxane 18% 5g scale

Table 2 Optimisation of 3a and 3b synthesis. Catalyst loading was 5 mol% per position (i.e. 10% for 2 positions), 2.4 mol
phosphine ligand: 1 mol Pd catalyst, boronic acid added in excess. All solvents were mixed with H;0 in a 4:1 ratio. Unless

stated otherwise; temperature: 80°C, the limiting reagent (compound 2) was 0.5 g.

The 3/4-pyridyl and 5-pyrimidyl boronic acids are typically unreactive in Suzuki conditions and they
fall into a research area receiving a lot of recent attention due to the prevalence of N-heterocyclic
moieties in target drugs for the pharmaceutical industry.?* One issue is the stability of the N-
heterocyclic boronic acid. During cross coupling the boronic reagents can undergo protodeboronation
while also exhibiting low reactivities.?>?® Another issue is the potential binding of the N-atom on the
heterocycle to the palladium catalyst, which can poison the catalyst and render the substrate
inactive.?”?8 There are various methods of circumventing this issue, such as functionalising with
sulfinates or cross-coupling with the N-oxide instead of the pyridine.?®2° The main issue with most
Suzuki couplings is that the optimal conditions vary from substrate to substrate and therefore have to

be dealt with on a case-by-case basis. A common strategy for optimising synthetic routes in industry
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is to screen a variety of different catalysts, as the bite angle of the phosphine ligands is a key
determining factor in how well the substrate binds to the palladium.?! So this simple strategy was
applied to our issue and a range of different phosphine ligands were tested. The typical choice of
catalyst for Suzuki cross couplings is Pd(PPhs)s,3? however it is reported to be a poor catalyst for
N-heterocyclic boronic acids.3® As expected, when we tested it in the synthesis for 3a it failed to react.
P(Cy)s when combined with Pd,(DBA)s has also been reported to be successful when coupling N-
heterocycles.?® Another popular phosphine ligand is P(t-Bu)s,®* which we combined with Pd,(DBA)s.
This catalyst achieved our highest recorded yield, 43%. The downside was that when scaled up by a
factor of 10 (5 g) there was no reaction. Pd(dppf)Cl, was shown to work almost as well as P(t-Bu)s (40%
yield), which was consistent on scale up with no appreciable loss in yield. On a larger scale keeping an
inert atmosphere was more difficult to maintain. The better scale up outcome of the Pd(dppf)Cl,
complex is most likely due to the ferrocene ligand being more robust to the effects of oxygen than
the more labile Pdy(DBA); /P(t-Bu); system.*® With a more rigorously controlled air-sensitive
environment, Pdy(DBA)s; with P(t-Bu); would probably be the ideal catalyst-ligand pairing as it is
quicker and higher yielding, although the more robust Pd(dppf)Cl, conditions were only 3% lower

yielding. In order to achieve consistent results, Pd(dppf)Cl; was chosen as the catalyst going forward.

Selecting the appropriate base can make a big difference to the yield, depending on how it influences
the boronic acid—borate equilibria (which is dependent on the boronic acid’s pKa) and therefore how

t.3¢ The strongest base attempted, NaOH, caused the

much of the active reagent (borate) is presen
spiropyran to cleave before the coupling could take place. The significantly weaker bases, K,COs and

Na,COs, were able to perform in the reaction however highest yields were recorded with K3PO,.

The standard solvent system used throughout industry is toluene:H,0, however in an attempt to
improve the reaction rate without altering the temperature, coordinating solvents such as
dimethoxyethane (DME) and 1,4-dioxane were used, since they have been reported to increase
stability at cost of reactivity.” The cost to reactivity can be solved by adding more catalyst; the 5-10
mol% is already more than enough to mitigate the loss in reactivity from use of coordinating solvents.
The trial experiments in Table 2 didn’t show a clear improvement of yield when using either dioxane
or DME, but neither did they show significant negative impact. Therefore, given the potential benefits
of using either of these solvents in other cases, they were used for all subsequent syntheses in

conjunction with water (4:1).

2.3.2.3  Cross couplings of N-heterocylic
Although optimisation of the synthesis of 3a and 3b may not be the optimal conditions for the rest of

the target molecules, they are conditions that have been able to accommodate for the fragility of
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spiropyran while also still providing an environment where N-heterocyclic boronic acids can react.

Table 3 shows the respective yields for each target molecule using the conditions described previously.

No. of positions coupled Target Molecule Yield

4a 1 77%
4b 1 31%
4c 1 54%
6b 1 18%
3a 2 40%
3b 2 18%
3c 2 25%

Table 3 Cross-coupling products and the respective yields

We would expect that coupling one position will produce a higher yield than coupling two positions.
Suzuki couplings using 1 and 2 as starting materials follow this trend, however 6b was among the
lowest yielding. The second factor to consider is the reactivities of the different boronic acids. 4-pyridyl
boronic acid, possessing the most nucleophilic character, should be the most reactive and should
provide higher yields while 3-pyridyl boronic acid, having the least nucleophilic character is the least
reactive and provide the lowest yields.?” 3a, 3b, 3¢ do follow this trend and 4b was far lower yielding

than 4a and 4c. 3-pyridyl boronic acid is significantly less reactive than the other boronic acids. It may
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be possible to improve the yield with further optimisations but the established unreactivity of
3-pyridyl boronic acids suggested the potential yield gained from doing so would not be enough to
justify pursuing this further. These factors do not account for why 3b and 6b have the same yield,
substitution of the 3-pyrdiyl boronic acid at two positions should be lower yielding than one position.
Itis established in the literature that Suzuki couplings are lower yielding when halogenated substrates
also contain N-heterocycles.3® We could speculate that when coupling over two positions, the actual
loss of yield is due to the mono-coupled intermediate hindering the reaction, rather than it simply
being a case of the reaction had not reached completion and unable to track the product and

intermediates separately (see Figure 30).

Figure 30 Scheme demonstrating the possible intermediates when synthesising 3a during the cross-coupling process.

2.3.3 Ligand Properties

2.3.3.1  Study of proton environments using NMR

This section looks at the substituent effects on the proton environments in the spiropyran molecule
via 'H NMR spectroscopy. First, we make a direct comparison of N-heterocycle substituent effects on
the chromene fragment. This is followed by comparing the effects of brominating the indoline

fragment. Finally, we compare the N-heterocyclic substituent effects on both fragments.

R =H, Br
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Figure 31 The spiro-core relevant to study with the relevant protons highlighted.

Figure 32 Full 1H spectra of 4a, 4b and 4c in CDCls.

Figure 32 shows the full spectrum of 4a 4b and 4c. Protons in the 7-8 ppm region overlap and are
not readily differentiated. Thus, for a comparative study of proton environments we shall focus on
the regions 7.0-5.5 ppm and 3.0-1.0 ppm. (Trace amounts of solvent (acetone and water) are visible

in this region but do not significantly affect the analysis herein)

Hx Hg/h Hg/n

4c

70 69 68 67 66 65 64 63 62 6
f1 (ppm)



Figure 33 Expansion of 1H NMR spectra of 4a, 4b and 4c in CDCls. Dotted lines show peak centres for the appropriate peaks

and are added to demonstrate the shift between NMR spectra 4a, 4b and 4c.

Molecule | H, & (ppm) Hs 6 (ppm) Hc & (ppm) Ha & (ppm) Hk 6 (ppm) He/n 6 (ppm)
4a 6.935 6.825 6.552 5.774 2.762 1.335/1.194
4ab 6.930 6.823 6.548 5.763 2.765 1.339/1.192
4c 6.938 6.859* 6.554 5.793 2.765 1.336/1.195

Table 4 Comparison of peak positions of proton environments Hg ¢ q,q/m for molecules 4a, 4b and 4c.. *Due to overlapping

of peaks in 4c spectrum, there is reduced accuracy regarding these values.

The effects of the position of the nitrogen on the electronic distribution around each molecule can be
considered in terms of mesomeric and inductive effects (Figure 34, Figure 35). Experimentally these
can be observed by directly comparing 4a and 4b. The details for selected protons are shown in Table
4. In the case of 4b, we assume the selected protons will not be affected by any mesomeric effects
relating to the pyridine moiety since they are not conjugated to that group. Conversely, for molecule
4a, we anticipate mesomeric effects on the adjoining benzene ring, causing shifts for protons H; and
H; (not distinguishable in the spectra due to peak overlap) and smaller effects on protons H,, Hy, and
Hq by proximity. Hyis located in the meta position to the pyridine moiety and experiences negligible
shift when compared with its equivalent proton in 4b, which is also expected as the resonance forms
do not apply/take away any electron density to this position (Figure 35). H, and Hq see a measurable
shift upfield (0.005 ppm and 0.01 ppm respectively) when comparing 4a to 4b. This is a surprising shift
as the mesomeric effects from the pyridyl molecule should not extend to the double bond where the
proton environments Hq and H, are found. Protons found on the indoline fragment (Hc, Hg/n, Hk) have
negligible peak shifts (<0.005 ppm) between these two molecules and are relatively unaffected by the
position of the nitrogen on the heterocyclic fragment. This is to be expected as the inductive effect is
going to be negligibly small when the atom is 10+ bonds away, and since there is no conjugation
between the chromene and indoline fragments the mesomeric effect does not extend to the indoline

fragment.

Comparing 4b and 4c (3-pyridyl and 5-pyrimidyl respectively), allows us to observe the changes
directly caused by the inductive effects of the additional nitrogen atom, as mesomeric effects will not
extend beyond the N-heterocycle. The methyl proton environments located on the indoline fragment
(Hgm and Hy) were largely unaffected, as we would expect from an environment 10+ bonds away.
Unexpectedly H. saw a shift of 0.008 ppm downfield in 4c, which is even further away from the
pyrimidine moiety than Hx and Hg/n. Hp on the chromene fragment exhibits a shift of 0.036 ppm; even
when accounting for the lack of accuracy due to peak overlap, this is a significant shift in the context

of this study, although within our expectations due to its proximity to the pyrimidine moiety. As we
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saw when comparing 4a and 4b, H, and Hq in 4c show some unexpected shifts downfield (0.008 ppm
and 0.03 ppm with respect to 4b), and the protons located on the double bond seem to be very

sensitive to any functionality on the substituent position we are varying.

Hi is observed as a ddd peak and seems relatively unaffected by the substituent present on the
chromene fragment. We concluded from this, electronically speaking, the bromination probability at
this position should be the same for molecules 4a, 4b and 4c in the subsequent bromination reactions

discussed above.

Benzene Pyridine
\ /
— | ]~ l|—| |
N N +N
Positive charge onN
¢ (have less contribution) ¢
| |
/
Distortion of electronic distribution
1.000 0.932
1.000 1.000 1. OGOI 064 O O
1.000 1.000 0.866 0.866
1.000 1.166 =22

Figure 34 Reproduced from Reddy et al.?? illustrating the electronic distribution around pyridine rings. Although there are two
possible resonance pathways, the scheme depicting a negative charge on the nitrogen is more dominant therefore the overall

effect is reduced electron density on the ortho and para positions in respect to the nitrogen.

Figure 35 Pyridine/pyrimidine moieties affect the electronic distribution around the rest of the spiropyran molecule. In the
case of 4-pyridyl substitution (4a, left) the mesomeric effects will extend to the adjacent benzene ring fused to the pyran. In

the case of 3-pyridyl/5-pyrimdyl (4b/4c, right), the mesomeric effects do not extend to the benzene ring.
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Figure 36 Comparison of peak positions pre/post-bromination.

Molecule Ha 6 (ppm) Hb & (ppm) Hc 6 (ppm) Hqa 6 (ppm) Hi 6 (ppm) | Hgm 6 (ppm)
4a 6.935 6.825 6.552 5.774 2.762 1.335/1.194
5a 6.940 6.819 6.409 5.739 2.727 1.304/1.184

The most obvious difference between the two spectra is that the ddd peak observed at 6.87 ppm (4a)
is not present on the brominated molecule (5a). As the substitution takes place on the indoline
fragment, we would expect the proton environments located on this fragment to be most affected by
bromination. Zakhs et al. stated they found bromination at the H, position (Br) or the addition of any
substitutents on the chromene ring did not affect the chemical shift of H,. Comparison of 4a and 5a
shows a shift of 0.04 ppm upfield. Zakhs et al. used a 60 MHz spectrometer for their measurements
and therefore would not be able to resolve this shift clearly to the same precision. Other proton
environments located on the indoline fragment also see shifts upfield upon bromination: H. shifts 0.15

ppm upfield and Hg also shifts 0.03/0.01 ppm upfield.

On the chromene fragment, the Hy, has a small shift upfield (0.006 ppm). The proton environments

around the double bond are again peculiar. H, is the one proton environment that we observe to have
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a small shift downfield as a result of the bromination but we see quite a large shift upfield for Hq of
0.04 ppm. Hq seems to be an environment that is quite sensitive to functionalisation of the spiropyran
molecule. The shifts in opposite directions for H, and Hg are indicative of a mesomeric effect
influencing their behaviour, which is also peculiar as the indoline fragment and chromene fragment
being orthogonal ought to significantly hinder orbital overlap therefore any mesomeric effects
resulting from the bromination were not expected to extend over the spiro centre. Another student
in the group calculated the electronic orbitals of 4a by DFT and found that i) the oxygen lone pair on
the chromene is involved in the m-system of the indoline and ii) the m orbitals adjacent to Hq and H,
areinvolved in the rt-system of the chromene and the rest of the chromene fragment. Selected orbitals

are shown in Figure 37.

Figure 37 DFT of ligand 4a displaying LUMO (top) and HOMO (bottom).

On the basis of these calculations, it is perhaps less surprising that H, and Hq can be visibly affected by

changes on the indoline side of the molecule.
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Figure 38 Expansion of 1H NMR in CDCl;s for 3a, 3b and 3c. Dotted lines show peak centres for the appropriate peaks and are
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added to demonstrate the shift between NMR spectra.

Molecule | Hi 6 (ppm) | Hpd (ppm) | Hc 8 (ppm) | Had (ppm) Hk & (ppm) Hg/m 6 (ppm)
3a 6.971 6.846 6.636 5.787 2.822 1.394/1.243
3b 6.961 6.868 6.639 5.782 2.817 1.396/1.245
3c 6.984 6.887 6.675 5.813 2.833 1.401/1.256

Figure 39 Schematic to demonstrate how functionalisation of the indoline fragment would affect the electronics of the rest

of the molecule. In the case of 4,4’-dipyridyl substitution (3a, left) the mesomeric effects will extend to the nitrogen atom of

the indoline. In the case of 3-pyridyl/5-pyrimdy (3b/3c, right), like 4b/4c the mesomeric effects do not extend beyond the

pyridine/pyrmidine ring.

Comparing 3a and 3b, we expect the mesomeric effect of the additional N-heterocycle to extend to
the nitrogen atom of the indoline fragment and cause a shift downfield in the case of 3a of the protons

of the adjacent ring (See Figure 39). In the case of Hi (located on the N-methyl), 3a is 0.005 ppm

downfield from 3b, which is what we would expect from the mesomeric effects predicted.
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The chemical shift for Hc is quite negligible when comparing 3a and 3b which is in line with what we
have observed so far as there is a slight shielding effect (Figure 34) on this position from the mesomeric
effect of 3a. The impact of substitution will be further diluted by the reduced inductive effect by the
nitrogen atom being one more bond further away in 3a versus 3b. Hg/n seem to be insensitive to which
stereoisomer of pyridine is present, as we saw in the case of 4a and 4b earlier. Hy, has a relatively
significant shift of 0.022 ppm from 3a to 3b, which is peculiar as the position of Hy hardly changed
between 4a and 4b, therefore this shift can be attributed to the functionalisation of the indoline
fragment. Furthermore, we have typically seen a downfield shift because of the 4-pyridyl moieties

when compared with 3-pyridyl however in the case of Hy the shift is upfield, raising further questions.

Surprisingly, Hq had a small upfield shift (0.005 ppm) when 4-pyridyl (3a) was replaced with 3-pyridyl
(3b). So far, we have observed Hq4 to be quite sensitive to functionalisation of spiropyran. When
comparing 4a and 4b and also in the case of 4a and 5a, in both cases this caused a significant chemical
shift. H, is also located on the double bond but has been less sensitive to change compared to Hyg in
previous examples, but in this case, there is a shift of 0.01 ppm; the first and only instance where the
position of the *H NMR peak of H, has been more affected than Hq. The electronics around the double
bond have been quite difficult to predict with basic fundamental knowledge but play an important

part in the ring opening and closing mechanism.

Looking at molecule 3¢, we can see whether the enhanced inductive effects of the additional nitrogens
have more of an influence than the mesomeric effects on the selected proton environments. For Hy
the shift when compared to 3b is even further downfield than that of 3a, suggesting the inductive
effects from the two extra nitrogen atoms from the pyrimidyl moities have a bigger influence on the
electronics of Hi than the mesomeric effect of 3a. The Hg has a bigger than usual shift downfield in
the case of 3¢ compared to 3a and 3b; so far we have typically observed this region to be quite
insensitive to changes in the electronic environment, with the exception of the brominated molecule
5a. The position of Hy, in 3c has shifted further downfield in response to the enhanced electron
withdrawing effect of pyrimidine, with the trend of 3c>3b>3a (in terms of Hy chemical shift) further
demonstrating that inductive effects are the major electronic influencer in this position. Counter-
intuitively, when comparing the functionalisation of just the chromene fragment, 4c>4b=4a which is
peculiar as inductive effects work better with proximity, yet functionalisation of the indoline fragment
seemed to have a stronger effect. H. has behaved in a similar fashion to Hy, though this is less

surprising as Hc is found on the indoline fragment.
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Finally, the alkenyl protons H, and Hg prove to be most sensitive to the change from pyridyl to
pyrimidyl functionality. It would be interesting to see whether the electronic effects of these proton

environments relate to the photophysical behaviour of the spiropyran molecules.

Although these shifts are discussed at length in this section it should be noted none of them are
greater than 0.2 ppm. We might therefore expect any differences in photophysical behaviour to be on
a scale that reflects these relatively small differences. Ideally, we would repeat the collection of NMR
spectra several times to have a better indicator of whether the observed shifts are genuine,
unfortunately this was not possible due to COVID-19. We would encourage the reader to treat this
section with a modicum of scepticism and anyone seeking to replicate the experiment to perform

repeat measurements.

2.3.3.2  Study of conjugated n-systems using UV-Vis spectroscopy

The ultimate aim for synthesising all of these spiropyran molecules is to be incorporated into a metal
organic framework, in the hope of synthesising a photodynamic material. To better understand such
photodynamic materials, it is important to study the ligands before being incorporated into the
framework, as it will help with the characterisation of any materials that may result from this. As such
we have studied each of the synthesised ligands using UV-Vis spectroscopy. A secondary aim of this
study will be to compare and contrast the different ligands and see how the energy requirements for

the photoconversion change according to the type of N-heterocycle substituent that is present.

One of the main absorption profiles under investigation relates to the chromene fragment’s m-mt*
transitions, typically manifesting as an absorption in the 323-351 nm range.*® Excitation of this
wavelength ultimately results in the breaking of the C-O bond and the formation of the merocyanine
form. It is well documented that extending the conjugated n-system of the chromene fragment allows

longer wavelengths of light to cause photoconversion.*!

The other peak that is key to understanding a ligand’s photophysical profile is the peak typically found
around 500-700 nm, which corresponds to the m-mt* transition of the conjugated merocyanine
molecule. Excitation at this wavelength often triggers the ring closing and reformation of spiropyran.*?
Spiropyran typically does not show significant photoconversion at ambient conditions and the open
form is typically short lived (microsecond scale).*® Studies of the merocyanine form are typically done
at or below 77 K to prevent the thermal back conversion.** In this work we are interested in the
absorption bands directly related to the opening and closing of the spiropyran isomer. We will be
ignoring the m-rt* electronic transition of the indoline moiety (usually found between 272-296 nm) as
it has been reported to have a negligible effect on the ring opening/closing photophysics of the

molecule.’
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2.3.3.2.1 Studying the effects of solvatochromism in ligand 3a

The well-documented solvatochromism of spiropyran led us to choose a selection of solvents to be
tested. We used our ligand 3a, which is exploited in multiple sections in this thesis, to determine what
solvent we should use for the rest of the study. We expect any functionality dependent bathochromic
or hypsochromic shifts to be on a small scale. To help with this characterisation we have also obtained
a UV-Vis absorption spectrum for when the sample has been kept in the dark at -20°C. The dark should
allow each solution to establish a new equilibrium between SP and MC without visible light forcing it
back to the SP form; the drop in temperature should also help reduce thermal back conversion. This

should allow us to identify the peak relating to the open form, if it is present at all (see Figure 40).*
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Figure 40 Solution state UV-vis spectra of molecule 4a. Top: Before recording spectra, solutions left at room temperature in

ambient light for 2 days. Bottom: Before recording spectra, solutions kept at -20°C in the dark for 2 days.

We chose dichloromethane, methanol, acetonitrile and DMF as the solvents to test our ligands in.
DMF was chosen because most of our MOF syntheses use DMF and therefore this gives us insight into
what state the ligand will be in during framework assembly. Methanol is also used in MOF synthesis
and is a good example of a polar, protic solvent. Acetonitrile was included because it is an example of
a relatively polar, aprotic solvent. Finally, dichloromethane was included as an example of an aprotic

and relatively non-polar solvent.

When the methanol and acetonitrile solutions are kept in the dark, the spectra change. Absorption at
longer wavelength (> 400 nm) appears to rise significantly although the band for the m-nt* transition
of the spiropyran form remains prominent (ca. 315 nm). The spectral profile in the visible region in
methanol looks like a rising sloped baseline. In acetonitrile, however, this rising spectrum looks more
like an absorption band. A rising baseline can be caused by the presence of particulates in solution or
condensation on the cold cuvette (however if it was condensation, we would likely see this rising
baseline for the spectra collected using DMF and DCM). There are therefore two possible reasons for
the changes observed. Firstly, chilling these solutions has caused the spiropyran molecules to
precipitate into a fine suspension. This is unlikely as the solutions were 0.01 mmol dm3 which were
made up by serial dilution of an unsaturated 1.0 mmol dm3 solution. Alternatively, the scattering is
representative of merocyanine formation which then forms aggregates causing significant scattering

(noisy data) and a rising baseline. The spectra recorded in acetonitrile display scattering in both
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ambient and dark conditions, causing a lot of noise in the lower energy region of the spectrum. This is
most likely a manifestation of the complex aggregation phenomena exhibited by these molecules (see

Figure 41).
SP(solid) = SP (solvated) = MC (solvated) = MC(solid)

Figure 41 Outlining the equilibrium present when spiropyran is in solvent media. E.g. The polar solvent acetonitrile, would
stabilise the polar MC form more than the non-polar SP form, in visible light however the MC form is being forced into the

less suited SP form, thus the SP form begins aggregating to better suit the environment.*>

This unusual equilibrium (Figure 41) can be observed in the synthesis of ligand 2, as the
recrystallisation using ethanol displays a slight delay upon dissolution of the crude material before the
white solid product precipitates. The second possible reason for the rise in visible absorption for
methanol and acetonitrile solutions kept in the dark is simply under those conditions a proportion of
the spiropyran converts in the polar solvent to the merocyanine form. It is perhaps therefore

surprising in DMF the same outcome is not strongly observed.

The spectrum acquired in DCM at ambient conditions is different to the others. The primary peak
maximum is observed at 387 nm, significantly lower energy compared with the spectra obtained in
the other solvents. This peak is observed in the non-polar aprotic solvent at ambient conditions, but
it is not present in the cold, dark conditions. We would not expect to see either the MC form or the
protonated MC form in this solvent. Although a protonated form of spiropyran exists, it is typically
observed to absorb near 220 nm.* Furthermore, Kortekaas et al. report that the protonated SP form
(SPH+) is not observed in aqueous media when the pH is greater than 0.5.%” The small amounts of HCI
that can form due to hydrolysis of dichloromethane (approximately 5-10 mg HCl per 1 kg DCM) is
unlikely to lower the pH enough to see the SPH+ form. Therefore, by process of elimination, this has
to be the protonated MCH+ species. However, why this is observed in DCM in ambient conditions but
not the dark is unclear and requires further investigation. In the cold dark solution, the primary

absorption peak is at 312 nm, consistent with the spiropyran form as observed in the other solvents.

Solvent | Peak positions recorded in | Peak positions recorded in the Relative Peak Shifts
ambient conditions (nm) dark at -20°C (nm) (nm)

CHsCN | 309 312, 359-484* +3, N/A

MeOH | 311, 395 320, 365-428* +9,-30-+33

DMF 316 312 -4

DCM 280 (shoulder), 387 312 N/A, N/A
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Table 7 Major peak positions recorded obtained from solution state UV-Vis spectra for ligand 3a. Directly comparing peak
positions recorded in the dark, at -20°C to ambient conditions. *Due to scattering, the exact peak position is not known, the

possible range of where it can be found is presented instead.

A closer look at the m-it* transition pertaining to the chromene fragment of the closed form shows
how the peak shifts in response to the environment (see Table 7). It has been shown that molecules
with a larger conjugated m-electron system like merocyanine can exhibit solvatochromism.* The
conjugated open form exhibits solvatochromism, therefore only this absorption band should show
significant shifts based on polarity and the m-m* transition of the SP form should be relatively
unaffected. In order of increasing polarity, the solvents are as follows: DCM < MeOH < CHsCN < DMF.*®
Our recorded peak positions show a small bathochromic shift in the SP chromene fragment’s
absorption band upon increasing solvent polarity (with the exception DCM) under ambient conditions.

In the dark this trend is not observed.

In summary, ligand 3a in acetonitrile aggregated significantly in ambient conditions and in
dichloromethane displayed unexpected behaviour. Methanol presented the clearest opportunity to
possibly identify multiple species (including the open form) and was chosen to test the rest of the
ligands for this reason. Substituent effects based on the functionalisation with 4-pyridyl/3- pyridyl/5-
pyrimidyl are anticipated in two ways: electronic impact on the m-it* transition on the chromene

fragment, and possible direct hydrogen bonding of the N-heterocyclic nitrogen.

The next logical step is to compare the ligands 4a, 4b and 4c, as these ligands serve as a good

comparison of substituent.

2.3.3.2.2 Comparison of stabilising effects of N-heterocycles substituted on the chromene fragment
In a similar format to the NMR study discussed earlier, we compare the UV-vis spectra acquired for
ligands 4a, 4b and 4c to investigate how the substituent affects the absorption profile and by extension

the ability for the spiro- compounds to open and close (see Figure 47).
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Figure 42 Solution state spectra of molecules 4a (blue), 4b (green), 4c (red) recorded in methanol (solid line) and in the solid

state (dashed line). Solution was exposed to ambient conditions (incidental light and room temperature).
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Ligand Peak positions solvent (nm) Peak positions solid (nm)
4a 296 470

4b 288 468

4c 286 308 (shoulder)

Table 8 Comparison of peak positions observed in spectra regarding ligands 4a, 4b and 4c.

Comparing ligand 4a to ligands 4b and 4c in the solution state, we can clearly observe a hypsochromic
shift of 8-10 nm for the latter. Based on the NMR analyses, we would anticipate the 4a ligand has the
greatest electronic conjugation between the 4-pyridyl and the chromene fragment, which is consistent
with the lower energy m-m* absorption band observed in the UV-Vis absorption spectrum. The
solid-state spectrum acquired for 4c seems quite informative and, despite the overlap of the indoline
and chromene m-nt* bands, the presence of primarily the spiro form is still evident. 4a and 4b solid
state spectra exhibited extremely weak absorption, and very similar spectral profiles, with a band
present at 470 nm. On closer inspection, and by comparison of the FWHM we believe these absorption
bands to be real and not an artifact of the spectrometer as the FWHM are different (see Figure 43).
Having established that these are real absorption bands, it is clear that in the solid state, 4a and 4b
are in the open merocyanine form. The solid products are formed by recrystallisation with polar
solvents, which we have observed can stabilise the merocyanine form and it appears that this is what
precipitates for 4a and 4b. Considering that 4c precipitates as the SP form and could be considered

structurally very similar, this shows how fine the balance between these states can be.

4a solid

——4b solid

0.0 -

400 420 440 460 480 500 520 540
Wavelength (nm)

Figure 43 Solid state UV-Vis spectra zoomed in on the 400-550 nm region for ligands 4a and 4b.
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2.3.3.2.3 Effects of bromination
Zakhs et al. reported that bromination of the chromene fragment lead to stabilisation of the
merocyanine form. Conversely, bromination of the indoline fragment stabilised the spiropyran form.*?

With this in mind we compared the UV-vis spectra of 4a and 5a (Figure 44).

4a Ho0.35
MeOH 1
| Solid 4 0.30
Q 4 o0.25
% 4
© 0.2 -40.20 @2
o LL
(72]
2 4 o0.15
l 4 0.10
4 0.05
0.0 4 0.00
0.4 4 —— MeoH
3
T
o 01 @
| N— N
o LL
2 0.2
<C
0.0 0.0

400 600
Wavelength (nm)

Figure 44 Solution state spectrum of molecules 4a (blue) and 5a (red) recorded in MeOH (solid line) and the solid state

(dashed line). Solution was exposed to ambient conditions (incidental light and room temperature).

Ligand Peak positions in solvent (hm) | Peak positions in solid (nm)
4a 296 470
5a 294 468

Table 9 Comparison of peak positions observed in spectra of ligands 4a and 5a.
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Our NMR study showed that bromination affects the electronics of the ring systems of these
molecules, as observed by changes in the proton environments on the indoline fragment but not the
chromene fragment. This is consistent with the observation of only very small changes in peak position
of the m-i* transition of the chromene fragment (Table 9). As in the case of 4a and 4b, the solid-state

UV-Vis spectrum of 5a again primarily shows MC form, with a peak position very close to that of 4a.

2.3.3.2.4 Comparison of N-heterocycle functionalisation of the indoline fragment on UV-Vis profile.

Continuing with the hypothesis that stabilising the indoline fragment will stabilise the spiropyran form,
we would expect that whatever N-heterocycle substituent is present on the indoline fragment to have
a greater overall effect on the absorption band observed. We compared the spectral profiles of ligands
3a, 3b and 3c to see how modifying the indoline fragment affects the photophysics of the spiropyran

molecule.
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Figure 45 Solution state spectrum of molecules 3a (blue), 3b (green), 3c (red) recorded in MeOH (solid line) and the solid

state (dashed line). Solution was exposed to ambient conditions (incidental light and room temperature).
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Ligand Peak positions solvent (nm) Peak positions solid (nm)

3a 311, 395 289, 357

3b 293, 381 249-325, 499-595

3c 303 304 (shoulder), 393 (shoulder),
494-700

Table 10 Comparison of peak positions observed in spectra of ligands 3a, 3b and 3c.

As before there was very little change observed when comparing 4b and 4c. However their
counterparts 3b and 3c show a significant shift of 10 nm. Furthermore there is a subtle expression of
the protonated MC form at 381 nm presentin 3b that is not at all present in 3c. This suggests that the
pyrimidine has a greater stabilising effect on the spiropyran form than the 3-pyridine substituent.
Somewhat expectedly, 3a demonstrates the greatest stabilisation of the spiropyran form and quite a

significant bathochromic shift of 15 nm compared to 4a.

Solid state data of 3a shows a peak at 357 nm and this could also be a sign of the protonated form of
spiropyran. The crystallisation method was a two-solvent system, ethanol and water (both protic
solvents), which could explain the protonated form. Neither 3b or 3¢ show this band, though 3c does
show a band at 393 nm which could be the protonated merocyanine form. The presence of SPH+ and
lack of MCH+ observed in the ssUV-Vis spectrum of 3a would suggest ligand 3a shows a higher affinity
for the closed form than ligand 3c. This conclusion however does not corroborate with what is

observed in the solution state data.

In conclusion, there is an overall dominance of spiropyran with little contribution of merocyanine at
room temperature and at -20 °C. Had there been more time, we would have done a variable
temperature UV-Vis study imitating the conditions for a MOF synthesis. There have been instances
where the merocyanine form is favoured by high temperatures, where intermolecular interactions
with the solvent (e.g. hydrogen bonding) lowers the ground state energy of the MC form to be
favourable.® If this was the case, then there would be a significant amount of merocyanine present
during solvothermal conditions and could affect the outcome of MOF synthesis in some way. We
would assume due to the ability for the MC form to bind to bivalent cations, it would have a negative
effect, but it is possible that the merocyanine geometry is more favourable for the formation of a

MOF.
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2.3.3.3 Crystal Data

5
/ {

L 2

o

Figure 46 Crystal Structure of spiropyran appended with two 4-pyridyl moieties (3a). Carbon (grey), oxygen (red), nitrogen
(blue), hydrogen (white).

Obtaining Single Crystal X-Ray Diffraction (SCXRD) data was difficult for these compounds. The usual
difficulties of obtaining a good quality crystal are further complicated by the complex equilibrium in
play (Figure 41) and combined with the solvatochromism usually result in amorphous/small crystalline
materials. This issue is further complicated by these molecules typically displaying disorder, although
the solid state spiropyran should not be able to photosynthesise due to close packing effects, there is
some flexibility around the spiro-core which can be a source of disorder throughout the crystal. This
flexibility is observed in the crystal data for the only spiropyran molecule that was able to provide

sufficiently adequate crystal data for, ligand 3a.

Figure 47 Ligand 3a crystal structure with both parts overlaid, to demonstrate disorder. The red part is the dominant part

shown in Figure 46.

Figure 47 illustrates the disorder present in the 3a crystal, the indoline fragments (including the pyridyl
ring) of both forms are mostly overlapping (i.e. same position) however the chromene fragment is in
a distinctly different position, further demonstrating the flexibility around the spiro-core. Typically,

the disorder in photoactive molecules is resolved by ablating the crystal with a sufficiently powerful
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light source, to force it all into one form however what we are observing is not a direct result of the
photoisomerism and therefore this tactic will not work. All of the novel ligands we have synthesised
feature largely similar structures at the chromene fragment and therefore it is likely that this type of

disorder is present for all crystals of these ligands.

2.4  Summary and conclusions

We have synthesised nine novel spiropyran molecules featuring N-heterocycles. We have established
a general method to couple N-heterocycles to spiropyran molecules that used the Pd(dppf) catalyst.
Suzuki cycles and brominations involving the 3-pyridyl moiety saw significant reductions in yield, which
can be a problem in Suzuki cross couplings, it is less obvious as to why this is the case for the
bromination step. The NMR study on how different N-heterocycles affected the electronics of the
indoline and chromene fragments shown that the 4-pyridine moiety had the greatest influence, as we
expected due to its enhanced conjugation. It also revealed to what extent functionalising the
chromene fragment affected the proton environments on the indoline fragment and vice versa. This
corroborated the results from the UV-vis study as the 3a ligand had the longest wavelength for
absorption and therefore the lowest energy m-m* transition state. The solid-state UV-vis was not as
conclusive as we would have liked, it is very possible that the less conclusive spectra (4a, 4b, 5a) were
more a result of the method of crystallisation rather than the different functionalities present.
However the solution-state behaviour of 3a was peculiar as the MC form seem to be more expressed
in the non-polar solvent DCM than the others. Typically, the MC form is only favoured if it has the
ability to form hydrogen bonds in the solvent, therefore it is unclear as to what interactions are
present that are causing these results although we have tried to explain possible causes, it is not yet

conclusive.

We have achieved our primary objective of successfully synthesising a sizeable library of spiropyran
ligands that would be suitable for the synthesis of a MOF and we shall discuss the outcomes of those

attempts in the next chapter.

2.5 Experimental

2.5.1 Characterisation techniques

2.51.1 NMR

'H and ®3C nuclear magnetic resonance (NMR) spectra were recorded on either a Bruker 400 MHz
UltraShieldTM or a Bruker 500 MHz Avance NMR spectrometer. The obtained chemical shifts (8) are
reported in ppm and are referenced to the residual solvent signal. Spin-spin coupling constants (J) are

given in Hz.
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2.5.1.2 Mass spectrometry
Mass spectra were obtained by Analytical Services using a Xevo G2-XS QTof Quadrupole Time-of-Flight

Mass Spectrometer.

2.5.1.3 Infra-red spectroscopy
A SHIMADZU IRAffinitt-1S spectrometer was used to collect IR data, scanning between 500 —4000 cm'?

and averaging 16 scans.

2.5.1.4 SCXRD

This is discussed in the experimental section of chapter 3.

2.5.1.5  Solution state UV-Vis spectroscopy
Spectra were recorded with Optics USB2000+UV-VISES spectrometer using a DT-MINI-2-GS light
source; solution state UV-vis spectra were obtained in a quartz cuvette (path length 1.0 cm) placed in

a CUV 1 cm cuvette holder with P200-2 transmission fibre optic and recorded in absorbance (A) mode.

For a low temperature (-20°C) spectral acquisition, the solution was kept in a 10 mL volumetric flask
wrapped in tin foil and left in the freezer for two days. The solution was then transferred quickly to a
cuvette and the spectrum was recorded. The spectrometer equipment was at room temperature and
therefore there will be small variations in temperature between the events of leaving the freezer and

recording the spectrum.

2.5.1.6  Solid state UV-Vis spectroscopy

Discussed in the experimental section of chapter 3.

2.5.2 Ligand synthesis

All chemicals were of reagent-grade quality and used as received.
1,1’-Bis(diphenylphosphino)ferrocene palladium (1 dichloride (Pd(dppf)Cl2),
trisdibenzylideneacetone)dipalladium(0) (Pd;DBA;), the boronic acid reagents, potassium

triphosphate, 1,4 Dioxane and tricyclohexylphosphine (PCys) were bought from Fluorochem.

N-bromosuccinimide, dimethoxyethane, tri-tert-butylphosphine (P(t-Bu)s) in toluene (1.0M) and
1,3,3-trimethyl-2-methyleneindoline were purchased from Sigma Aldrich. 5-bromosalicylaldehyde
was purchased from Acros Organics. All other metal salts that have not been specifically mentioned

were bought from Alfa Aesar. Chloroform, ethanol and toluene were obtained from Fisher Scientific.
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6-Bromo-1’,3’,3’-trimethylspiro[chromene-2,2’-indoline] (1)

O N O O Br
\

To a solution of 5-bromosalicylaldehyde (17.04 g, 85 mmol) in EtOH (250 mL), 1,3,3-trimethyl-2-

methyleneindoline (15 ml, 85 mmol) was added. The purple solution was heated to reflux for 16

hours. The reaction was allowed to cool and then left in a freezer (-20°C) overnight and the precipitate

collected by filtration and washed with ethanol to yield 1 as a pale pink solid (27.85 g, 78.2 mmol,

92%).

IH NMR (400 MHz, CDCls) 1.16 (3H, s, CHs), 1.29 (3H, s, CHs), 2.72 (3H, s, CHs), 5.72 (1H, d, J = 10.0,
CH), 6.54 (1H, d, J = 7.6, CH), 6.60 (1H, d, J = 9.2, CH), 6.78 (1H, d, J = 10.4, CH), 6.86 (1H, dd, J = 7.6,
7.2, CH), 7.07 (1H, d, J = 7.2, CH), 7.18 (3H, m, CH)

HRMS (ES): m/z 356.0635, calculated 355.0572

1',3',3'-trimethyl-6-(pyridin-4-yl)spiro[chromene-2,2'-indoline] (4a)

A solution of 1 (5.00 g, 14.0 mmol), 4-pyridinylboronic acid (1.8 g, 14.6 mmol), KsPO, (4.49 g, 21.2
mmol) dissolved in a mixture of 1,4-dioxane (200 mL) and H,0 (50 mL) was sparged with nitrogen for
30 mins at 60°C. To this stirring degassed solution was added [1,1'-
bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.5g, 0.68 mmol) and the resulting mixture
was heated to reflux at 80 °C for 21 hours under nitrogen. After 21 hours the reaction mixture was
filtered whilst hot before the solvent was removed in vacuo to yield a brown precipitate. The
precipitate was extracted with DCM. The solvent was removed in vacuo and the resulting brown
precipitate was purified via column chromatography (98% DCM: MeOH 1%: EtsN 1%) followed by
recrystallization from acetone and H,O to yield the product as a pale brown powder. (3.82 g, 10.8

mmol, 77%)

IH NMR (500 MHz, CDCls) 1.19 (3H, s, CHs), 1.33 (3H, s, CH3), 2.79 (3H, s, CH3), 5.76 (1H, d, J = 10.0,
CH), 6.56 (1H, d, J = 8.0, CH), 6.83 (1H, d, J = 8.0, CH), 6.87 (1H, ddd, J = 7.5, 7.5, 0.5, CH), 6.93 (1H, d,
J=10.0, CH), 7.09 (1H, ddd, J = 7.0, 1.0, 0.5, CH), 7.20 (1H, ddd, J = 8.0, 8.0, 1.5, CH), 7.35 (1H, d, J =
2.0, CH), 7.41 (1H, dd, J = 8.0, 2.0, CH), 7.50 (2H, dd, J = 4.5, 1.5, CH), 8.61 (2H, ] = 5, 1.5, CH)
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13C NMR (126 MHz, CDCls) 20.26, 26.02, 29.07, 52.06, 104.94, 107.03, 115.91, 119.44, 119.46, 120.50,
121.05, 121.67, 125.33, 127.82, 128.45, 129.24, 147.84, 148.22, 150.34, 155.71

MS (ES): m/z 355.1813, calculated 354.1732

5'-bromo-1',3',3'-trimethyl-6-(pyridin-4-yl)spiro[chromene-2,2'-indoline] (5a)

To a stirring solution of 4a (0.8 g, 2.26 mmol) dissolved in CHCl; (100 mL) was added
N-bromosuccinimide (NBS) (0.4 g, 2.25 mmol) and the solution stirred under ambient conditions for 6
days. Once reaction had gone to completion (monitored via NMR), the solution was extracted with
water. The CHCl; was then removed in vacuo to yield a red-brown oil. This oil was then recrystallised
via slow evaporation using diethyl ether to yield 5a as a pale brown-red powder. (0.93g, 2.15 mmol,

95%)

'H NMR (500 MHz, CDCl3) 1.18 (3H, s, CHs), 1.30 (3H, s, CHs), 2.73 (3H, s, CHs), 5.74 (1H, d, J = 10.5,
CH), 6.41(1H, d,J=8.5,CH), 6.82 (1H, d, ) = 8.5, CH), 6.94 (1H, d, ) = 10.0, CH), 7.16 (1H, d, ] = 2.0, CH),
7.27 (1H,dd, J=8.0, 2.0, CH), 7.35(1H, d,J = 2.5, CH), 7.42 (1H, dd, J = 8.5, 2.5, CH) 7.45 (2H, d, ] = 4.5,
CH) 8.62 (2H, s, CH)

13C NMR (126 MHz, CDCls) 20.09, 25.85, 29.11, 52.12, 104.93, 108.54, 111.18, 115.88, 119.29, 119.88,
121.10, 124.99, 125.43, 128.62, 129.55, 130.20, 130.42, 139.13, 147.34, 147.80, 150.30, 155.36

MS (ES): m/z 433.0917, calculated 432.0837

1',3',3'-trimethyl-6-(pyridin-3-yl)spiro[chromene-2,2'-indoline] (4b)

A solution of 1 (2.50 g, 7.0 mmol), 3-pyridinylboronic acid (1.8 g, 14.6 mmol), KsPO4 (4.49 g, 21.2 mmol)
dissolved in a mixture of 1,4-dioxane (200 mL) and H,O (50 mL) was was sparged with nitrogen for 30
mins at 60°C. [1,1'-Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.5g, 0.68 mmol) was
then added and the resulting mixture was heated to reflux at 80 °C for 21 hours under nitrogen. The
reaction mixture was filtered whilst hot before the solvent was removed in vacuo to yield a brown
precipitate. The precipitate was then extracted with DCM. The solvent was removed in vacuo and

the resulting brown precipitate was purified via column chromatography (98% DCM: MeOH 1%: EtsN
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1%). The product was then recrystallised with EtOH and H,O to yield the product as a pale brown
powder. (0.77 g, 2.2 mmol, 31%)

IH NMR (500 MHz, CDCls) 1.19 (3H, s, CHs), 1.34 (3H, s, CHs), 2.75 (3H, s, CHs), 5.76 (1H, d, J = 10.5,
CH), 6.55 (1H, d, J = 8.0, CH), 6.82 (1H, d, J = 8.5, CH), 6.86 (1H, ddd, J = 8.0, 8.0, 1.0, CH), 6.93 (1H, d,
J=10.0, CH), 7.09 (1H, ddd, J = 7.0, 1.5, 0.5, CH), 7.19 (1H, ddd, J = 7.5, 7.5, 1.0, CH), 7.27 (2H, dd, J =
7.0, 2.5, CH), 7.32 (2H, m, CH), 7.81 (2H, ddd, J = 8.0, 2.0, 2.0, CH), 8.80 (1H, d, J = 2.0, CH)

13C NMR (126 MHz, CDCl;) 20.26, 25.99, 29.07, 51.99, 104.77, 106.98, 115.85, 119.37, 119.41, 120.36,
121.65, 125.38, 127.77, 128.34, 128.54, 129.15, 129.29, 129.78, 133.87, 136.74, 147.94, 148.23,
154.86

MS (ES): m/z 355.1813, calculated 354.1732

5'-bromo-1',3',3'-trimethyl-6-(pyridin-3-yl)spiro[chromene-2,2'-indoline] (5b)

To a stirring solution of 4b (0.7 g, 1.97 mmol) dissolved in CHCl; (50 mL) was added
N-bromosuccinimide (NBS) (0.35 g, 1.97 mmol) and the solution stirred under ambient conditions for
6 days. Once reaction had gone to completion (monitored via NMR), the solution was extracted with
water. The CHCI; was then removed in vacuo to yield a brown oil. This oil was then recrystallised via

good-bad solvent, DCM and hexane to yield 5b as a dark red powder. (0.40g, 0.92 mmol, 47%)

'H NMR (500 MHz, (CD3),S0) 1.12 (3H, s, CHs), 1.24 (3H, s, CHs), 2.67 (3H, s, CHs), 5.84 (1H, d, J = 10.5,
CH), 6.56 (1H, d, J = 8.0, CH), 6.82 (1H, d, J = 8.5, CH), 7.11 (1H, d, J = 10.5, CH), 7.27 (1H, dd, J = 8.0,
2.0, CH), 7.29 (1H, dd, J = 2.0, 2.0, CH), 7.44 (1H, dd, J = 7.5, 4.5, CH), 7.48 (1H, dd, J = 8.5, 2.0, CH),
7.61(1H, d, ] = 2.5, CH), 8.01 (1H, dt, J = 8.0, 2.0, CH), 8.51 (1H, d, J = 5.0), 8.84 (1H, d, J = 1.5, CH)

13C NMR (126 MHz, CDCls) 19.57, 25.35, 28.62, 51.71, 100.36, 104.32, 108.83, 110.08, 115.13, 119.04,
123.80, 124.65, 125.51, 128.33, 128.94, 129.27, 129.51, 130.06, 133.47, 139.11, 147.14, 147.19,
147.86, 153.94

MS (ES): m/z 433.0908, calculated 432.0837
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1',3',3'-trimethyl-6-(pyrimidin-5-yl)spiro[chromene-2,2'-indoline] (4c)

A solution of 1 (0.50 g, 1.4 mmol), 4-pyridinylboronic acid (0.2 g, 1.61 mmol), KsPO4 (0.90 g, 4.24 mmol)
dissolved in a mixture of 1,4-dioxane (40 mL) and H,0 (10 mL) was sparged for 20 minutes at 60°C.
[1,1'-Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.05g, 0.07 mmol) was added and the
resulting mixture was heated to reflux at 80 °C for 24 hours under nitrogen (monitored by TLC). Once
the reaction had gone to completion, the mixture was filtered whilst hot before the solvent was
removed by rotary evaporation to yield a green precipitate. The precipitate was dissolved in DCM and
extracted with H,O (3X200 mL). The solvent was removed from the organic layer by rotary
evaporation and the resulting brown precipitate was purified via column chromatography (97% DCM:
MeOH 2%: EtsN 1%) followed by recrystallisation from the minimum amount of ethanol and using H,0

as an antisolvent to yield the product as a pale brown powder. (0.27 g, 0.76 mmol, 54%)

'H NMR (500 MHz, CDCl3) 1.19 (3H, s, CHs), 1.33 (3H, s, CHs), 2.76 (3H, s, CHs), 5.79 (1H, d, J = 10.5,
CH), 6.55(1H, d, J = 7.5, CH), 6.87 (2H, m) 6.94 (1H, d, J = 10.5, CH), 7.09 (1H, d, ) = 7.0, CH), 7.20 (1H,
ddd, J=8.0, 8.0, 1.0, CH), 7.26 (1H, m, CH), 7.32 (1H, dd, J = 8.5, 1.5, CH), 8.90 (2H, s, CH), 9.15 (1H, s,
CH)

13C NMR (126 MHz, CDCls) 20.06, 25.85, 29.12, 52.15, 104.98, 105.29, 108.57, 108.62, 111.24, 116.26,
116.67, 119.67, 120.21, 125.01, 125.36, 126.40, 128.57, 129.32, 130.45, 139.07, 154.51, 155.32,
157.11

MS (ES): m/z 356.1765, calculated 355.4410

5'-bromo-1',3',3'-trimethyl-6-(pyrimidin-5-yl)spiro[chromene-2,2'-indoline] (5c)

To a stirring solution of 4c (1.0 g, 2.8 mmol) dissolved in CHCl; (50 mL), NBS (0.5 g, 2.8 mmol) was
added and the solution was stirred at room temperature for 5 days. The reaction was monitored by
'H NMR to determine when the reaction had reached completion. The solution was extracted with

H,0. The solvent was then removed from the organic layer in vacuo to yield a red solid. Followed by
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recrystallisation from the minimum amount of ethanol and using H,O as an antisolvent to yield a red

solid. (1.0 g, 2.30 mmol, 80%)

IH NMR (500 MHz, CDCls) 1.19 (3H, s CHs), 1.31 (3H, s, CH3), 2.73 (3H, s, CHs), 5.76 (1H, d, J = 10.5, CH),
6.40 (1H, d, ) = 8.0, CH), 6.84 (1H, d, J = 8.5, CH), 6.94 (1H, d, ) = 8.5, CH), 7.16 (1H, d, J = 2.0, CH), 7.28
(1H, dd, J = 8.5, 2.0, CH), 7.33 (1H, dd, J = 8.0, 2.0, CH), 8.89 (2H, s, CH), 9.15 (1H, s, CH)

13C NMR (126 MHz, CDCl;) 20.08, 25.84, 29.11, 52.17, 104.98, 108.56, 111.24, 116.26, 119.67, 120.21,
125.00, 125.35, 126.39, 128.56, 129.35, 130.44, 133.98, 139.07, 147.31, 154.51, 155.32, 157.10

MS (ES): m/z 434.0869, calculated 433.0790

5',6-dibromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline] (2)

Br —

\
Room Temperature Method:

1 (19.62 g, 55.1 mmol) was dissolved in chloroform (400 mL) to form a dark red solution.
N-bromosuccinimide (9.789 g, 55.0 mmol) was then added to the solution, forming a suspension. The
mixture was left to stir at RT for 12 hours. The mixture was filtered, an orange precipitate was
removed, and a brown filtrate obtained. The brown filtrate was then washed twice with water
followed by brine, the solvent was then removed from the organic layer, leaving a brown residue. The
residue is then dissolved in ethanol, additional ethanol is added while the solution is agitated till 2

crashed out as a white precipitate. (13.67 g, 31.4 mmol, 57 %)
Heated Method:

1(7.84 g, 22.02 mmol) was dissolved in chloroform (60 mL) to form a dark red solution and heated to
60°C. N-bromosuccinimide (3.84 g, 21.58 mmol) was dispersed in chloroform (400 mL) and added
dropwise over 1 hour and heated for a further 30 minutes. The mixture was filtered, an orange
precipitate was removed and a brown filtrate obtained. The brown filtrate was then washed twice
with water followed by brine, the solvent was then removed from the organic layer, leaving a brown
residue. The residue is then dissolved in ethanol, additional ethanol is added while the solution is

agitated till 2 crashed out as a white precipitate. (7.755 g, 17.83 mmol, 81%)

IH NMR (400 MHz, CDCls) & 1.15 (3H, s, CHs), 1.26 (3H, s, CH3), 2.69 (3H, s, CH3), 5.69 (1H, d, CH,, 10.4),
6.39 (1H, d, J = 8.4, CHa), 6.59 (1H, d, J = 9.2, CH.), 6.79 (1H, d, J = 10.0), 7.16 (3H, m, CH), 7.26 (1H, dd,
CH,J=8,1.6)
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MS (ESI): m/z 435.9739, calculated 432.9677

1',3',3'-trimethyl-5',6-di(pyridin-4-yl)spiro[chromene-2,2'-indoline] (3a)

2 (5 g, 11.5 mmol), tripotassium phosphate (9 g, 42.4 mmol) and 4-pyridyl-boronic acid (4 g, 32.5
mmol) was dissolved in 1,4-dioxane (200 mL) and deionised water (50 mL). Reaction is sparged with
N, for 30 mins at 60°C. [1,1'-Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (1 g, 1.37
mmol) was then added and the reaction was heated to 80°C for 24 hours under an N, atmosphere.
The mixture is then filtered while hot and the solid is washed with dichloromethane. The brown filtrate
is then reduced to dryness, to remove the 1,4-dioxane, leaving a brown residue. The residue is then
dissolved in dichloromethane and washed with water twice, followed by brine. The organic layer is
reduced and product purified by column chromatography (95% DCM: 4% MeOH: 1% NEts). The crude
product is then recrystallised from ethanol and water to give 3a as pale brown crystals. (2.00 g, 4.63

mmol, 40%)

'H NMR (400 MHz, CDCls) & 1.24 (3H, s, CHs), 1.39 (3H, s, CH3), 2.82 (3H, s, CH3), 5.77 (1H, d, J = 10.4,
CH), 6.64 (1H, d, J = 8.0, CH), 6.85 (1H, d, J = 8.4, CH), 6.97 (1H, d, J = 10.0, CH), 7.38 (2H, m, CH), 7.43
(1H, dd, J = 8.8, 2.4, CH), 7.45 (2H, m, CH), 7.50 (2H, m, CH), 7.53 (1H, dd, J = 8, 1.6, CH), 8.61 (4H, m,
CH)

13C NMR (101 MHz, CDCls) & 20.27, 26.12, 29.09, 52.08, 104.99, 107.32, 115.90, 119.30, 119.92,
120.99, 121.07, 124.46, 125.45, 125.82, 127.13, 128.62, 129.18, 129.56, 130.25, 137.86, 148.78,
149.31, 150.21, 150.35, 155.42

MS (ESI): m/z 432.2076, calculated 431.1998

Single crystals of 3a were recrystallised by slow evaporation in ethanol. A colourless crystal was
selected, mounted in fomblin on a micromount and flash frozen under a cold nitrogen stream on an
Agilent SuperNova Dual Atlas four-circle diffractometer using Mo-Ka radiation and a CCD detector.
Measurements were taken at 150 K with temperatures maintained using an Oxford cryostream.
Solved by direct methods using Olex2 [30], with the ShelXT and ShelXS structure solution program,
refined with the ShelXL refinement package using least-squares minimization. Bond lengths on the
pyridine rings were restrained using the SAME command for each pyridine, e.g. for the pyridine ring

onthe indoline fragmentin part 1 “SAME 0.02 0.04 N31A C36A C35A C34A C33A C32A SAME 0.02 0.04
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N31A > C36A”. Disorder was modelled for the whole molecule in a slightly different conformation
isotropically (part 2). Part 1 used the RIGU command on the atoms in the pyridine ring on the indoline
fragment. Part 2 used RIGU on geminal methyl groups on the indoline fragment and AFIX 66
commands to constrain each phenyl ring and restrained with a FLAT command. Further details can be

found in the appendix.

1',3',3'-trimethyl-5',6-di(pyridin-3-yl)spiro[chromene-2,2'-indoline] (3b)

2(5g, 11.5 mmol), tripotassium phosphate (9 g, 42.4 mmol) and 3-pyridyl boronic acid (4 g, 32.5 mmol)
was dissolved in 1,4-dioxane and sparged with N, for 30 mins at 60°C. [1,1-
Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (1 g, 1.37 mmol) was then added and the
reaction was heated to 80°C for 24 hours under an N, atmosphere. The mixture is then filtered while
hot and the solid is washed with dichloromethane. The brown filtrate is then reduced to dryness, to
remove the 1,4-dioxane, leaving a brown residue. The residue is then dissolved in dichloromethane
and washed with water twice, followed by brine. The organiclayeris reduced and separated by column
chromatography (DCM 96%: MeOH 3%: NEt; 1%). The crude product is then recrystallised with ethanol
and water to give 3b as a red solid. (0.89 g, 2.06 mmol, 18%)

'H NMR (400 MHz, CDCls) & 1.25 (3H, s, CH3), 1.40 (3H, s ,CH3), 2.82 (3H, s ,CHs), 5.78 (1H, d, J = 10.5,
CH), 6.64 (1H, d, J = 8.0, CH), 6.85 (1H, d, J = 8.5, CH), 6.96 (1H, d, J = 10.5, CH), 7.32 (5H, m, CH), 7.43
(1H,d,J=8.0,CH), 7.81(1H, d, ) =8.0, CH), 7.86 (1H, d, ) = 8.0, CH), 8.51 (1H, d, ) = 4.0, CH), 8.54 (1H,
d,J=4.0, CH) 8.80 (1H, s, CH), 8.84 (1H, s, CH)

13C NMR (101 MHz, CDCl3) & 20.30, 26.12, 29.14, 52.10, 104.88, 107.39, 115.88, 119.35, 119.97,
120.62, 123.61, 123.67, 125.50, 127.00, 128.69, 129.09, 129.56, 133.87, 133.93, 135.80, 136.27,
136.31 137.34, 137.94, 147.45, 147.99, 148.04, 148.50, 154.71

MS (ESI): m/z: 432.2076, calculated 431.1998

1',3',3'-trimethyl-5'-(pyridin-3-yl)-6-(pyridin-4-yl)spiro[chromene-2,2'-indoline] (6b)




5a (0.5 g, 1.15 mmol), tripotassium phosphate (0.9 g, 4.24 mmol) and 3-pyridyl boronic acid (0.17 g,
mmol) was dissolved in 1,4-dioxane and sparged with N, for 30 mins at 60°C. [1,1'-
Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.05 g, 0.06 mmol) was then added and
the rection was heated to 80°C for 24 hours under an N, atmosphere. The mixture is then filtered
while hot and the solid is washed with dichloromethane. The brown filtrate is then reduced to
dryness to remove the 1,4-dioxane, leaving a brown residue. The residue is then dissolved in
dichloromethane and washed with water twice, followed by brine. The organic layer is reduced and
separated by column chromatography (97% DCM: 2% MeOH: 1% NEts). The crude product is then
recrystallised with ethanol and water to give 6b as yellow/brown precipitate (0.09 g, 0.20 mmol,

18%)

'H NMR (500 MHz, CDCl3) 6 1.19 (3H, s, CH3), 1.33 (3H, s, CH3), 2.76 (3H, s, CH3), 5.77 (1H, d, J = 10.0,
CH), 6.55(1H, d,J=7.5, CH), 6.64 (1H, d, ) = 8.0, CH), 6.81 (1H, d, ) = 8.5, CH), 6.93 (1H, d, J = 10.0,
CH), 7.11(1H,d,J=7.0, 1.0, CH), 7.19 (1H, ddd, J = 8.0, 8.0, CH), 7.35 (1H, d, J = 2.5 CH) 7.40 (1H, d, J
=2.5,CH), 7.44 (2H, m, CH), 7.85 (1H, m, CH), 8.61 (3H, m, CH), 8.85 (1H, m, CH)

13C NMR (126 MHz, CDCls) § 20.26, 26.12, 29.09, 52.16, 105.02, 107.45, 115.90, 120.08, 120.51,
120.63, 121.10, 123.63, 125.44, 127.00, 128.37, 128.46, 128.59, 129.18, 129.49, 130.12, 133.86,

137.37,137.87, 147.97, 148.47, 150.19, 150.29

MS (ESI): m/z: 432.2068, calculated 431.1998

1',3',3'-trimethyl-5',6-di(pyrimidin-5-yl)spiro[chromene-2,2'-indoline] (3c)

2(0.5g,1.15 mmol), tripotassium phosphate (0.9 g, 4.24 mmol) and 5-pyrimidyl boronicacid (4 g, 3.25
mmol) was dissolved in 1,4-dioxane and sparged with N, for 30 mins at 60°C. [1,1'-
Bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (0.1 g, 0.12 mmol) was then added and the
reaction was heated to 80°C for 24 hours under an N; atmosphere. The mixture is then filtered while
hot and the solid is washed with dichloromethane. The brown filtrate is then reduced to dryness, to
remove the 1,4-dioxane, leaving a brown residue. The residue is then dissolved in dichloromethane

and washed with water twice, followed by brine. The organiclayeris reduced and separated by column
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chromatography (97% DCM: 2% MeOH: 1% NEts). The crude product is then recrystallised from

ethanol and water to give 3c as pale pink solid. (0.12 g, 0.29 mmol, 25%)

'H NMR (500 MHz, CDCl5) 6 1.18 (3H, s, CH3), 1.33 (3H, s, CH3), 2.76 (3H, s, CH3), 5.74 (1H, d, ] = 10.0,
CH), 6.60 (1H, d, J = 10.0, CH), 6.82 (1H, d, J = 8.0, CH), 6.91 (1H, d, J = 10.0, CH), 7.22 (2H, s, CH), 7.27
(1H,d,) =8.0,CH), 7.36 (1H, d, J = 8.0, CH), 8.83 (2H, s, CH), 8.87 (2H, s, CH), 9.06 (1H, s, CH), 9.09 (1H,
s, CH)

13C NMR (126 MHz, CDCl3) & 20.22, 26.09, 29.11, 52.17, 105.00, 107.69, 116.29, 119.66, 120.17,
120.36, 125.35, 125.41, 126.49, 127.09, 128.61, 129.46, 133.96, 134.94, 138.28, 149.11, 154.42,
154.52, 155.28, 156.59, 157.13

MS (ESI): m/z: 434.1985, calculated 433.1903

4,4"-dimethyl-4',5'-di-p-tolyl-1,1':2',1"-terphenyl (7a)

'H NMR (500 MHz, (CD3),SO) & 7.14 (8H, d, J = 8.0 Hz, CH), 7.44 (8H, d, ) = 8.0 Hz, CH), 7.52 (2H, s,
CH)

MS (ESI): m/z 438.2358, calculated 438.2348

3',6'-dibromo-4,4"-dimethyl-4',5'-di-p-tolyl-1,1':2",1"-terphenyl (7b)

O Br
O Br

H NMR (400 MHz, CDCls) & 2.26 (12H, s, CHs), 6.97 (16H, m, CH)

4',5'-bis(4-carboxyphenyl)-[1,1':2',1"-terphenyl]-4,4"-dicarboxylic acid (8a)
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o) o)

HO O ‘ OH

w T T U,
o) OH

'H NMR (500 MHz, (CD3),S0) 6 7.37 (8H, d, J = 8.0, CH), 7.83 (8H, d, J = 8.5, CH), 8.04 (2H, s, CH), 13.04
(4H, sb, COOH)

3',6'-dibromo-4',5'-bis(4-carboxyphenyl)-[1,1':2',1"-terphenyl]-4,4"-dicarboxylic acid (8b)

o) o)

HO O Br ‘ OH

HO O Br O o)
o) OH

'H NMR (400 MHz, (CD3),SO) & 7.30 (8H, d, J = 8.4, CH), 7.78 (8H, d, J = 8.0, CH), 13.00 (4H, sb, COOH)
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Chapter 3. Synthesis and characterisation of Metal Organic
Frameworks incorporating Spiropyran

3.1 Introduction

In this chapter we discuss the synthetic attempts that incorporate a spiropyran into a MOF, followed
by the characterisation of these materials. The strategy was to use the N-heterocyclic spiropyran
ligands, which were discussed in chapter 2, as pillaring linkers with a suitable co-linker acting as the

layering linker.

3.1.1 Designing a novel framework

The requirements for a framework can be any organic ligand functionalised with the appropriate
functional groups capable of binding to a metal (e.g. carboxylates, pyridines etc.) and any metal source
which has access to the appropriate coordination geometries. Initially, when MOFs were discovered
over 30 years ago, researchers were combining easily accessible linkers (e.g. terepthalic acid, trimesic
acid) with transition metals and creating quite simple frameworks, these frameworks are quite
forgiving in the variety of conditions that can be employed to design the materials (e.g. HKUST-1,
MOF-5).%2 Since then researchers have moved on to incorporating much more complex molecules into
their frameworks, such as porphyrins, amino acids or cyclodextrins.>™ These complex molecules are
typically much harder to incorporate into a framework and are less forgiving in the variation of
conditions that will synthesise these materials successfully. These complex molecules can present
extra challenge due to their sheer size, irregular geometry or instability under solvothermal

conditions.

The most common method for designing a novel framework is trial and error, commonly varying
parameters such as temperature, reaction time, solvents, modulators, stoichiometry in solvothermal
conditions. Less orthodox methods can include mechanochemistry, microwaves and sonochemistry.®®
There are methods of narrowing down the possible conditions to try that use computational
simulation packages but we did not have access to these resources so will not be discussing them
further.® Isoreticular chemistry is also a widely accepted method of designing new frameworks.
Organic ligands of different sizes but with similar geometries/symmetries can create new frameworks
with the same topology but expanded pore sizes.?® This does not strictly apply to our work because
there are no existing frameworks with the spiropyran ligand incorporated into a 3™ generation
photoactive MOF (generations are discussed below) and therefore we do not have a framework that

incorporates a linker with similar geometries to compare to. We can, however, base our synthetic
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strategies on linkers which also adopt a pillar-layer motif which will bear a passing resemblance to our

spiropyran linkers, but we would not expect the same topologies.

3.1.2 Pillar-layer MOFs

Pillar-layer frameworks are a well-studied mixed linker group of structures, typically using pyridyl
derivatives to link together 2D sheets into pillar-layered structures.!’ The formation of these
frameworks is not fully understood. Intuitively one would expect the 2D layers to form before being
linked together by the pillaring agents. There have been examples of these 2D layer intermediates
being isolated and there have also been examples of frameworks being built on a layer-by-layer
approach (see Figure 48). Typically, they are synthesised via a one-pot synthesis which offers little

control over the variables effecting what sequence these frameworks are formed.*?
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Figure 48 lllustrating the principles of the one-pot synthesis compared with the layer-by-layer approach. Figure taken from

Wang et al..12

Initially, these designs are sought after to finely tune the pore channels (isoreticular chemistry), but
these frameworks have been noted to provide materials that can respond to external stimuli such as
electric fields, a specific guest or light.1*!* This potential for dynamic materials, is due to the pillars

providing flexibility through layer sliding, pillar rotation, pillar stretching and framework
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expansion/contraction. Furthermore these types of frameworks have an affinity for interpenetration
which often adds to the stability and enhancements to gas adsorption, and in some cases can improve
the flexibility of a framework improving its performance as a dynamic material.'® The interpenetration
can still be prevented by several strategies such as adding steric bulk to a linker as a pendant group,
or replacing either the layer or pillar linker with a smaller isostructural substitute.!* Thus the

interpenetration should be viewed as another avenue for further customisation of our desired MOF.

3.1.3 Photoactive MOFs

In chapter 1 we discussed the potential applications of photoactive frameworks, in this section we will
be focusing on the techniques used for characterising photoresponsive MOFs and what behaviours
we can use to identify the successful synthesis of these smart materials and what language we can use

to describe them.

The field of photoactive MOFs, although relatively new, is a hot topic and has made some seemingly
rapid progress over recent years. There are several methods of inducing the property of
photoresponsiveness in a material and as such we need a way to describe and categorise these
materials effectively. In a review by F. Coudert, the terms 1%, 2"¥ and 3™ generation metal organic

frameworks are used?® (see Figure 49).

Generation 1

-

Generation 2

: O photoresponsive guest
’ N

Q : photoresponsive
linker side chain
HO 0
0 OH
Generation 3

hv, CO, desorption N

photoresponsive

0 linker backbone
Q_o’/ @ .

Instantly reversible
CO, uptake

Figure 49 Nuances of how the different generations of azobenzene-based frameworks differ in their classification. Image

taken directly from F. Coudert’s review.16

1** generation photoactive MOFs refer to photoactive molecules encapsulated within the MOF but is

not chemically bonded to the framework in any way. As a guest molecule they can photoswitch within
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the pore and can induce some structural change due to flexibility of the metal organic framework. 2™
generation photoactive MOFs refer to photoactive moieties grafted onto the linker. This is the
generation which has produced the most examples reported in the literature. The linker
photoisomerising does not affect the overall structure of the framework but is able to expand into the
pore, often causing significant pore volume changes. Finally, 3™ generation photoactive frameworks
refer to metal organic frameworks which have the photoactive moiety intrinsic to the overall structure
and do cause an overall change in the framework structure. This generation is both the most difficult
to achieve and most highly sought after, and is what we aimed to design. These terms serve as a useful
classification to put our work into perspective and we shall be using these terms throughout the

chapter.

3.1.3.1  Behaviour of photoactive 1°* generation MOFs

A common method of imparting functionality on a metal organic framework is to encapsulate the
active species which already has the property that you wish to design the framework with.*”*8 This
technique also includes photoactive molecules such as spiropyran. As we have discussed earlier in
Chapter 2, these photoactive molecules are typically only responsive in the solution state. The confines
of a solid-packing structure usually restrict the movement of the photoactive molecule, rendering it
inactive. The reason these 1% generation frameworks are so interesting is that when encapsulated

inside the framework, they can exhibit solution-state behaviour.*

Figure 50 MOF-5 encapsulating 1,3,3-trimethylindolino-6"-nitrobenzopyrylospiran as a guest molecule. (Image adapted

from N. Rosi et al..2)
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Figure 51 Solid-State UV-vis profiles of frameworks encapsulating spiropyran before and after irradiation with 365 nm light
for 1 minute. (a) = MOF-5, b) = MIL-68 (In), c) = MIL-68(Ga), and d) = MIL-53(Al))

H. Schwartz et al. investigated the behaviour of nitrated spiropyran as a guest in the pores of four
different frameworks, MOF-5 (depicted in Figure 50), MIL-68(In), MIL-68(Ga) and MIL-53(Al).?
H. Schwarz et al. conclude that the metal nodes of each framework determine the polarity of the
environment which affects the equilibrium between the open and closed form of the spiropyran. The
MOF-5 framework provides a more polar environment (contains [Zn04]®* nodes) and the spiropyran
molecule prefers to be in the open form signified by a hypsochromic shift. Both MIL-68 frameworks
provide non-polar environments (contains [Ga(OH)]** and [In(OH)]** nodes) making the closed form
preferred which is signified by a bathochromic shift. They liken this behaviour to the phenomenon of
the equilibrium’s dependence on the polarity of the solvent.?? In the case of MIL-53(Al), the spiropyran
is embedded on the surface of the framework and therefore the least polar environment (despite the

[AI(OH)]?** nodes).
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Figure 52 Comparison of the PXRD obtained before and after loading MOF-5 with the spiropyran guest molecule (left).
Comparison of PXRD patterns obtained before and after loading with MIL-53.

Another technique they used to identify successful loading of spiropyran into the pores was PXRD (see
Figure 52). By comparing peak positions and intensities before and after loading. The positions should
be almost the same (depending on the flexibility of the framework and how it changes upon guest
incorporation), the relative peak intensities increase however which is how the extra electron density
inside the pores of the MOF manifests. For comparison, the MIL-53 example shows negligible change
in both position and intensity of the peaks. Producing a first-generation MOF is one of the possible
outcomes during our synthetic attempts at a third generation MOF, thus being able to identify such a

material will be useful during our synthetic screenings.

3.1.3.2  Behaviour of photoactive 2" generation MOFs

To our knowledge there has only been one publication that showcases examples of a 2" generation
framework incorporating spiropyran; D. Williams et al. report two metal organic frameworks that
incorporate spiropyran as an instrinsic part of the structural support for the framework but still
functions as a pendant group as the photoresponse does not cause a change in the overall topology
of the framework. They confirm the successful synthesis of their materials via SCXRD and PXRD (see
Figure 54). The SCXRD data was only able to model half of the photoactive linker incorporated in the
framework, the indoline fragment functionalised with the nitrobenzene was found to be disordered
in both the TNDS and HDDB examples and were not able to be assigned but their contribution were
accounted for with the SQUEEZE option of the PLATON program. The simulated PXRD patterns derived
from the SCXRD data agree with the PXRD patterns and the calculated interspatial difference
corroborates with the size of the linkers. It is clear that the disordered nature of these
spiropyran-based materials present significant problems in crystallographic characterisation and

therefore must rely on less direct methods of confirming the presence of spiropyran.
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Figure 53 The photoresponsive materials synthesised by D. Williams et al.?3, outlining the composition of each framework.

We will be focusing on frameworks 1 and 2 in this example.
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Figure 54 Top: SCXRD of frameworks incorporating TNDS (1) and HDDB (2) linkers. Bottom: PXRD patterns comparing
simulated patterns from the SCXRD data and the experimental patterns. The coloured numbers show the increase in interlay

distance for each MOF which agree with the size of the spiropyran linkers.?3

They further evidence the incorporation of spiropyran into their material (framework 1, Figure 53)
using photoluminescence. By bubbling 6M HCIl vapour through the TNDS framework they observe a
significant hypsochromic shift in the emission profile more than 100 nm, this post degradation
emission profile matched that of the control experiment where just the TNDS linker was used. This is
a clever indirect way of confirming the successful incorporation of their spiropyran linker that uses the

framework’s ability to change the photophysics of the spiro linkers.
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Figure 55 UV-Vis data reported by D. Williams et al. comparing spiropyran linkers solution and solid state profiles to

incorporation in a MOF.23

D. Williams et al. effectively demonstrate that in some cases a spiropyran molecule not capable of
reversible photoconversion on its own can have that property induced in a metal organic framework
(Figure 55). The group also report that extra spatial separation provided by the MOF compared to the
close solid packing of the ligand on its own is enough to give it the property of a fully reversible
photoactive material. The HDDB linker, an example of a more sterically congested linker,
demonstrates a situation where a MOF environment is not guaranteed to induce fully reversible
photoactive change and further demonstrates that the steric environment of the linker inside the

framework must be taken into consideration.

3.1.3.3  Behaviour of photoactive 3™ generation MOFs
There are no examples of third generation frameworks for spiropyran to date, therefore we must look
to examples of other third generation photoactive MOFs to form our expectations of how a spiropyran

framework would behave.

R. Lyndon et al. reports the first example of a third generation photoresponsive MOF, an azobenzene
based framework (the example of a third generation MOF used in Figure 49).>” Their experiments in
the synchrotron facility in Sydney shown that instead of a uniform change across the crystal, instead
they observed localised non-periodic change throughout the structure which the X-Ray diffraction

technique was poorly suited to define (see Figure 56).
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Figure 56 PXRD data obtained showing no discernible change with or without radiation (top left). Isotherm data obtained
during cycling of radiation, showing uptake and release of gas coinciding with irradiation cycling (top right). CCC and CCN
low-energy FTIR bending modes shows the linker excited by UV light in both the ligand (bottom left) and as a linker

incorporated in the framework (bottom right).2”

Their work demonstrates the difficulty of working with these third-generation materials, as it required
a combination of analytical techniques to determine whether the material is photoresponsive or not.
X-Ray diffraction is one of the staples of MOF characterisation and is typically the go-to method even
when studying dynamic materials such as these but often supplemented by other techniques to study

the dynamic aspect specifically.?*2®

In summary, in all cases determining the successful incorporation of the linker into the framework is
determined by X-Ray diffraction (both powder and single crystal methods. Determining the
photophysics of the framework is a bit more complex, as consistent and uniform radiation of the whole
crystal is not feasible (the surface of the framework will receive more irradiation than the core of the
framework) and therefore the photoconversion will not be uniform throughout. This makes the
crystallographic techniques ill-suited to study the photophysics as the models require an ordered
system. Therefore, more indirect means of analysis are used, such as monitoring the C-O spiro stretch

with IR spectroscopy or comparing the emission profiles of the framework to the free ligand.

3.2 Aim

Our goal can be divided into two objectives: First we need to synthesise a 3™ generation photoactive

MOF incorporating the spiropyran moiety, secondly we need to characterise the photoactivity these
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materials display. To accomplish the first step, we shall be using co-linkers with our spiropyran linker

in order to encourage pillar-layer frameworks to form.

> N

Structural changes occur along x, y, z

Changes only occur along one axis

<. @@=

Figure 57 Simple illustration of how a framework will behave upon photoconversion when all the linkers are photoresponsive

(top) compared to a framework where only the pillaring linkers are photoresponsive. Image adapted from R. Lyndon et al..?”

The majority of second and third generation examples described in the previous section used this
technique and demonstrates a successful record. The second reason we are adopting this strategy is
to accommodate for the challenge faced by most frameworks of restricting the movement of the
photoresponsive linkers, by only allowing photoisomerization to occur along one axis we can reduce
the overall strain photoisomerization puts on the framework which will both encourage the
photoresponsiveness of the material and reduce the chances of framework collapse upon conversion
(see Figure 57). Some of the photoactive linkers that were discussed in detail in chapter 2 are used
here in our synthetic attempts at creating 3™ generation photoactive MOF (see Figure 58). The
rigorousness of the testing of each ligand will depend on how accessible the material was (higher
yielding ligands will be tested more, e.g. 3a) and when the synthesis was established (i.e. more

recently synthesised ligands had less time to be tested).
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Figure 58 The scope of spiropyran-based linkers used in synthetic attempts of a 3@ generation metal organic framework.

The co-linkers we will employ with our spiropyran linkers are literature known and easily accessible
linkers that vary in length, connectivity, and shape to ensure a wide scope to begin with. After initial
testing we began eliminating and adapting our selection as we progressed (see Figure 59). Once we
confirmed our material incorporated the desired spiropyran linker, we then investigated the

photoresponsiveness of the material.
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Figure 59 The scope of non-photoactive co-linkers used in synthetic attempts of a 3" generation metal organic framework

incorporating spiropyran linkers.
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3.3 Results and Discussion

3.3.1 Synthetic strategy “method development”

Our primary goal with this work is to not just incorporate the spiropyran linker but to also ensure it is
photoactive and characterise that photoactivity. As such, the metal choices will primarily focus on
non-photoactive metals (e.g. group Il, d® metals etc.). By choosing non-photoactive metals, any
photoactivity can be attributed solely to the spiropyran linker thus avoiding the need to deconvolute
any data obtained. Metals with a full outer shell (i.e. d*°), often form high symmetry complexes which
are preferred for metal organic frameworks.”® Most of the focus will be on zinc, it is photo-inert and
allows for a wide variety of possible coordination geometries (4, 5, 6, 7 co-ordinate)®® which will
increase the likelihood of one being suitable for incorporating the spiropyran linker into an extended

framework.

As discussed in the introduction of this chapter, our MOF synthesis attempts will focus on designing
pillar-layer type frameworks as N-heterocycles typically perform well as a pillaring linker and also
reducing the amount of structural strain upon photoswitching as the structural change occurs along
only one axis. A starting point is to look at pillar-layer frameworks reported in the literature. Most
pillar-layer frameworks tend to combine linkers containing carboxylic acid functionalities with linkers
containing pyridyl functionalities, with the pyridyl linkers acting as pillars while carboxylic acid linkers
act as layer linkers. Although there are examples of pyridyl-only frameworks, they tend to be

extremely unstable which would make the characterisation process particularly challenging.

Due to the kink at the spiro-core and the size (=16 A), they differ quite significantly from typical,
more-linear pillar linkers. Therefore the scope of possible pillar layer strategies is quite broad. Our
strategy began with a trial and error approach, depending on the errors or successes, we outline key
factors that contribute to the successful incorporation of the spiropyran linker. The analyses used to
determine the relative success of these trials are primarily: i) inspection under microscope ii) PXRD iii)

SCXRD (although ii) and iii) will depend on suitable crystalline material being present).

3.3.1.1 1-D/2-D Metal Organic Frameworks

Due to the peculiar shape of the spiropyran molecule, utilising these ligands as a pillaring linker to
connect between layers will be difficult. One strategy that could circumvent the challenge presented
by the awkward shape of spiropyran would be to synthesise a 1-D/2-D framework. By doing so the
geometry restrictions that the spiro-linker impose will be reduced as these frameworks tend to be
more forgiving. We tried synthesising a 1D framework (3a-01) using copper paddlewheel units formed
by capped carboxylate groups leaving the axial positions free to connect via pillaring spiropyran linkers

/. 30

to form 1-D chains. This strategy was based on work by Hwang et al.*° which clearly demonstrates
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that a wide variety of pillaring N-heterocycles of various sizes and flexibilities can be incorporated into

frameworks utilising these paddlewheels (see Figure 60).

OH,
\\\\\O

%,

Cu
,O( \O
@) o)

/C|“\

Figure 60 Copper paddlewheel (top). A variety of 1D frameworks synthesised by Hwang et al. utilising the copper

paddlewheel and various N-heterocycle based pillar linkers3° (bottom).
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3.3.1.1.1 Linker3a

Outlined below is a list of all the synthetic attempts at incorporating ligand 3a into a 1D framework. In Table 11, the measure of success is given by a
numbering system which shall be used through this chapter. After each attempt the reaction mixture would be checked under an optical microscope for
any resulting material or change, any resulting material was analysed by PXRD/SCXRD when possible. Outcome 1 indicates that no observable change had
occurred. Outcome 2 indicates that some change had been observed however the resulting material did not produce any usable data via PXRD or SCXRD.
Outcome 3a indicates that a novel crystalline material incorporating of the spiropyran linker (outcome 3b indicates a literature known framework that does
not incorporate spiropyran linker) was produced which could be characterised via SCXRD and/or PXRD but that also a lot of other uncharacterizable
amorphous material was present. Outcome 4a indicates a novel crystalline material incorporating the spiropyran linker (outcome 4b indicates a literature

known material that does not incorporate a spiropyran linker), in this case the crystalline material forms the bulk of the mixture.

Experiment™ | Pillaring  Layering Metal Molar ratio  Solvent(s) (v:v) Vessel Temperature (°C) Time Notes Result
linker (P) linker (L) Salt (M) P:L:M
(mmol)
3a-01-a* 0.025 CHsCOO Cu(NOs), 2:2:1 DCM:MeOH (1:1) Wheaton vial 60 48h - 1
CUTAS NH, 3H,0
3a-01-b*° 0.025 CHsCOO Cu(NOs), 2:1:1 DCM:MeOH (1:1) Wheaton vial 60 48h - 1
CUTAS NHa 3H,0
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3a-01-c*
CUTAS
3a-01-d*
CUTAS
3a-01-e*°
CUTAS
3a-01-f*
CUTAS
3a-01-g*°
CUTAS
3a-01-h*
CUTAS
3a-01-i*
CUTAS
3a-01j%°
CUTAS
3a-01-k*°
CUTAS
3a-01-1*°
CUTAS
3a-01-m *
CUTAS

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

0.025

CHsCOO
NHa
CHsCOO
NHa
CsHsCOO
NHa
CsHsCOO
NH4
CeHsCOO
NH4
CeHsCOO
NH4
CeHsCOO Na

CeHsCOO Na

CsHsCOO Na

CsHsCOO Na

CH3COO Na

Cu(NOs);
3H,0
Cu(NO3),
3H,0
Cu(NO3),
3H,0
Cu(NO3),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0
Cu(NOs),
3H,0

4:2:1

4:4:1

2:2:1

2:1:1

4:2:1

4:4:1

2:2:1

2:1:1

4:2:1

4:4:1

2:2:1

DCM:MeOH (1:1)

DCM:MeOH (1:1)

DCM:DMF (1:1)

DCM:DMF (1:1)

DCM:DMF (1:1)

DCM:DMF (1:1)

DCM:MeOH (1:1)

DCM:MeOH (1:1)

DCM:MeOH (1:1)

DCM:MeOH (1:1)

DCM:DMF (1:1)
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Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

60

60

60

60

60

60

60

60

60

60

60

48h

48h

48h

48h

48h

48h

48h

48h

48h

48h

48h



3a-01-n*® 0.025 CHsCOONa Cu(NOs), 2:1:1 DCM:DMF (1:1)  Wheatonvial 60 48h - 1
CIUTAS 3H,0
3a-01-0%° 0.025 CHsCOONa  Cu(NOs); 4:2:1 DCM:DMF (1:1)  Wheatonvial 60 48h - 1
CIUTAS 3H,0
3a-01-p* 0.025 CHsCOONa  Cu(NOs), 4:4:1 DCM:DMF (1:1)  Wheatonvial 60 48h - 1
CIUTAS 3H,0

Table 11 Outlines the conditions of each attempt at synthesising a 1D framework incorporating ligand 4a. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb - 10 mL. *
denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known crystalline and

amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

The 1-D framework attempts were unsuccessful using benzoate and acetate linkers. Ammonium and sodium-based carboxylates were used to see if there
was any significant modulating effect from the counter ion that could improve the synthesis. Copper was used as the metal source despite its photoactive

1.,%° succeeding with copper would be more representative. If a positive result was achieved

tendencies. The reasoning was that, due to the work by Hwang et a
then we would have focused our efforts on optimising synthetic conditions for zinc, as there are examples of zinc also forming these paddlewheels. As these

efforts were unsuccessful, we moved onto other strategies.

2-D frameworks often include N-heterocyclic ligands, often acting as excellent capping agents allowing the carboxylate linkers to expand along the other two
axes. Our efforts primarily focused on 4,4’-biphenyldicarboxylic acid as the layer linker, due to a lot of examples of 2-D frameworks using this linker and also
because we had some success with this layer linker in other attempts, discussed further on. The 5-pyrimidyl spiropyran ligand (4c) was used. The obvious
advantages of a pyrimidyl linker are as follows; one extra possible coordination site, an increase in the effectiveness of intermolecular forces that are intrinsic

to keeping 2-D framework layers together, and the increased electron density on the ring will allow for potentially stronger M-N bonds to form.
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3.3.1.1.2 Linker 4c

Experiment™ | Pillaring  Layering Metal Salt Molar Solvent(s)  Vessel Temperature (°C) Time Notes Result
linker (P) linker (L) (M) ratio  (viv)
(mmol) P:L:M
4c-02-a 0.03 BPDC Zn(NOs), 1:1:1 DMF:H,0 Wheaton vial 100 96h - 2
6H,0 (2:3)
4c-02-b 0.03 BPDC Zn(NOs), 1:4:8  DMF:H,0 Wheaton vial 100 96h - 2
6H,0 (2:3)
4c-02-c 0.03 BPDC Zn(NOs), 1:4:8 DMF Wheaton vial 100 96h - 1
6H,0
4c-02-d 0.03 BPDC Zn(NOs)2 1:4:4 DMF:H,0 Wheaton vial 100 96h - 1
6H,0 (2:3)
4c-02-e 0.03 BPDC Zn(NOs)2 1:4:4 DMF:MeOH Wheaton vial 100 96h - 3b
6H,0 (3:2)
4c-02-f 0.03 BPDC Zn(NOs)2 1:4:4  DEF Wheaton vial 100 96h - 2
6H,0
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4c-02-g 0.03 TPA Zn(NOs)2 1:4:8 DMF Wheaton vial 100 96h - 4b
6H,0

4¢-02-h 0.06 TPA Zn(NO3)2 1:1:4 DMF Wheaton vial 100 96h - 4b
6H,0

4c-03-a 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton vial 100 96h 0.2uL 2
6H,0 HCI*

4c-03-b 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton vial 100 96h 0.4uL 2
6H,0 HCI*

4c-03-c 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton vial 100 96h 0.8 uL 2
6H,0 HCI*

4c-03-d 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton vial 100 96h 1.6 uL 2
6H,0 HCI*

4c-03-e 0.03 BPDC Zn(NOs), 1:2:4  DEF Wheaton vial 100 96h 0.2uL 2
6H,0 HCI*

4c-03-f 0.03 BPDC Zn(NO:s), 1:2:4  DEF Wheaton vial 100 96h 0.4 uL 2
6H,0 HCI*

4c¢-03-g 0.03 BPDC Zn(NOs)2 1:2:4  DEF Wheaton vial 100 96h 0.8uL 2
6H,0 HCI*

4¢-03-h 0.03 BPDC Zn(NOs)2 1:2:4  DEF Wheaton vial 100 96h 1.6 uL 2
6H,0 HCI*

4c-04-a 0.03 BPDC Zn(NOs)2 1:4:4 DMF Wheaton vial 100 96h - 3b
6H,0
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4c-04-b

4c-04-c

4c-04-d

4c-04-e

4¢-04-f

4c-04-g

4c-04-h

4c-04-i

4¢-04-]

4c-04-k

4c-04-|

0.03

0.03

0.03

0.03

0.03

0.03

0.06

0.03

0.03

0.03

0.03

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

BPDC

Zn(NOs)>
6H,0
Zn(NO3s);
6H,0
Zn(NOs);
6H,0
Zn(NOs);
6H,0
Zn(NOs);
6H,0
Zn(NOs)2
6H.0
Zn(NOs)2
6H,0
Zn(NOs)2
6H,0
Zn(NOs)2
6H,0
Zn(NOs)2
6H,0
Zn(NOs)2
6H,0

1:8:8

2:2:9

1:8:8

1:8:1

1:1:8

2:9:2

2:9:16

1:8:1

1:1:8

1:1:1

2:16:9

DMF

DMF

DMF

DMF

DMF

DMF

DMF

DMF

DMF

DMF

DMF
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Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

Wheaton vial

100

100

80

60

60

100

60

100

100

80

60

96h

24h

24h

60h

96h

96h

24h

24h

60h

96h

96h

20 uL HCI*

20uL HCI*

20 uL HCI*

10uL HCI*

20 uL HCI*

10 uL HCI*

20 uL HCI*

3b

3b



4c-04-m 0.03 BPDC Zn(NOs)2 1:1:1 DMF Wheaton vial 100 24h - 1
6H,0

4c¢-04-n 0.03 BPDC Zn(NO3)2 1:1:1 DMF Wheaton vial 60 24h 20uL HCI* 1
6H,0

4c-04-0 0.03 BPDC Zn(NO:3), 1:8:8 DMF Wheaton vial 60 24h - 1
6H,0

4c-04-p 0.03 BPDC Zn(NO3)2 1:8:1 DMF Wheaton vial 60 24h - 1
6H,0

4c-05-a 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton Vial 100 24h - 4b
6H,0

4c-05-b 0.03 BPDC Zn(NO:s), 1:4:4  DMF Wheaton vial 100 72h - 4b
6H,0

4c-05-c 0.03 BPDC Zn(NOs), 1:4:4  DMF Wheaton vial 100 72h 0.3uL 4b
6H,0 HCI*

4c-05-d 0.03 BPDC Zn(NO:s), 1:4:4  DMF Wheaton vial 100 72h 1uLHCI* 4b
6H,0

4c-05-e 0.03 BPDC Zn(NOs)2 1:4:4 DMF Wheaton Vial 100 72h 5 uL HCI* 4b
6H,0

4c-05-f 0.03 BPDC Zn(NOs)2 1:4:4 DMF Wheaton vial 100 72h 10 uL HCI* 4b
6H,0

4c-05-g 0.03 BPDC Zn(NOs)2 1:4:4 DMF Wheaton vial 100 72h 0.3uL 4b
6H,0 HNOs*
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4c-05-h 0.03 BPDC Zn(NO:3), 1:4:4 DMF Wheaton vial 100 72h lul 4b
6H.0 HNO3z*

4c-05-i 0.03 BPDC Zn(NO:3), 1:4:4 DMF Wheaton Vial 100 72h 5uL 4b
6H.0 HNO3z*

4c-05-j 0.03 BPDC Zn(NO:3), 1:4:4 DMF Wheaton vial 100 72h 10uL 4b
6H.0 HNO3z*

4c¢-05-k 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton vial 100 72h 1 uL HCI* 1
6H.0

4c-05-| 0.03 BPDC Zn(NO:s), 1:4:4  DEF Wheaton Vial 100 72h lul 1
6H.0 HNOs*

4¢-06-a 0.03 DBTD Zn(NOs),6H,0 4:3:15 DMF Wheaton vial 80 72h 0.3uL 1

HCI*
4c-06-b 0.03 DBTD Zn(NOs),6H,0 4:3:15 DMF Wheaton vial 80 72h 1

Table 12 Outlines the conditions of each attempt at synthesising a 2D framework incorporating ligand 4c. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb - 10 mL. *
denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known crystalline and

amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

Using 4c and bpdc, many attempts were made at optimising the synthesis by varying solvents, temperature, concentration, time, and modulators. The reason
was that crystalline material did form in some cases however it was too poor a quality to establish its identity via PXRD or SCXRD. Further attempts did manage
to create crystals of sufficient quality for SCXRD. These crystalline materials shown no incorporation of the spiro linker and were simply an IRMOF-9/10
framework (see Figure 61, Figure 49) . Although this may not necessarily be the case for all the reactions where crystals were not suitable for characterisation,

enough attempts were made to determine that either we were obtaining a material with no spiropyran incorporated or a material that could not be made
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reliably enough to be characterised. With such little success designing 1D/2D-frameworks, as well as not being as desirable as a 3D photoactive framework,

the rest of our efforts focused on 3D frameworks.

Figure 61 Image of IRMOF-10 (IRMOF-9 is the same but doubly interpenetrated) from M. Eddaoudi et al. who report interpenetration is more likely in higher concentrations of reagents (i.e. BPDC
and Zn(NO3)3). 3!

3.3.1.2 3D-Frameworks

3.3.1.2.1 Linker 3c




Experiment™" | Pillaring Layering Metal Molar Solvent(s) (v:v) Vessel Temperature  Time Notes Result
linker (P) linker (L) Salt (M) ratio (°c)
(mmol) P:L:M
3c¢c-07-a 0.02 BPDC Zn(NOs3); 1:1:2 DMF:MeOH (1:1) Wheaton vial 100 96h - 3b
6H,0
3c-07-b 0.02 BPDC Zn(NOs3), 1:1:2 DMF Wheaton vial 100 96h - 3b
6H,0
3¢-07-c 0.02 BPDC Zn(NOs3),  1:4:8 DMF Wheaton vial 100 96h - 3b
6H,0
3c-07-d 0.02 BPDC Zn(NOs3), 1:4:8 DEF Wheaton vial 100 96h - 1
6H.0
3c-07-e 0.06 BPDC Zn(NOs3),  3:1:8 DMF Wheaton vial 100 96h - 3b
6H.0
3c-07-f 0.02 BPDC Zn(NOs), 1:4:6 DMF Wheaton vial 100 96h - 3b
6H,0
3c¢-07-g 0.02 TPA Zn(NOs), 1:1:4 DMF Wheatonvial 100 96h - 3b
6H,0
3¢-07-h 0.04 TPA Zn(NOs),  2:1:8 DEF Wheatonvial 100 96h - 3b
6H,0

Table 13 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 3c. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb - 10 mL. *
denotes modulator. Outcomes: 1 =no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known crystalline

and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material
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Much like our efforts with 4c, attempts at a framework using 3c also failed to incorporate the spiropyran linker. Instead, the result was a formation of IRMOF-9
or IRMOF-10 (or in the cases of 3¢c-07-e/f, MOF-5 was produced). The pyrimidyl functionality is seemingly not binding, or at least without sufficient strength

to encourage a framework.

3.3.1.2.2 Linker 3a

Experiment | Pillaring Layering Metal Salt Molar Solvent(s) (v:v) Vessels Temperature (°C) Time Notes Result
(ref.) linker (P) linker (L) (M) Ratio
(mmol) P:L:M

3a-08-a* 0.01 H3;BTB Zn(NO:s), 3:4:6 DMF Wheaton vial 85 48h - 1
6H,0

3a-08-b* 0.01 H3;BTB Zn(NO:s), 1.05:1:4 DEF Wheaton vial 100 24h - 1
6H,0

3a-08-c** 1 IPA Zn(NOs); 1:1:1 H,0 Parr bomb 170 72h - 1
6H,0

3a-08-d**° 0.1 TPA ZnCl, 1:1:1 H,O0 Wheaton vial 100 18h - 1

3a-08-e%* 0.05 IPA Zn(CHsCO,) 1:1:1 H,0 Wheaton vial 100 18h - 1
2H,0

97



3a-08f5 | 0.05 IPA Co(CHsCO;)  1:1:1 H.0 Wheaton vial 100 24h -
4H,0

3a-08-g** 0.1 TPA Co(CH3CO0,) 1:1:1 H,0 Wheaton vial 100 18h -
4H,0

3a-08-h* 0.05 IPA Ni(CHsCO,) 1:1:1 H,O0:DMF (4:1) Wheaton vial 100 18h -

3a-08-i** 0.2 TPA Ni(CH3CO,), 1:1:1 H,O Wheaton vial 100 24h -
4H,0

3a-08-j* 0.1 IPA Cu(CHs3CO,), 1:1:1 H,O Wheaton vial 100 18h -
H,O

3a-08-k33 0.27 TMA Cu(NOs), 1.05:1:4 DMF:EtOH 1:1 Pressure 80 20h TFA (2
3H,0 tube drops)

3a-08-I*3 0.27 TMA Co(NOs), 1.05:1:4 DEF Pressure 80 48h -
6H.0 tube

3a-08-m 0.54 TMA Ni(NOs)2 2.7:2.5:1 DMF Wheaton vial 120 48h -
6H,0

3a-09-a** 0.02 HsBTB Zn(NOs); 4:3:6 DMF Wheaton vial 85 72h -
6H,0

3a-09-b* 0.02 HsBTB Zn(NOs); 8:3:6 DMF Wheaton vial 85 72h -
6H,0

3a-09-c* 0.02 HsBTB Co(NO3), 4:3:6 DMF Wheaton vial 85 72h -
6H,0
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3a-09-d* 0.02 HsBTB Co(NOs), 8:3:6 DMF Wheaton vial 85 72h -
6H.0

3a-10-a® | 0.02 HsBTB Cu(NOs), 1.05:1:4  DMF:EtOH (1:1) Wheaton 85 72h  TFA(2
3H,0 Vial drops)

3a-10-b* 0.02 HsBTB Cu(NOs); 1.05:1:4 DMF:EtOH (1:1) Wheaton 85 72h
3H,0 Vial

3a-10-¢* 0.02 H3BTB Co(NOs), 1.05:1:4  DEF Wheaton 85 72h -
6H,0 Vial

3a-10-d* 0.02 HsBTB Co(NOs), 1.05:1:4 DEF Wheaton 85 72h -
6H,0 Vial

3a-11-a* 0.02 Hs;BTB Zn(NOs); 3:4:60 DMF Wheaton 85 72h -

VEDWUY 6H,0 Vial

3a-11-b* 0.02 HsBTB Zn(NOs); 4:1:20 DMF Wheaton 85 72h -

VEDWUY 6H,0 Vial

3a-12-a 0.02 BPDC Zn(NOs); 1:1:2 DMF:MeOH (1:1) Wheaton vial 100 240h -
6H,0

3a-12-b 0.02 BPDC Zn(NOs)2 1:2:2 DMF Wheaton vial 100 240h -
6H,0

3a-12-c 0.02 BPDC Zn(NOs)2 1:1:2 MeOH:DEF (1:1) Wheaton vial 100 240h -
6H,0

3a-12d 0.02 BPDC Zn(NOs)2 1:2:2 DEF Wheaton vial 100 240h -
6H,0
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3a-12-e 0.02 BPDC Zn(NOs)2 1:1:2 EtOH:DMF (1:1) Wheaton vial 100 240h - 2
6H,0
3a-12-f 0.02 BPDC Zn(NOs)2 1:2:2 DMF Wheaton vial 100 240h  HNO; 1
6H,0 (2
drops)
3a-12g 0.02 BPDC Zn(NOs)2 1:1:2 EtOH:DMF (1:1) Wheaton vial 100 240h 2
6H,0
3a-12-h 0.02 BPDC Zn(NO:s), 1:2:2 DEF Wheaton vial 100 240h HNOs; 1
6H.0 (2
drops)
3a-12-i 0.02 BPDC In(NO3); H,O  1:2:2 DMF Wheaton vial 100 240h - 1
3a-12-j 0.02 BPDC In(NO3); H,O  1:1:2 DMF:MeOH (1:1) Wheaton vial 100 240h - 1
3a-12-k 0.02 BPDC In(NO3); H,O  1:2:2 DEF Wheaton vial 100 240h - 1
3a-12-| 0.02 BPDC In(NOs3); H,O  1:1:2 DEF:MeOH (1:1) Wheaton vial 100 240h - 1
3a-13-a 0.001 BPDC Zn(NO:s), 1:1:2 DMF:MeOH (1:1) Pressure 100 96h - 4a
6H,0 tube (LK-1/2)
3a-13-b 0.001 BPDC Zn(NOs)2 1:2:2 DMF Pressure 100 96h - 4b
6H,0 tube
3a-13-c 0.001 BPDC Zn(NOs)2 1:1.4:1.5 DEF Pressure 100 96h - 4b
6H,0 tube
3a-13d 0.001 BPDC Zn(NOs)2 1:1.17:1.8 DEF:MeOH (1:1) Pressure 100 96h - 4a
6H,0 tube (LK-1/2)
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3a-14-a BPDC In(NOs)2 DMF Pressure 100 168h - 2
3H,0 tube

3a-14-b BPDC Zn(NOs)2 DMF:MeOH (1:1) Pressure 100 168h - 1
6H,0 tube

3a-14-c BPDC Zn(NOs); DMF Pressure 100 168h - 2
6H,0 tube

3a-14-d BPDC Zn(NOs)2 DEF Pressure 100 168h - 2
6H,0 tube

3a-14-e BPDC Zn(NO:s), DEF:MeOH (1:1) Pressure 100 168h - 1
6H,0 tube

Table 14 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 3a. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb - 10 mL. *
denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known crystalline and

amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material
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Positive results were achieved when using BPDC as the layer linker (3a-13-a) and these experiments
produced two novel frameworks: LK-1 and LK-2. These new frameworks are discussed later. The
common reasons for negative results were either no characterizable material was synthesised (i.e.
amorphous products or crystals were too small to be analysed) or a framework formed without
incorporating the spiropyran linker (as observed in the 2D-framework synthesis attempts). It is well-
established in the literature that simpler, symmetrical, and rigid linkers tend to provide better quality
crystals.®®3” Conversely, incorporation of the spiropyran linker (an asymmetric, flexible linker) as a
pillar requires a layer linker that would not simply form a framework on its own that isn’t significantly
more stable without the spiropyran linker; typically these are simple, highly symmetrical molecules

such as TPA.

Successful results were achieved with zinc nitrate. No such success was observed in the cases of
copper, cobalt or nickel nitrates. As mentioned earlier zinc has a much wider scope of accessible

12 therefore it is expected that this would have a distinct advantage

geometries due to its full 3d shel
over the other metals we tried. Although it is quite common to substitute zinc for copper in metal
organic frameworks that have paddlewheels (e.g. HKUST-1, Zn-HKUST-1). We did not attempt to
substitute the zinc metal as the frameworks LK-1 and LK-2 did not have paddlewheels but instead a
rare penta-coordinate zinc cluster and a tri-nuclear co-linear cluster, respectively. In the case of LK-2,
the co-linear structure includes tetrahedrally co-ordinated zinc as well as octahedrally co-ordinated
zinc, tetrahedrally coordinated copper is not so easily accessible due to it being much more
energetically favourable in the square planar arrangement. In the case of LK-1, there is not enough
data as to why such penta-coordinate clusters form in the first place to make an assumption about
whether the copper would effectively substitute into this type of framework. However, the
coordination of the zinc nodes are trigonal bipyramidal and octahedral geometries (which are both
readily accessible for copper) so it could be possible based solely on this factor.®® There were some
results using indium as a metal source which could not be characterised as the small yellow crystals
produced were simply too small for crystallographic analysis. We could have pursued these crystals
further, however thus far attempts at producing bigger crystals had not improved crystal quality
discernibly and there was no guarantee the potential framework incorporated 3a and so was not

investigated further in favour of more promising avenues of research.

The mono-pyrimidyl linker 4c did not form a MOF structure with BPDC, which is unsurprising as it only
binds at one end of the spiro molecule. The intermolecular forces that would act between the
molecules are simply not enough to drive the formation of a framework incorporating this linker. If
we were to functionalise the other end of the spiro molecule with an isophthalic acid, then we may

be able to produce a framework similar to MFM-136 (see Figure 62)
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Figure 62 MFM-136 (top) synthesised by Benson et al.3° using the linker 5-[4-(pyrimidin-5-yl)benzamido]- isophthalic acid
(bottom, left). The modified version of the 4c linker that could potentially form a similar framework (bottom, right). The kink
in the linker caused by the amide functionality has a passing similarity to the kink caused by a spiro-centre thus a framework

isostructural to MFM-136 may be possible.

The addition of two carboxylic acid moieties would lead to stronger binding forces, also there would

not be any potential competition from a co-linker and the impressively sized pores could
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accommodate some structural change upon photoconversion. The result would most likely be similar
to R. Lyndon et al.’s azobenzene MOF that only succeeded in localised structural change?’, discussed

earlier.

Unlike 4c, the bipyridyl linker 3a can bind at both ends and is much more likely to act as a linker in a
crystalline framework. Another helpful comparison is that attempts with TPA were unsuccessful in all
cases. TPA is a well-studied MOF linker and there are numerous frameworks throughout the literature
with a variety of metals that incorporate it in the structure. Therefore, an ideal layer linker for our
purposes is one that is symmetrical and rigid while being energetically unfavourable to form a

framework with the metal of interest by itself.

3.3.1.3  Frameworks incorporating 4'5"-bis(4-carboxyphenyl)-[1,1":2" 1"-terphenyl]-4,4"-dicarboxylic
acid (DTD) and 3',6'-dibromo-4'5"-bis(4-carboxyphenyl)-[1,1":2' 1"-terphenyl]-4,4"-
dicarboxylic acid (DBTD)

(0] O (0] 0]

HO O O OH HO O Br O OH
HO O O OH HO O Br O OH
0] 0] o] 0]

Figure 63 Large layer linkers DTD (4',5'-bis(4-carboxyphenyl)-[1,1':2",1"-terphenyl]-4,4"-dicarboxylic acid) and the brominated

DTD DBTD

variant, DBTD (3',6'-dibromo-4',5"-bis(4-carboxyphenyl)-[1,1':2",1"-terphenyl]-4,4"-dicarboxylic acid)

DBTD (Figure 63) is an excellent candidate as a layer linker, since it is quite large and the bromine
atoms provide additional steric hindrance preventing a stable framework forming with just the
linker.%° Having decided to try using the DBTD linker in our syntheses and having synthesised it to use
in MOF syntheses, this choice of layer linker was further supported when D. Williams et al. reported
successful synthesis of a framework using DBTD with a co-linker consisting of spiropyran scaffolded
onto the side of a 1,4-di(pyridin-4-yl)benzene molecule.?®> We decided to begin trials using their

successful synthetic conditions.
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3.3.1.3.1 Linker 3c

Experiment™" | Pillaring Layering Metal Salt Molar Solvent(s) Vessel Temperature Time Notes Result
linker (P) linker (L) (M) ratio (v:v) (°c)
(mmol) P:L:M
3c-14-a 0.03 DBTD Zn(NOs),6H,0 4:3:15 DMF Wheaton 80 72h 0.3uL 1
vial HCI*
3c-14-b 0.03 DBTD Zn(NOs),6H,0 4:3:15 DMF Wheaton 80 72h - 1
vial

Table 15 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 3c and DBTD. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb -
10 mL. * denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known

crystalline and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

Though not rigorously tested, no success was observed when these conditions were tested with 3c; no solid products were formed.
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3.3.1.3.2 Linker 3b

Experiment™" | Pillaring Layering Metal Salt Molar Solvent(s)  Vessel Temperature Time Notes Result
linker (P) linker (L) (M) ratio (v:v) (°C)
(mmol) P:L:M
3b-15-a 0.03 DBTD Zn(NO3),6H,0 4:3:15 DMF Wheaton 80 72h 0.3 uL 1
vial HCI*
3b-15-b 0.03 DBTD Zn(NOs3),6H,0 4:3:15 DMF Wheaton 80 72h - 2
vial

Table 16 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 3b and DBTD. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb -

10 mL. * denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known

crystalline and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

Like our tests with 3¢, 3b showed little success in these non-exhaustive trials. Only amorphous solids were obtained. Strictly speaking, 3c has access to similar
geometries as ligand 3b with the added option of being able to bind to both nitrogen atom sites*!, but differ quite significantly electronically due to the

additional nitrogen atom.***3 When taking into account the lack of success achieved in previous synthetic attempts with 3¢ and 4c, we could hypothesise that

these ligands have unfavourable geometry for the formation of these framewaorks and that the 4-pyridyl functionality (3a) is preferred for that reason.
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3.3.1.3.3 Linker 3a

Experiment™" | Pillaring Layering Metal Salt Molar Solvent(s)  Vessel Temperature Time Notes Result
linker (P) linker (L) (M) ratio (v:v) (°c)
(mmol) P:L:M
3a-16-a 0.03 DBTD Zn(NO3)2 4:3:15 DMF Wheaton 80 72h 0.3 uL 4a
6H,0 Vial HCI* (GG-1)
3a-17-a 0.03 DBTD Zn(NOs)2 4:3:15 DMF Wheaton 80 24h 0.2 uL 4a
6H.0 vial HCI* (GG-1)
3a-17-b 0.03 DBTD Zn(NOs)2 4:3:15 DMF Wheaton 80 24h 0.3 uL 4a
6H,0 vial HCI* (GG-1)
3a-17-c 0.03 DBTD Zn(NOs)2 4:3:15 DMF Wheaton 80 24h 0.4 uL 3a
6H,0 vial HCI* (GG-1)
3a-18-a 0.03 DBTD In (NOs3);H,O  4:3:15 DMF Wheaton 80 72h 0.3uL 1
Vial
3a-18-b 0.03 DBTD Mn 4:3:15 DMF Wheaton 80 72h 0.3uL 4b
(NOs3),4H,0 Vial
3a-18-c 0.03 DBTD Co 4:3:15 DMF Wheaton 80 72h 0.3uL 2
(NOs),6H,0 Vial
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3a-18-d 0.03 DBTD Ca 4:3:15 DMF Wheaton 80 72h 0.3uL 2
(NOs)24H,0 vial
3a-18-e 0.03 DBTD Ba (NOs); 4:3:15 DMF Wheaton 80 72h 0.3uL 1
Vial
3a-18-f 0.03 DBTD Sr (NOs), 4:3:15 DMF Wheaton 80 72h 0.3uL 1
Vial
3a-18-g 0.03 DBTD Zn 4:3:15 DMF Wheaton 80 72h 0.3uL 4a
(NOs),6H,0 Vial (GG-1)
3a-18-h 0.03 DBTD Mg 4:3:15 DMF Wheaton 80 72h 0.3uL 2
(NOs),6H,0 Vial
3a-19-a 0.12 DBTD Zn(NOs),6H,0  4:3:15 DMF Pressure 80 24h 1.2uL 1
Tube
3a-20-a - DBTD Zn(NOs),6H,0 0:1:5 DMF Wheaton 80 24h 0.3uL 1
Vial
3a-20-b 0.03 DBTD Zn(NOs),6H,0  4:3:15 DMF Wheaton 80 24h 10 uL 4a
Vial (GG-1)
3a-20-c 0.03 DBTD Zn(NOs3),6H,0 4:3:15 DMF Wheaton 80 24h 15uL 4a
Vial (GG-1)
3a-20d 0.03 DTD Zn(NOs),6H,0 4:3:15 DMF Wheaton 80 24h 0.3uL 2
Vial
3a-20-e 0.03 DTD Zn(NOs),6H,0 4:3:15 DMF Wheaton 80 24h 10 uL 1
Vial
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3a-21-a 0.1 DBTD Zn(NO3),6H,0 1:1:2 DMF Pressure 60 72h 12 uL 2
tube

3a-21-b 0.1 DBTD Zn(NO3),6H,0 1:1:2 DMF Pressure 100 72h 12 uL 3a
tube (GG-1)

Table 17 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 3a and DBTD. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb -
10 mL. * denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known

crystalline and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

Trials with DBTD and 3a provided crystals of a new framework. It is believed to be a single polymorph as no other material was immediately identifiable.
Similar to the issues with LK-1/2, (discussed further below) characterisation of this framework was difficult due to its disordered nature and poor stability.
The details of the characterisation are discussed later: briefly, a variety of conditions were attempted to achieve bigger crystals to improve the quality of
SCXRD data but none of these trials show a discernible improvement over the original method. The synthesis of the framework also did not scale up

successfully for reasons that are not immediately clear and hence the material had to be made in multiple small batches rather than one big batch.***

3.3.1.3.4 Linker 6b

Ex. No. Pillaring Layering Metal Salt Molar Solvent(s) Vessel Temperature Time Notes Result
Based off | linker (P) linker (L) (M) ratio (v:v) (°C)
(mmol) P:L:M
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6b-21-a 0.03 DBTD Zn(NOs),6H,0 4:3:15 DMF Wheaton 80 72h 0.5ul  4a(GG-32)
vial HCI*
6b-21-b 0.03 DBTD Zn(NO3),6H,0  4:3:15 DMF Wheaton 80 72h 10 uL 3a (GG-32)
vial HCI*
6b-22-a - DBTD Zn(NOs)2 0:3:15 DMF Wheaton 80 72h 10 uL 2
6H,0 vial HCI* G-
32
seed
6b-23-a 0.03 DTD Zn(NO:s), 4:3:15 DMF Wheaton 80 72h 0.5uL 1
6H,0 Vial
6b-23-b 0.03 DTD Zn(NO:s), 4:3:15 DMF Wheaton 80 72h - 1
6H,0 Vial

Table 18 Outlines the conditions of each attempt at synthesising a 3D framework incorporating ligand 6b and DBTD. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb -
10 mL. * denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known

crystalline and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material

Despite not being able to fully purify ligand 6b, we still used the impure product in the synthesis of DBTD. The best-case scenario, it would form a framework
with the spiropyran and be purified that way or in the less ideal scenario, it could form a framework with the impurity, which could lead to the determination

of its identity which would make it easier to remove from the final product.

By adapting the synthesis of D. Williams et al., we were able to produce a crystalline material with 6b that is almost definitely a metal organic framework
(6b-21-a/b). The details of characterisation are discussed later. To determine whether spiropyran was incorporated into the framework, a control synthesis

without the spiropyran linker present was performed. This produced many small white crystals too small for characterisation by PXRD/SCXRD with the
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equipment available. These crystals remain unidentified, but as they look nothing like the crystals produced in the synthesis utilising 6b, it is quite possible

that the linker (or a derivative of 6b) is incorporated in the framework.

3.3.1.4  Synthetic Summary

Two 3-D frameworks were successfully synthesised using BPDC and ligand 3a. The chief factor that seems to dictate the success of these pillar layering
attempts is whether the pillaring linker can compete effectively with the layering linker. In cases where small linkers were used (TPA, IPA, TMA) the framework
simply formed with the layering linker exclusively, likely due to being significantly more thermodynamically favourable to form without the spiropyran linker.
Simply extending the TPA linker by one benzene ring (BPDC) was able to reduce the availability of the layer linker allowing for effective competition of ligand

3a. Further discussion on how to encourage the competitive aspects of ligand 3a is discussed later.

It would appear BPDC had the right kind of symmetry to complement ligand 3a, for other linkers such as linkers 3b and 3c it is possible that an extended
version of IPA or TMA would lead to a framework or perhaps further increasing the size of BPDC, further reducing its competitiveness, would be enough to
allow for incorporation of these linkers. The trials using linkers 3b and 3¢ with DBTD linker although unsuccessful, would need more rigorous testing before

we can draw a clear conclusion about the effectiveness of these ligands as a MOF linker. The frameworks GG-1 and GG-32 are discussed later.

The LK-1 and LK-2 frameworks were produced as a mix, which is most likely a manifestation of the zinc’s flexibility in coordination due to the lack of ligand
field stabilisation.?® Although useful for increasing the likelihood of a framework forming, unfortunately the drawback is a lack of selectiveness. We did not
observe any significant successes with other metals, but it is quite likely that more rigorous testing with other metals and conditions similar to what produced

LK-1 and LK-2 may produce a derivative of one of the two and could lead to a singular product and improve the stability of the framework.
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3.3.2 LK-1and LK-2

The mixture of frameworks LK-1 and LK-2 was both a blessing and a curse. As where there were zero
examples of third generation frameworks incorporating spiropyran in the literature, we have made
two. The drawback is that as a mixture we cannot characterise each of the frameworks specifically,
preventing the acquisition of an adsorption isotherm. Adsorption isothermal data is one of the most
important characterisations a metal organic framework could have. By determining surface area and
pore volume, you can determine how effective the framework will be in its possible functionalities,

such as gas storage, molecular sieves etc.

In the first instance we obtained specific characterisation data for each framework where possible,

any data collected for the bulk material was collated and characterised to the best of our ability.

3.3.2.1 LK-1 Properties
LK-1 forms well defined pink cuboid crystals (Figure 64), that are extremely fragile to crystal
manipulation techniques often resulting in shattering and rapidly degrade upon leaving the mother

liquor.

Figure 64 Microscope picture of LK-1
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Obtaining crystallographic data proved especially difficult, as the mother liquor would interfere with
data collection but completely removing the mother liquor caused complete loss of crystallinity. The
crude solution to this problem was to leave the crystal in as small amount of mother liquor as possible

and then rapidly transfer for data acquisition.

3.3.2.1.1 Single Crystal X-Ray Diffraction Data

Acquisition of single crystal data for this framework was made difficult for a multitude of reasons. The
issues commonly associated with metal organic frameworks (in particular frameworks with large pore
sizes), have a large amount of disorder due to all the freely moving guest molecules within the pores
resulting in lots of areas of electron density that simply cannot be assigned and reducing the
effectiveness of the overall model. The second issue is the potential for photisomerism of the
framework, as we mentioned before photoisomerism in the solid form is quite difficult and typically
requires a lot of energy, however metal organic frameworks behave differently as the large pore sizes
allow space for structural changes to be made therefore not behaving as a typical solid. This lack of
control over the photoactivity of the framework can lead to further disorder over the spiro- molecules
as it could be in the open, closed or any transition state in between. Finally the instability of the
framework outside the mother liquor causes a rapid loss in crystallinity, meaning you have to have a
small amount of the mother liquor present in order to preserve the crystal while obtaining data which

will further obscure any data obtained.

The SCXRD data that was obtained, although not complete (90% completeness), was sufficient to
elucidate the spiropyran molecule that was incorporated into the structure, providing conclusive proof

that this was a third-generation metal organic framework with spiropyran.
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Figure 65 Penta-coordinate zinc node of LK-1. Metal (colour): zinc (aqua), oxygen (red), carbon (grey), nitrogen (blue).

Hydrogen atoms omitted for clarity.

LK-1 has a distinctive structure since it has a penta-coordinate zinc metal node that has only been
observed in two frameworks so far in the literature (see Figure 65).%¢*” The structure is not a typical
pillar layer structure as instead the skeleton of the framework seems to be provided entirely by the
BPDC linkers and the spiropyran forms an inlay inside each of the pores (see Figure 66). The spiropyran
is still an integral part of the framework and the framework has not been seen to form without it being
there, so it certainly is not a pendant group. The inlay that the spiropyran forms looks like it could
accommodate the structural change upon photoisomerism as it would potentially expand into the

pore (see Figure 66).
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Figure 66 Images obtained from single crystal X-Ray data of LK-1. View down the main channels (top left). View down the
smaller channels (bottom left). View down the main channels with the BPDC linkers highlighted as red and the 3a linkers
highlighted as blue (top right). Shortest distance from spiropyran linker to spiropyran linker measured to be 16.2 A (bottom
right).

There was no conclusive proof of the merocyanine form being present in the crystal structure but we
would not expect to see it using the in-house SCXRD equipment and it could quite easily be hidden

among all the unassigned electron density in the pores.

3.3.2.1.2 LK-1 Diamond experiment

3.3.2.2 LK-2 Properties
LK-2 formed as dark red ill-defined structures (Figure 67), not as easily identified as the pink cuboids
of LK-1. LK-2 did seem less fragile to crystal manipulation techniques but was still quite unstable

outside of the mother liquor and required the same treatment as LK-1 described earlier.
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Figure 67 Microscope picture of LK-2

All the challenges associated with collecting crystallographic data for LK-1 applied to LK-2. Surprisingly,
a collection with 100% completeness was obtained allowing us to clearly characterise the ligand 3ain

the framework.

Figure 68 Images obtained from SCXRD data of LK-2. Node (top left). Looking along the pillars (top right). Looking along the

layers (bottom left). Looking along the layers that displays interpenetrated framework (bottom right).
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LK-2 has a more familiar tri-nuclear zinc node*® with the three metal ions co-linear, tetrahedral co-
ordination at the terminal ions and octahedral coordination for the central zinc ion. The layers are
formed by the BPDC linkers joining the zinc node together and forming bridges to the adjacent nodes
to form a bilayer. These layers are then pillared by the 3a linkers coordinating to the tetrahedral zinc
atoms at the terminals of the nodes to form a 3D structure. The perceived stability that it has
compared to LK-1 could be explained by the interpenetration of the framework. Interpenetration
would also reduce the available pore space and reduce the freedom of movement for guest molecules,

reducing the overall disorder present in the data (see Figure 69).

Figure 69 View of LK-2 down b-axis (left) highlighting space between adjacent spiropyran linkers. View down c-axis right

highlighting space between spiropyran linkers.

There is space available along the c-axis to expand, although quite restricted in other directions. This
could mean that the framework can photoisomerise and restrict the expansion to one direction.
Although there is a reduction in the overall mobility of the spiropyran linkers, the photoisomerism is

more likely to be uniform throughout the structure.

No open form species were identified in the crystal data, the crystal data is considerably better than
LK-1 but there is still a lot of disorder throughout the structure. This should not be used as conclusive
evidence of its ability to photoisomerise, as the crystal could simply be at rest and still be able to
photoisomerise with the appropriate stimulus. As discussed in chapter 2, solid state photoisomerism
is still possible with crystals of just spiropyran molecules. There is considerably more space for the
spiropyran molecules to photoisomerise in the LK-2 structure compared to the solid crystals of
spiropyran, therefore we would still expect a significant reduction in the energy required to stimulate

photoisomerism in the LK-2 structure.
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3.3.2.3 LK-1/2 PXRD

Figure 70 shows the experimental powder X-ray diffraction pattern for the bulk solid formed from the
LK-1 and LK-2 synthesis. Crystalline material is clearly present. The sample was left with a small amount
of solvent present in order to prevent degradation on drying and hence there is a small amorphous
background in the observed pattern. If the sample is allowed to fully dry before collection no
diffraction peaks are observed. Also shown in Figure 70 is powder X-ray data of the bulk material of
the LK mixture (experimental) with simulated powder patterns from the SCXRD data of LK-1 and LK-2
(from the crystal structures collected at 150 K). Ideally, we would be able to quantify the amount of
each phase present in the experimental pattern but unfortunately there are too few diffraction peaks

to do s0.*° However some observations on the experimental data can be made.
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Figure 70 Powder X-Ray data of the bulk material of the LK mixture (experimental) with simulated powder patterns from the

SCXRD data of LK-1 and LK-2 .

The simulated powder pattern for LK-1 has some key identifying peaks at 6.18, 6.98, 7.68, 7.74 20.
The simulated powder pattern for LK-2 has key peaks at 4.08, 6.38 and 7.08 20. In the experimental
pattern we are collecting X-ray data for these two different phases, but also for each crystal across the

sample at different states of degradation (due to solvent loss) and photoactivation (different crystals
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will most likely have different amounts of the open and closed form of the spiropyran linkers). This
results in identifiable peaks at 4.07, 6.96, 7.71, 8.43, 11.16, 14.60 20. These peaks are consistent with
the presence of both LK-1 and LK-2 (accounting for small shifts due to difference in collection
temperatures). No other crystalline species appear to be present, and there is no evidence for the
presence of the precursor metal salt (simulated PXRD pattern of zinc nitrate hexahydrate shows a
peak at an angle of 15.98 20). Given these observations, the pink material that surrounds the crystals
produced in this synthesis is either composed of microcrystalline LK-1 and/or LK-2 or is amorphous

and contributes to the weak amorphous background.
3.3.2.4 LK-1/2- Solid State UV vis
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Figure 71 Solid state UV-vis of LK-1 and LK-2 mixture with solid state data of 3a and BPDC for comparison.

The profile for 3a and the bulk material for the LK mixture looks very different. The merocyanine form
is very pronounced in the LK sample, signified with a peak at 554 nm. Although we cannot determine
how much merocyanine there is compared to spiropyran, as merocyanine is consistently reported to
have a much higher molar extinction coefficient than spiropyran, we can however say its present in

significantly higher amounts than the 3a ligand sample.

The second caveat is that the open form may not be present at all in either of the frameworks and
simply be guests in the pores of the frameworks or some other artifact of the mixture. If we attribute

these peaks to a result of the LK materials, we can draw two conclusions. As we only see two broad
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peaks for the LK material, we could conclude that both LK materials have similar photoactivation
parameters with a high degree of overlap in the peak regions or if the case that either LK-1 or LK-2 is
present in a significantly larger quantity than the other species, then the dominant species could have

a signal that is too strong for the signal pertaining to the other species to be reliably identified.

The peak representing the r-it* transition of the chromene fragment at 354 nm has shifted to 374 nm.
As we saw from our UV-Vis studies on the ligands in chapter 2, we saw shifts as big as 18 nm depending
on whether it was functionalised with a 3-pyridyl or 4-pyridyl upon functionalisation with pyridine
molecules, therefore the framework must be also lowering the energy of this transition further. More
importantly this shifts the absorption into the visible light region, meaning that normal room lights
could potentially cause photoisomerization. This would support the claim that the disorder observed
in the crystallographic data for LK-1 and LK-2, in some part, is caused by photoisomerization of the

linker.

3.3.2.5 Thermogravimetric analysis

So far, the SCXRD data revealed there are two different frameworks present in the MOF mixture, the
PXRD also corroborates the presence of the two frameworks in the mixture. These two techniques
rely on the crystallinity of the sample which is disadvantaged by the general instability of both
frameworks, furthermore there is an unidentified pink amorphous material present which we have
not discussed yet. Thermogravimetric analysis was also performed on a dried sample of the LK mixture
to quantify the stability of the frameworks and an idea of what ratio they exist in. The MOF’s thermal
stability is largely dictated by the nature of the ligand and the stability of the inorganic node. In our
case the ligands are the same for both frameworks however the inorganic nodes are very different,
therefore if the decomposition mechanism of one of these two materials is dependent on the stability
of the inorganic node we should see a clear difference in thermal stability. The material was washed
and dried to try and remove any excess linker, working on the assumption that the loss of crystallinity
does not necessarily mean the complete collapse of the framework but if that were the case then we
would expect a loss in thermal stability and should see it in the TGA profile. We have no modulators
and no coordinated solvent molecules to be concerned with as the metal nodes are solely coordinated
to the linkers, therefore the significant decomposition steps should only correspond with the two
frameworks and the amorphous material if we assume that there are also no defect sites in the

frameworks.*®

Framework | Mol of Zn | Mol of 3a | Mol of BPDC | Mol of p-O atoms | MOF Mw | Rtheo
(zn0O)
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LK-1 5%65.38 2%431.54 | 4*242.23 2*16.00 2190.9 0.19
(81.38)

LK-2 3*65.38 1*431.54 | 3*%242.23 N/A 1354.37 0.18
(81.38)

Table 19 Showing calculations for molecular weight of frameworks and the theoretical residue (Reo) for each framework. If
the mixture was solely these two samples then we would expect the experimental residue (Rexp) to be a value between these

two ratios.

Mass (mg)
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Figure 72 Thermogravimetric analysis of LK mixture, under N at a ramp temperature of 10°C min-L.

The TGA shows solvent loss up to 367°C which is in the range of what we would expect for a zinc-based
MOF (300-450°C*¢%851) There is another step in the curve at 438°C and a final step at 451 °C. Based
on the fact that there are three steps after solvent loss, this could suggest the presence of three
species although multi-step decomposition mechanisms have been observed for single frameworks.>?
We cannot assign each step to the relevant species, but we could estimate that the amorphous
material would be the species that decomposes at 367°C as crystalline materials tend to be more
robust than amorphous materials. Furthermore, we would expect that the two frameworks to have

somewhat similar stabilities due to having the same ligand and same choice of metal (i.e. zinc).

The dehydrated mass of the material is the mass just before the first decomposition step (367°C)

which is 5.03 mg. The weight of the final residue is 1.35 mg, therefore the Rex is 0.27. Assuming full
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decomposition of the frameworks, this would suggest that the amorphous material contains a higher
ratio of metal to organic material. The material is most likely the majority of the overall yield and it
indicates that the amorphous material is not a derivative of either of the LK frameworks but a different
species altogether. If the amorphous material were the degraded frameworks from the drying
treatment before the analysis, the stoichiometry of the metals and ligands would be unaffected and

therefore we would expect a similar Rex, value.

It is clear that the attempts at bulk characterisations have too many variables in order for a decisive
conclusion to be drawn. We required specific bulk data for one of the frameworks, which would in
turn allow for the deconvolution of the data we already gathered to characterise the other framework.
Thus our efforts focused on improving the selectivity for one of the desired frameworks, with a

secondary goal of improving the stability of either framework.
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3.3.2.6  LK-1/2 Synthesis Optimisation
Experiment | Pillaring Layering Metal Salt (M) Molar Solvent(s) (v:v) Vessels Temperature Time Notes Result
(ref.) liner (P) linker Ratio (°C)
(mmol) (L) P:L:M
3a-24-a | 0.03 BPDC Zn(NOs), 6H,0 2:1:4 DMF:MeOH (1:1) Wheatonvial 60 144h - 2
3a-24-b | 0.03 BPDC Zn(NOs), 6H,0 2:1:4 DMF Wheatonvial 60 144h - 3b
3a-24-c | 0.03 BPDC Zn(NOs), 6H,0 2:1:4 DMF:MeOH (1:1) Wheatonvial 60 144h  Seed with LK-1 2
3a-24-d | 0.03 BPDC Zn(NOs), 6H,0 2:1:4 DMF Wheatonvial 60 144h  Seed with LK-2  3b
3a-24-e | 0.03 BPDC Zn(NOs), 6H,0 1:1:2 DMF:MeOH (1:1) Wheatonvial 60 144h - 2
3a-24-f | 0.03 BPDC Zn(NOs), 6H,0 1:1:2 DMF Wheatonvial 60 144h - 3b
3a-24-g | 0.03 BPDC Zn(NOs), 6H,0 1:1:2 DMF:MeOH (1:1) Wheatonvial 60 144h  Seed with LK-1 2
3a-234g | 0.03 BPDC Zn(NOs); 6H,0  1:1:2 DMF Wheaton vial 60 144h Seed with LK-2 3b
3a-25-a | 0.10 BPDC Zn(NOs); 6H,0  2:1:2 DMF:MeOH (1:1)  Pressure tube 60 72h Seed LK-1 2
scale up
3a-25-b | 0.21 BPDC Zn(NO3)2 6H,0  1:1:1 DMF:MeOH (1:1)  Pressure tube 60 72h Seed LK-1 2
scale up
3a-25-c | 0.10 BPDC Zn(NOs); 6H,0  1:2:2 DMF:MeOH (1:1)  Pressure tube 60 72h Seed LK-1 1
scale up
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3a-25-d | 0.10 BPDC Zn(NO3); 6H,O0  1:3:2 DMF:MeOH (1:1)  Pressuretube 60 72h Seed LK-1 1
scale up

3a-25-e | 0.10 BPDC Zn(NOs3); 6H,O0  2:1:2 DMF:MeOH (1:1)  Pressuretube 60 72h Seed LK-2 4a (LK-1/2)
scale up

3a-25-f | 0.10 BPDC Zn(NOs); 6H,0  1:1:1 DMF:MeOH (1:1)  Pressuretube 60 72h Seed LK-2 1
scale up

3a-25-g | 0.10 BPDC Zn(NOs), 6H,0 1:2:2 DMF:MeOH (1:1)  Pressure tube 60 72h  Seed LK-2 2
scale up

3a-26-a | 0.10 BPDC Zn(NOs), 6H,0 1:2:4 MeOH Parr bomb 180 72h - 1

3a-26-b | 0.10 BPDC Zn(NOs), 6H,0 1:2:2 MeOH Parr bomb 180 72h - 1

3a-26-c | 0.05 BPDC Zn(NOs), 6H,0 1:2:4 MeOH Parr bomb 180 72h - 1

3a-26-d | 0.05 BPDC Zn(NOs), 6H,0 1:2:2 MeOH Parr bomb 180 72h - 1

3a-27-a | 0.02 BPDC Zn(NOs); 6H,0  2:4:5 Ethtylene glycol Wheaton vial 100 120h - 1

(EG)

3a-27-b | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 EG:H20 (1:1_ Wheatonvial 100 120h -

3a-27-c | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 EG:DMF (1:1) Wheatonvial 100 120h - 2

3a-27-d | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 EG:DMF:H20 Wheatonvial 100 120h - 1

(1:1:1)

3a-27-e | 0.02 BPDC Zn(NOs); 6H,0  2:4:5 NMP Wheaton vial 100 120h - 3b

3a-27-f | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 NMP:H20 (1:1) Wheatonvial 100 120h - 1

3a-27-g | 0.02 BPDC Zn(NOs); 6H,0  2:4:5 NMP:DMF (1:1) Wheaton vial 100 120h - 2
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3a-27-h | 0.02 BPDC Zn(NO3); 6H,O0  2:4:5 NMP:DMF:H20 Wheaton vial 100 120h - 1
(1:2:1)

3a-27-i | 0.02 BPDC Zn(NOs3), 6H,O0  2:4:5 DMF Wheaton vial 100 120h - 2

3a-27-j | 0.02 BPDC Zn(NOs3), 6H,O0  2:4:5 DMF:H20 (1:1) Wheaton vial 100 120h - 1

3a-27-k | 0.02 BPDC Zn(NOs), 6H,O0  2:4:5 DMF:MeOH(1:1) Wheaton vial 100 120h - 3a (LK-1/2)
3a-28-a | 0.02 BPDC Zn(NOs); 6H,O0  2:4:5 DMF:MeOH (1:1)  Wheaton vial 100 72h 0.1 uL HCI 3a (LK-1/2)
3a-28-b | 0.02 BPDC Zn(NOs), 6H,O0  2:4:5 DMF:MeOH (1:1)  Wheaton vial 100 72h 0.3 uL HCI 3a (LK-1/2)
3a-28-c | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 DMF:MeOH (1:1) Wheatonvial 100 72h 0.5 uL HCl 3a (LK-1/2)
3a-28-d | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 DMF:MeOH (1:1) Wheatonvial 100 72h 1.0 uLHCl 3a (LK-1/2)
3a-28-e | 0.02 BPDC Zn(NOs), 6H,0 1:2:3 DMF:MeOH (1:1) Wheatonvial 100 72h 0.1 uLHCl 3a (LK-1/2)
3a-28-f | 0.02 BPDC Zn(NOs), 6H,0 1:2:3 DMF:MeOH (1:1)  Wheatonvial 100 72h 0.3 uLHCl 3a (LK-1/2)
3a-28-g | 0.02 BPDC Zn(NOs), 6H,0 1:2:3 DMF:MeOH (1:1)  Wheatonvial 100 72h 0.5 uL HCl 3a (LK-1/2)
3a-28-h | 0.02 BPDC Zn(NOs), 6H,0 1:2:3 DMF:MeOH (1:1) Wheatonvial 100 72h  1.0uLHCl 3a (LK-1/2)
3a-28-i | 0.02 BPDC Zn(NOs), 6H,0 2:4:5 DMF:MeOH (1:1)  Wheaton Vial 100 72h - 3a (LK-1/2)
3a-28-j | 0.02 BPDC Zn(NOs), 6H,0 1:2:3 DMF:MeOH (1:1)  Wheaton Vial 100 72h - 3a (LK-1/2)
3a-29-a | 0.02 BPDC Zn(NOs); 6H,0  2:4:5 DMF:MeOH (1:1)  Wheaton vial 100 48h -

3a-29-b | 0.02 BPDC Zn(NOs), 6H,0 2:2:5 DMF:MeOH (1:1) Wheatonvial 100 48h - 1

3a-29-c | 0.02 BPDC Zn(NOs), 6H,0 2:6:5 DMF:MeOH (1:1) Wheaton Vial 100 48h - 1

3a-29-d | 0.02 BPDC Zn(NOs), 6H,0 2:8:5 DMF:MeOH (1:1)  Wheaton Vial 100 48h - 1

3a-29-e | 0.01 BPDC Zn(NOs); 6H,0  2:4:5 DMF:MeOH (1:1) Wheaton vial 100 48h - 1

3a-29-f | 0.005 BPDC Zn(NOs); 6H,0  2:4:5 DMF:MeOH (1:1) Wheaton vial 100 48h - 1

3a-29-g | 0.025 BPDC Zn(NOs); 6H,0  2:4:5 DMF:MeOH (1:1) Wheaton Vial 100 48h - 1
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3a-29-h | 0.03 BPDC Zn(NO3); 6H,O0  2:4:5 DMF:MeOH (1:1)  Wheaton Vial 100 48h - 1
3a-30-a | 0.03 BPDC Zn(NOs3); 6H,O0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 4h - 1
3a-30-b | 0.03 BPDC Zn(NOs3); 6H,O0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 20h - 2
3a-30-c | 0.03 BPDC Zn(NOs3); 6H,O0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 28h - 2
3a-30-d | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 44h - 2
3a-30-e | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 52h - 3a (LK-1/2)
3a-30-f | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1)  Wheaton Vial 60 68h - 3a (LK-1/2)
3a-30-g | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1) Wheaton Vial 60 76h - 3a (LK-1/2)
3a-30-h | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1) Wheaton Vial 60 92h - 3a (LK-1/2)
3a-30-i | 0.03 BPDC Zn(NOs), 6H,0 1:1:3 DMF:MeOH (1:1) Wheaton Vial 60 100h - 3a (LK-1/2)
3a-31-a | 0.02 BPDC Zn(NOs); 6H,0 1:10:1 DMF:MeOH (1:1) Wheatonvial 100 104h 50 uL HCl 3a (LK-1/2)
0
3a-31-b | 0.02 BPDC Zn(NOs); 6H,0 1:5:10 DMF:MeOH (1:1) Wheaton Vial 60 104h 50 uL HCl 2
3a-31-c | 0.02 BPDC Zn(NOs), 6H,0 1:10:1 DMF:MeOH (1:1) Wheaton Vial 60 8h 25 uL HCl 2
0
3a-31-d | 0.02 BPDC Zn(NOs), 6H,0 2:1:20 DMF:MeOH (1:1) Wheatonvial 80 104h - 2
3a-31-e | 0.02 BPDC Zn(NOs); 6H,0 2:20:1 DMF:MeOH (1:1) Wheaton Vial 100 56h - 2
3a-31-f | 0.02 BPDC Zn(NOs); 6H,0 2:1:10 DMF:MeOH (1:1) Wheaton Vial 100 104h 50 hcl ul 2
3a-31-g | 0.02 BPDC Zn(NO3); 6H,0  1:10:5 DMF:MeOH (1:1) Wheaton vial 60 104h - 3a (LK-1/2)
3a-31-h | 0.02 BPDC Zn(NOs); 6H,0 2:1:20 DMF:MeOH (1:1)  Wheaton Vial 60 56h 50 uL HCI 1
3a-31-i | 0.02 BPDC Zn(NOs); 6H,0 2:20:1 DMF:MeOH (1:1) Wheaton Vial 80 8h 50 uL HCl 2
3a-31j | 0.02 BPDC Zn(NOs), 6H,0  2:1:1 DMF:MeOH (1:1)  Wheaton vial 100 104h 25 ul HCI 1

126



3a-31-k | 0.02 BPDC Zn(NOs3); 6H,O0 1:5:10 DMF:MeOH (1:1) Wheaton Vial 100 104h - 2
3a-31-1 | 0.02 BPDC Zn(NOs3); 6H,O0  2:1:1 DMF:MeOH (1:1)  Wheaton Vial 60 8h 50 uL HCI 1
3a-31-m | 0.02 BPDC Zn(NOs3); 6H,O0 2:1:1 DMF:MeOH (1:1)  Wheaton vial 60 104h - 1
3a-31-n | 0.02 BPDC Zn(NOs3) 6H,0  2:20:1 DMF:MeOH (1:1) Wheaton Vial 60 8h - 2
3a-31-0 | 0.02 BPDC Zn(NOs); 6H,0 2:1:20 DMF:MeOH (1:1)  Wheaton Vial 60 8h - 1
3a-31-p | 0.02 BPDC Zn(NOs3); 6H,O0 1:10:1 DMF:MeOH (1:1) Wheaton vial 60 104h 50 uL HCI 2
0
3a-32-a | - BPDC Zn(NOs), 6H,0 0:1:1 DMF:MeOH (1:1) Wheatonvial 100 104h 50 uL HCl 3b
3a-32-b | - BPDC Zn(NOs); 6H,0 0:10:1 DMF:MeOH (1:1) Wheaton Vial 60 104h 50 uL HCl 3b
3a-32c | - BPDC Zn(NOs), 6H,0 0:1:1 DMF:MeOH (1:1) Wheaton Vial 60 8h 25 uL HCl 4b
3a-32d | - BPDC Zn(NOs); 6H,0 0:1:10 DMF:MeOH (1:1) Wheatonvial 80 104h - 3b
3a-32-e | - BPDC Zn(NOs); 6H,0 0:20:1 DMF:MeOH (1:1) Wheatonvial 100 56h - 3b
3a-32-f | - BPDC Zn(NOs); 6H,0 0:1:10 DMF:MeOH (1:1) Wheaton Vial 100 8h 50uL HCI 4b
3a-32-g | - BPDC Zn(NOs), 6H,0 0:2:1 DMF:MeOH (1:1)  Wheaton Vial 60 104h - 1
3a-32-h | - BPDC Zn(NOs), 6H,0 0:10:1 DMF:MeOH (1:1) Wheatonvial 80 8h 50 uL HCl 4b
3a-32-i | - BPDC Zn(NOs), 6H,0 0:1:2 DMF:MeOH (1:1) Wheaton Vial 100 8h - 1
3a-32-j | - BPDC Zn(NOs); 6H,0 0:1:20 DMF:MeOH (1:1) Wheaton Vial 60 8h - 1
3a-32-k | - BPDC Zn(NOs), 6H,0 0:1:1 DMF:MeOH (1:1) Wheaton Vial 60 104h 50 uL HCl 4b
3a-33-a | 0.1 BPDC Zn(NO3);6H,0  1:1:2 DMF:MeOH (1:1)  Pressure tube 60 72h - 1
3a-33-b | 0.1 BPDC Zn(NO3);6H,0  1:1:2 DMF:MeOH (1:1)  Pressure tube 100 72h - 3a (LK-1/2)
3a-34-a | 0.05 BPDC Zn(NO3)2 6H,0  1:1:1 DMF:MeOH (1:1) Wheaton vial 80 72h - 2
3a-34-b | 0.025 BPDC Zn(NOs), 6H,0  1:1:1 DMF:MeOH (1:1)  Wheaton vial 80 72h - 2
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3a-34-c | 0.05 BPDC Zn(NOs3); 6H,0  2:2:1 DMF:MeOH (1:1)  Wheaton vial 80 72h - 2
3a-34-d | 0.05 BPDC Zn(NOs3); 6H,O0 1:1:1 DMF Wheaton vial 80 72h - 2
3a-34-e | 0.025 BPDC Zn(NOs3), 6H,O0  1:3:2 DMF:MeOH (1:1)  Wheaton Vial 80 72h - 3a (LK-1/2)
3a-34-f | 0.025 BPDC Zn(NOs3), 6H,O0  1:3:2 DMF Wheaton Vial 80 72h - 3b
3a-34-g | 0.025 BPDC Zn(NOs3); 6H,O0  2:3:2 DMF Wheaton Vial 80 72h - 1
3a-34-h | 0.025 BPDC Zn(NOs3); 6H,O0  2:3:2 DMF Wheaton vial 80 72h - 4a (LK-1/2)
3a-34-i | 0.025 BPDC Zn(NOs3); 6H,O0  1:2:2 DMF:MeOH (1:1)  Wheaton vial 80 72h - 4a (LK-1/2)
3a-34-j | 0.025 BPDC Zn(NOs), 6H,0 1:2:2 DMF Wheatonvial 80 72h - 3b
3a-34-k | 0.013 BPDC Zn(NOs), 6H,0 1:2:2 DMF:MeOH (1:1) Wheatonvial 80 72h - 3a (LK-1/2)
3a-34-1 | 0.013 BPDC Zn(NOs), 6H,0 1:2:2 DMF Wheatonvial 80 72h - 1
3a-34-m | 0.025 BPDC Zn(NOs), 6H,0 1:1:2 DMF:MeOH (1:1) Wheatonvial 80 72h - 3a (LK-1/2)
3a-34-n | 0.025 BPDC Zn(NOs), 6H,0 2:1:2 DMF:MeOH (1:1) Wheatonvial 80 72h - 3a (LK-1/2)
3a-34-0 | 0.025 BPDC Zn(NOs), 6H,0 2:1:2 DMF Wheatonvial 80 72h - 1
3a-34-p | 0.013 BPDC Zn(NOs), 6H,0 1:2:4 DMF Wheatonvial 80 72h - 1
3a-35-a | 0.10 BPDC Zn(NOs), 6H,0 1:2:2 DMF:MeOH (1:1)  Pressure tube 100 72h - 4b
3a-35-b | 0.10 BPDC Zn(NOs); 6H,0  1:3:2 DMF:MeOH (1:1)  Pressure tube 100 72h - 4b
3a-35-c | 0.10 BPDC Zn(NOs); 1:1:2 DMF:MeOH (1:1)  Pressure tube 100 72h - 4b

Table 20 Outlines the conditions of each attempt at optimising the synthesis of 3D frameworks LK-1 and LK-2. Vessel volumes: Wheaton Vial - 2.5 mL, Pressure Tube - 10 mL, Parr Bomb - 10

mL. * denotes modulator. Outcomes: 1 = no reaction, 2 = amorphous/not crystalline enough for characterisation, 3a = novel crystalline and amorphous material, 3b = literature known

crystalline and amorphous material, 4a = novel crystalline material, 4b = literature known crystalline material
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LK-1 and LK-2 are produced in the same reaction with no clear preference (3a-13-a). To characterise
either of these frameworks effectively (e.g. BET, PXRD, solid state UV-Vis) we require a means by which
we can obtain a phase-pure sample. These frameworks seem to exhibit little stability outside the
mother liquor, perishing even when the mother liquor is replaced with fresh solvent of the same
composition as the original reaction mixture. Strategies for separating the two frameworks that
involved manipulating the solvent media (density flotation, selective degradation) have had little
success, as the result was always the framework crystallites collapsing. The frameworks however have
shown good stability in the mother liquor and have shown a shelf-life of 6+ months. It is unclear what
itis about the mother liquor that provides an environment in which the frameworks can maintain their
integrity, but this does suggest that the best strategy for obtaining one of these frameworks
independent of the other is to manipulate the reaction conditions to engender selectivity for one

framework over the other, rather attempting to separate them post-hoc.

We trialled reactions with a variety of different reagent stoichiometries, however the stoichiometries
(Zn:BPDC:SP) of the frameworks LK-1 and LK-2 are quite similar, 5:4:2 and 3:3:1 respectively. This is
further complicated by the fact the other possible framework is IRMOF-9(10), a framework consisting
entirely of zinc and BPDC linkers (and the non-interpenetrated version), and as such the pillar linker is
usually used in excess with respect to the BPDC linker to discourage the formation of the IRMOF. No

selectivity was achieved in any of these trials.

Next, we tried to encourage selective formation of LK-1 or LK-2 by seeding fresh reaction mixtures
with crystals of only one of the frameworks, in the hope that crystal growth would out-compete
nucleation and therefore provide selectivity that way. Again there was not much success with this
method, and it is quite possible the crystals fell apart when they entered the fresh reaction mixture
before they could act as a nucleation device, as we had seen previously when investigating the solvent

stability of both frameworks.

An alternative possibility for the instability of the framework could be the presence of the volatile
solvent methanol causing framework collapse upon evaporation. Solvents capable of hydrogen
bonding have been known to encourage capillary-force-driven channel collapse in MOFs.>® We did
observe that LK-1 and LK-2 were synthesised in both DMF:MeOH (1:1) (Experiment 3a-13-a) and
DEF:MeOH (1:1) mixtures (Experiment 3a-13-d), suggesting there could be some variation in the
overall polarity of the solvent. We attempted the synthesis of the frameworks in solvents with higher
boiling points in an attempt to reduce evaporative solvent loss and hence improve stability post-
synthesis, but unfortunately neither of the frameworks were successfully synthesised in these

experiments. (3a-27-a-j) This suggests that the methanol plays a key role in the synthesis of LK-1 and
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LK-2. In all cases without methanol the reaction either did not produce anything or a framework that
did notinclude the spiropyran linker was synthesised. One observation is that the BPDC linker is poorly
soluble in methanol and when the synthesis begins it is not fully dissolved. It is possible that the
presence of methanol causes a low steady-state concentration of BPDC being available at all times
and therefore allowing the 3a linker to compete effectively with the BPDC linker to be incorporated
into the framework which may be why reaction mixtures that do not include methanol never

successfully synthesise LK-1/2.

We also tried varying reaction times, to see one of the frameworks was more significantly favoured
either kinetically or thermodynamically. These experiments were ran at 60°C to slow the reaction
down and increase the likelihood of observing any meaningful changes. 3a-30-a (4 hours) showed no
significant change. 3a-30-b (20 hours) showed some dark red crystalline material had begun to form,
reminiscent of LK-2 but was too small/poor a quality to provide any crystallographic data that could
confirm this. 3a-30-e (52 hours) showed evidence of both LK frameworks being present in a significant
enough quality and quantity. 3a-30-f (68 hours) big amorphous spheres had formed; the LK framework
crystals were still present. There were no significant changes to be seen from 3a-30-g (68 hours)
3a-30-i (100 hours). Although there is some indication that LK-2 may be kinetically favoured over LK-
1 it is not conclusive. Furthermore, the LK-2 was not present in any significant way until LK-1 had
formed. Itis even possible that due to the pale pink typical of LK-1, that it would be less easily observed

as smaller crystals and may have just gone unnoticed when observing 3a-30-b.

Another strategy was to try and modulate the reaction, in the hope that one framework may form
quicker than the other or is slightly higher energy. Due to the nature of spiropyran, the addition of
modulators could cause the spiro- centre to break or cause some unwanted opening or closing of the
framework. As we had seen that spiropyran frameworks had successfully formed in the case of 3a-16-a
with HCl added in amounts of pL, our efforts were focused on tests that added various micro-volumes
of HCl. 3a-28 tested volumes of HCl ranging from 0.1 — 1.0 pL, all produced similar results with no
discernible improvement with or without HCI. 3a-31 and 3a-32 tested 25 and 50 pL of HCI with various
conditions. In all 3 sets of experiments, no clear benefit was seen by including HCI. 3a-31-a was able
to synthesise the LK frameworks with 50 pL HCl present, suggesting that both frameworks are stable

to acid concentrations of this magnitude.

From these data the instability of these frameworks outside of the mother liquor remains a challenge
to be overcome. It is obvious that methanol plays a key role in this synthesis, though it is not
immediately obvious what that is. If it was simply acting to provide a low steady-state concentration

of the BPDC linker, then we would surely observe some success with our attempts at modifying the
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stoichiometry in pure DMF. Neither of the crystal structures show the methanol playing any key
structural role, although it is possible that the data was simply not good enough to identify the
methanol present. The fact that both frameworks require methanol to be present suggests that
whatever roleitis playing, it is likely playing the same role for both. In an attempt to further investigate
the role of methanol, the synthesis for LK-1/2 was attempted with varying ratios of MeOH:DMF (see
Table 21).
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Experiment | Pillaring Layering Metal Salt Molar Solvent(s) (v:v) Vessels Temperature (°C) Time Notes Result
(ref.) liner (P) linker (L) (M) Ratio
(mmol) P:L:M

3a-35-a 0.025 BPDC Zn(NO3)2 1:1:2 DMF Wheaton Vial 80 72h - 3b

3a-35-b 0.025 BPDC Zn(NO3)2 1:1:2 MeOH:DMF (1:4) Wheaton Vial 80 72h - 3b

3a-35-c 0.025 BPDC Zn(NOs); 1:1:2 MeOH:DMF (2:3) Wheaton Vial 80 72h - 4a
(LK-1/2)

3a-35-d 0.025 BPDC Zn(NOs); 1:1:2 MeOH:DMF (1:1) Wheaton Vial 80 72h - 3a
(LK-1/2)

3a-35-e 0.025 BPDC Zn(NOs), 1:1:2 MeOH:DMF (3:2) Wheaton Vial 80 72h - 2

3a-35-f 0.025 BPDC Zn(NOs), 1:1:2 MeOH:DMF (4:1) Wheaton Vial 80 72h - 2

3a-35-g 0.025 BPDC Zn(NOs), 1:1:2 MeOH Wheaton Vial 80 72h - 1

Table 21 Combinatorial assay, assessing the affect of varying the DMF:MeOH volume ratio.
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From experiment 3a-35, we can see a rough trend. When DMF was >75% of the total reaction volume,
the frameworks synthesised did not include the spiropyran ligand. When the DMF was <50% the
material was too amorphous to analyse. The DMF solubilised all the reagents while the MeOH
desolvates the BPDC and the Zn(NQs),, but the 3a linker remains soluble in both. In doing so the steady
state concentration of 3a is much higher in relation to the other reagents therefore yielding the LK
frameworks over the frameworks not incorporating the 3a ligand. Typically, longer crystallisation
times should result in higher quality crystals if given enough time. However, the integrity of the
spiropyran must also be accounted for. The longer the reaction time, the more likely the spiro- centre
is to cleave and therefore no longer able to act as a linker. Although it is unclear as to whether the
spiro- centre is more stable to cleavage upon incorporation into the framework, the lack stability of
the framework as a whole suggests that either this is not the case or that the framework is too unstable
for it to matter. Also experiment 3a-30 ran at 60°C for 100 hours (with no further changes occurring
after 68 hours) shown a loss in a crystal quality compared to when the reaction is running at 80°C for

72 hours.

As discussed earlier (3a-27), a possible source of instability is the volatility of the MeOH. We may be
able to preserve the frameworks more successfully if we replaced methanol for longer chain alcohols
which will have roughly the same solubilities for the reagents but reduced volatility, therefore
reducing the likelihood of framework collapse upon solvent leaving the framework and also the
increased size of the molecule should better fill the pores of the framework providing further

stabilisation.

333 GG-1

The GG-1 framework forms as orange ellipsoid crystals (see Figure 73). Interestingly, under polarised
light the colours vary from orange to blue depending on orientation which is indicative already of open
and closed forms of spiropyran being present, although the orange colour seemed to dominate
throughout the sample. In this case, this framework seems to be the only crystalline material present
in this mixture. There is some unidentified amorphous material which could be the GG-1 framework
or some other impurity. Like the LK frameworks, this framework is also quite unstable outside the
mother liquor and is fragile to crystal manipulation techniques. This instability outside the mother
liquor prevents adsorption isothermal data being acquired and so we must look to other forms of

characterisation.
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Figure 73 Microscope picture of elipsoid crystals of GG-1.

3.3.3.1.1 Single Crystal X-Ray Diffraction

Figure 74 Picture of crystal structure GG-1, looking down the c axis (left). Picture of GG-1 looking down the b axis (right), the

space between the layers is 17.435 A. Zinc (cyan), oxygen (red), nitrogen (blue), bromine (brown), carbon (grey).
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The GG-1 framework seems to be a pillar layer framework as we can clearly identify the layers of DBTD
linker with the zinc paddlewheels (see Figure 74). There is, however, significant disorder in the
structure located in the gaps between the layers which simply cannot be modelled. Judging from the
size and quality of the crystal we would expect a reasonable data set. The disorder that was observed
in the LK frameworks is an order of magnitude less than this framework and bears a similarity to the
disorder in the frameworks published by D. Williams et al.. although in this case the whole spiropyran
molecule is unassigned rather than just the indoline fragment. Modelling of the 3a ligand in its lowest
energy state suggests the distance between both terminal nitrogen atoms is 15.2 A in the closed form
and 18.4 A in the open form (see Figure 75). The gap between the layers is approximately 17-18 A,
which could potentially be either the closed or open form. We also identified both blue and orange
crystals under the microscope, which as we know from chapter 2, the blue is indicative of the open

form as it is typically absorbing in the 500-700 nm region.>*

Figure 75 Linker 3a showing distance between terminal N atoms for the closed form (left) and open form (right). Distances

determined using the MM2 simulation from Chem3D.

We know there is some degree of flexibility around the spiropyran core which will already cause some
disorder, combine this with the fact that the open form is present which also has multiple forms
(discussed earlier), then we have strong indicators that this pillar linker is the ligand 3a and secondly
that this framework is capable of photoisomerization. As seems to be the case with these photoactive
materials, characterisation proves to be a constant challenge. Before we can draw any more

conclusions about the photophysics of GG-1, we must confirm that the pillaring linker is 3a.

3.3.3.2 NMR Digest

A typical method of confirming the presence of a desired ligand in a framework, is to digest the
material in deuterated acid and confirm the presence of the ligand via NMR. The standard method is
to take 2 mg of washed and dried material, sonicate it in a few drops of the deuterated acid. Then

dissolve the resultant mixture in deuterated DMSO and analyse the sample.®

In the case of GG-1, there are several factors that adds to the complexity of this work. Firstly, the

spiropyran is acidochromic and will open and close based on relative pH, furthermore, not only will
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the open form be present but also both the open and closed forms have protonated forms as well.
This means that there will be at least 4 different possible conformations that could be seen in the NMR
spectrum, this will make the NMR spectrum particularly difficult to resolve, especially around the
aromatic region (7-9 ppm) as there are 12 different proton environments in the aromatic region for
ligand 3a which will lead to a possible 48 different environments which is guaranteed to have some
overlap and be extremely difficult to resolve. The second issue is that because these frameworks are
unstable, we are not able to wash the frameworks of residual ligand as the frameworks will most likely
break down and wash away the ligand that was incorporated in the framework. This also presents
issues with drying the framework as without the washes, drying the framework will leave the residual
ligand which could give a false positive. The best we could do to accommodate for this was to try and
remove excess mother liquor from the framework with absorbent material and remove the majority
of residual linker, although there will likely still be some unreacted ligand present and so we should
prepare to accommodate for some inaccuracy in our final results. The first issue is significantly more
difficult to account for. We do not know the kinetic behaviour of ligand 3a and therefore cannot
predict how the equilibrium will change depending on pH. As we have crystallographic evidence that
LK-1 and LK-2 has successfully incorporated ligand 3a and we know the stoichiometry of the pillaring
and layering ligands (2 moles BPDC:1 mole 3a for both frameworks), its logical to establish an effective

method with these frameworks.

3.3.3.2.1 Ligand 3a control
First and foremost we sought to investigate how 3a behaves in the conditions used for digestion, so

we applied the digestion method to a sample of 3a and obtained a spectrum (see Figure 76).
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Figure 76 NMR spectrum of ligand 3a in de-DMSO and DCI. Aromatic region (left) and approximate region of Hy (right).

Itis clear that there has been significant shifts in peaks due to the presence of the acid, with little
semblance to the spectrum acquired in CDCls (see Chapter 2 experimental section for spectrum
obtained in CDCls). Zhou et al. studied the spiro molecule functionalised with nitrobenzene with via
NMR and were able to characterise the open form (MC), closed form (SP) and their protonated

counter parts (MCH+ and SPH+ respectively, see Figure 77).%®
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Figure 77 The spiropyran molecule that was analysed by Zhou et al., illustrating the equilibrium between the open and

closed isomers and the protonated and non-protonated forms of each. Proton environments of interest are shown.>¢

Although the molecule is electronically quite different, these data should provide some approximation

of the relative peak positions as it shifts through the various forms (see Table 11).

Molecule Ha" (ppm) Hd’ (ppm) Hi" (ppm) H; (ppm) H¢' (ppm)
SP 7.38 6.27 8.44 8.60 3.29
SPH+ 7.71 7.37 8.62 9.02 4.30
MC 8.95 8.56 8.59 8.59 4.60
MCH+ 8.70 8.25 9.08 9.08 4.85

Table 22 NMR peaks recorded by Zhou et al. for the nitrobenzene functionalised spiropyran.

The spectrum we obtained had very poor resolution of the peaks in the aromatic region (5.0-9.0 ppm)
making it difficult to draw comparisons between proton environments H,, Hg, Hi and H;. The region
pertaining to the N-alkyl region (2.5-5.0 ppm), has significantly better resolution. Thus, it makes logical
sense to focus on this region to determine how many of the forms are present and in what
stoichiometry. Using the detailed NMR study of proton environments in Chapter 2, in all the ligands
studied the Hi environment was 2.7-2.9 ppm. Zhou et al. found that although the merocyanine (open
form) is conjugated across the central double bond, the nitrobenzene does not have any mesomeric
effects on the indole ring, due to the double bond being in the meta position in regard to the

nitrobenzene functionalities. Therefore we can assume that the only electronic effects on the proton
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environments on the indole ring are inductive, so we could approximate peak positions for the proton

environment H for the forms SPH+, MC and MCH+ of ligand 3a (Table 23).

Molecule Zhou et al. H( (ppm) 3a Hy (ppm)
SP 3.29 2.82

SPH+ 4.30 ~3.83

MC 4.60 ~4.13
MCH+ 4.85 ~4.38

Table 23 The difference between Hy’ and Hy of the SP form is 0.53 ppm. By subtracting this value from the H,’ ppm values of
the SPH+, MIC and MCH+ forms we can roughly approximate the peak positions we expect for the forms SPH+, MC and
MCH+ of 3a.
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Figure 78 Spectrum of ligand 3a in DCI and ds-DMSO, zoomed in on the 4.8-2.2 ppm region. Possible peak positions of Hy
highlighted with integrations. Peak position at 2.64 could possibly be the SP form however has not been integrated due to

overlap with DMSO peak and satellites.

When analysing the NMR spectrum for ligand 3a (Figure 78) we would expect to find a maximum of
four peaks in the region of 2.7-4.8 ppm, for each of the possible forms of 3a (SP, SPH+, MC and MCH+).
In each of the regions we predicted finding one singlet peak for each form, we instead find that there
are four to five singlet peaks. These clusters of singlet peaks could be due to there being slightly
different variants of each of the four forms outlined earlier, therefore appearing as significantly more
than the four peaks we were expecting.’” These forms could be a manifestation of the various forms

of MC discussed in Chapter 1.
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If each cluster represents one of the SP, SPH+, MC and MCH+ forms, then comparing the integrals of
the whole clusters could provide some insight into the equilibria present. There seem to be three
significant clusters present: 3.40-3.59, 3.89-4.10 and 4.26-4.56 ppm. Although we originally expected
four different identifiable environments, our previous experiments shown the Hi peak position of the
SP form to be 2.82 ppm in CDCls. This region is however overlapping with the DMSO solvent peak and
the associated satellites, therefore we are unlikely to be able to observe it. We would assume that
due to the strong concentration of DCl present that the equilibrium would shift towards the
protonated forms SPH+ and MCH+, furthermore the open form would be heavily favoured over the
closed form due to the acidochromicity, thus we would expect very little of the SP form to be present

and therefore have a negligible presence.

According to the study by Zhou et al., we expect the peak positions to shift upfield from SPH+ to MC
to MCH+. Combining this pattern with our rough predictions suggests the 4.26-4.56 ppm cluster
represents MCH+ (predicted 4.38 ppm), the 3.89-4.10 ppm cluster represents the MC form (predicted
4.13 ppm) and finally the 3.40-3.59 ppm cluster must belong to the SPH+ form (predicted 3.83 ppm).
Going by the integrals it would appear that the equilibrium is in a 1:6:4 ratio (MCH+:MC:SPH+), which
is slightly surprising as in an acidic solution we would expect MCH+ to be a bigger contributor than the
MC. We do not know the pKa of the MCH+ molecule so it may be a stronger acid than expected or it
may be possible that the 4.26-4.56 ppm cluster actually belongs to MC and the 3.89-4.10 ppm cluster
represents MCH+. Our goal is to determine the amount of 3a present in the LK frameworks therefore
determining which of the two aforementioned clusters belong to MC and MCH+ is not necessary. This
control is not a perfect replication of the conditions of the MOF, as any Zn?* ions released into solution
can potentially bind to the MC form which is another species that we do not have data for. The
differencesin pH is less of a concern as the DCl was used in an excess which will render any differences,
caused by the presence of the dicarboxylic acid linker, BPDC, and any trace amounts of nitric acid left

over as a by-product, negligible.
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3.3.3.2.2 LK NMR digest
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Figure 79 NMR spectrum obtained for LK mixture digested in DCl and DMSO-ds.

The control spectrum acquired for BPDC shown two doublets: 7.92 ppm (4H) and 7.75 ppm (4H), which
are easily observed in this spectrum (See Appendix S2 NMR digest section). Unfortunately, the peak
at 7.92 ppm has some overlap with the large peak 7.85 ppm, therefore the peak at 7.75 ppm was used

to gauge the BPDC content.

Due to the presence of DMF solvent, the signals pertaining to ligand 3a are quite weak however we
can see some small peaks in the Hy region at 4.10 and 3.37 ppm (which we assigned as MC and SPH+
respectively), the peak at 4.26-4.56 ppm is not observed, however it had a minor contribution in the
spectrum acquired for 3a (Figure 78) and therefore the signal is quite possibly too weak to be observed
on this spectrum. Although we would expect the ratio of the spiropyran forms to change to some
degree as the presence of BPDC and Zn?* ions will affect the overall pH of the solution and the zZn?*
could potentially complex with the MC form, the ratio of SPH+ to MC remains relatively similar
(previously 2:3, now 5:6). We calculate the relative ratios of BPDC to SP to be the following: BPDC is
15.73/4 protons per molecule = 4 molecules, 3a (SPH+ and MC) 3.00+2.66/3 protons per molecule =

2 molecules. The SCXRD data shows the ratio of ligands BPDC:3a to be 2:1 (for both LK-1 and LK-2) but
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the stoichiometry of the reaction was 1:1 (3a-13-a), so this suggests that our rough approximations

have worked in this case and should allow us to gauge the SP content in GG-1.

3.3.3.2.3 GG-1 NMR Digest
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Figure 80 NMR spectrum obtained for GG-1 digested in DCl and DMSO-ds.

The control spectrum acquired for DBTD shown two doublets: 7.76 ppm (8H) and 7.24 ppm (8H), which
are easily observed in this spectrum (See Appendix S2 NMR digest section). In this case we can see the
peak representing MCH+ at 4.55 ppm in characteristically small amount. We calculate the relative
ratios of DBTD to SP to be the following: DBTD is 49.56/8 protons per molecule = 6 molecules, 3a
(MCH+, MC and SPH+) 0.31+3.00+4.12/3 protons per molecule = 2-3 molecules. The ratio is
approximately 2:1 (DBTD:SP). The stoichiometry of the original reaction (3a-16-a) was 4:3 (SP:DBTD)
and the crystal data suggests a 1:1 ratio. Although the spiropyran is roughly half the concentration we
were expecting, we still believe that the ligand has been incorporated as there are no other peaks

present in the NMR that would be indicative of another species acting as the linker.

There are some possible explanations for why the observed ligand ratio does not match what we
expect from the crystallographic data. The unidentified amorphous material produced as a by-product
could consist of DBTD which would lead to an overestimate of the amount of DBTD present. Another

explanation due to the disorder, there is an overestimation in the amount of SP present in the crystal
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structure. It is entirely possible that spiropyran is missing from certain nodes throughout the crystal

structure.

3.3.3.3  Powder X-Ray Diffraction

As the ratio of ligand 3a to DBTD is lower in the digested sample than that observed in the SCXRD
structure, we need to look at bulk characterisation techniques to determine whether GG-1 is the only
species present. Under the optical microscope only one type of crystal suitable for SCXRD is observed,
but there are some smaller crystals and also an unidentifiable, potentially amorphous material neither

of which could be characterised by SCXRD.
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Figure 81 Powder X-ray data of the bulk material of the GG-1 synthesis (experimental) and the DBTD linker (DBTD) with the
simulated powder pattern from the SCXRD data of GG-1.

The same issues that were present for the PXRD analysis of the LK frameworks are still present here;
solvent evaporation, crystal degradation and potential photoactivation. The PXRD pattern shows
diffraction peaks that mostly align with the peaks in the simulated pattern. There are peaks at 18.26
and 21.93 20 which do not appear to fit with the simulated data. This is potentially indicative of a

second species that is present that we have not been able to identify. The presence of a second species
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is consistent with the result of the NMR experiment in which a 2:1 DBTD:3a ratio was observed, in
contrast to the 1:1 ratio of the SCXRD structure. The DBTD powder pattern suggests that it is not purely
crystallised DBTD, we can hypothesise the additional peaks may be due to some crystallised

coordination compound of DBTD.

3.3.3.4 Solid State UV-Vis

Further characterisation data of the bulk is required to confirm whether there is a significant second
species present. The NMR spectrum would suggest the second species has the DBTD ligand present in
some form while the PXRD suggests that it is not simply just the DBTD linker. Figure 82 shows the

solid-state UV-Vis spectrum.
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Figure 82 Solid state UV-Vis spectrum of GG-1

We can see three significant peaks in the spectrum acquired for the GG-1 sample: 265 nm, 317 nm
and 395 nm. It is likely the 264 nm peak corresponds to the m-nt* transition of the DBTD absorption
(272 nm) while the 318 nm and 387 nm peaks correspond to the m-t* transitions associated with
ligand 3a (291 nm and 354 nm). The peak that corresponds to the DBTD seems to have a significantly
stronger reflectance compared to the two assigned to spiropyran, we do not know the specific molar
extinction coefficients but this could indicate a higher concentration of DBTD compared to 3a like we
observed in the NMR data. Like we saw with LK, we see a bathochromic shift of peaks corresponding

to the spiropyran species. We can also clearly see both transitions for spiropyran unlike the case with

144



LK where it was just one broad absorption. There are two possible explanations here, it could be
because there was more than one species containing the ligand 3a in the LK mixture and therefore
the broad peaks were caused by overlap, however in GG-1 there seems to be only one species that
possesses the ligand 3a. The other and more likely explanation is that the transition at 395 nm belongs
to one of the protonated forms (MCH+ or SPH+) which is plausible as the GG-1 synthesis uses HCl as a
modulator. Furthermore, there also seems to be no significant reflection in the 550 nm region which
we did see in the LK sample. Earlier we spotted some blue crystals in our sample, which we would
expect to see manifest in this spectrum. It seems the reflectance is almost silent in the 500-700 nm
region, therefore we could theorise that only the SPH+/MCH+ forms are present in any significant
capacity and the blue crystals are anomalous. This would suggest the disorder is caused by a mixture

of the SPH+, MCH+ and SP forms in the framework.

In summary, we have a pillar layer framework GG-1 that consists of DBTD and some form of ligand 3a
(open or closed). Based on the colours and the UV-vis data this framework is likely a mixture of the
closed form and one of the protonated forms. The small concentration of HCl and the high polarity of
solvent are conditions that would favour the MCH+ form. There is an unknown by-product that we
believe to contain DBTD in some form as there is a significant amount of it present in the NMR digest
that is otherwise unaccounted for. The PXRD pattern suggests that the unknown species is not simply
just DBTD but must be complexed with something else. The solid state uv-vis suggests that the form
of ligand 3a is primarily in the protonated form, the SCXRD data shows the distance between zinc
paddlewheels where the pillar linker should be is 17.435 A, which can potentially be either the open
MC form (18.4 A as a free ligand) or the closed SP form (15.2 A as a free ligand).

3.34 GG-32

Our final framework presents itself as a square orange crystal (see Figure 83). Like the previous
frameworks, this framework is also unstable outside the mother liquor and like the other frameworks
cannot be purified effectively, and we can see a familiar amorphous material present. We can also
clearly see a second crystalline species in the form of little ill-defined pink crystals that we were unable

to collect a decent dataset for SCXRD analysis.
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Figure 83 Microscope picture of GG-32 in mother liquor (big orange/red cube).

Figure 84 Crystal structure pictures of GG-32. View down c-axis (left) with distance between nitrogen atoms highlighted to
be 8.013 A. View down a-axis (right).

GG-32 is almost certainly an interpenetrated metal organic framework as we can identify zinc
paddlewheels connected by DBTD linkers to form an infinite 2D layer (See Figure 84). The 8 A gap
between the 2D layers was not able to be fully resolved, therefore the nature of the pillar linker is
unknown. It is unlikely to be the 6b linker as it is half the size (see Figure 75) but it is unclear as to what
else it could be. It is possible that there is no pillaring linker and it is simply capped by another species,
either a product of degradation of the spiropyran linker or a solvent. Similar to GG-1 we were only
able to identify one of the crystal types present. Also, like GG-1, the stability of the material upon

leaving the mother liquor was also quite poor. One subtle difference between the GG series and the
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LK series is that the source of characterisation issues for LK was the lack of stability however the GG

series seems to be more robust than the LK series, but disorder is present in a greater extent.

3.3.4.1 NMR Digest

The identity of the pillaring linker is the most elusive of the 4 frameworks discussed in this chapter.
The single crystal data suggests a linker which has a size of 8 A, although it is unlikely to be a spiropyran
linker, a digestion experiment similar to what was discussed earlier for the LK frameworks and the

GG-1 framework could confirm if this is the case and provide some insight on what the linker is.

3.3.4.1.1 Ligand 6b control
As was the case with the 3a ligand, we need to establish a control spectrum with ligand 6b. There is
added difficulty as the NMR spectrum obtained for 6b has some unassigned peaks belonging to

unidentified impurities.
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Figure 85 NMR spectrum of ligand 6b taken under digestion conditions

As we saw earlier with the spectrum of ligand 3a in digestion conditions (Figure 76), the aromatic
region has significant overlap with other peaks therefore integrating these peaks will provide little

insight, this is made worse by the fact there are unidentified species in this spectrum.
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Figure 86 NMR spectrum of ligand 6b, zoomed in on the 2.3-4.8 ppm region.

A closer look at the ppm region where we would expect to find the Hx environment (Figure 86) shows
multiple peaks. The spectrum obtained for 6b in CDCl; suggested peaks at 2.69 and 2.75 could be H
for the SP form, this strongly suggests the presence of two different species that have an N-methyl
group which would logically manifest here. The two signals at 3.21 and 3.03 ppm is indicative of two
separate species due to the strength of the signals. Although the spectrum of 3a also shown clusters
of peaks, there was usually a dominant peak in the cluster that could act as the identifier. This also
seems the case for the cluster of peaks at 4.06-3.81 ppm, which appears to have two sets of clusters
with similar patterns overlapping each other signified by the two strong signals at 4.06 and 4.01 ppm.
Like 3a we can approximate the forms of spiropyran to each cluster: SPH+ 2.97-3.21 ppm,
MC 3.81-4.06 ppm, MCH+ 4.30-4.39 ppm. The integrals of the peak clusters show a similar trend to
what we observed with ligand 3a, significant contributions by the SPH+ and MC forms with a small

contribution by the MCH+ form, which further suggests the assignments are approximately correct.
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3.3.4.1.2 GG-32 Digest
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Figure 87 NMR spectrum of GG-32 digest.

The spectrum appears to be cleaner than the spectrum we obtained for the ligand 6b (Figure 87). This
would be indicative of purification by MOF synthesis, as the framework will only use one of the species
and leave behind the other if incorporated into the structure. Of the two most prominent peaks at
3.21 and 3.04, only the 3.04 peak has remained and the peak at 2.97 has increased in intensity. Of the
two prominent peaks in the MC cluster, 4.06 and 4.01 it would seem the peak at 4.06 has remained.
The peak cluster at 4.30-4.39 ppm has not appeared at all on this spectrum but the peaks found at
4.53 have become more prominent. This indicates that whatever species has been purified out, it was
most of the sample that was analysed in the 6b spectrum and the ligand that has been incorporated
was a minor product. As discussed earlier in the analysis of GG-1, the peaks representing the DBTD
molecule are observed as doublets at 7.14 ppm and 7.61 ppm, the peak at 7.14 ppm has significant
overlap with the solvent peak, thus the 7.61 ppm peak was used to determine the content of DBTD.
4.71H/3 protons per molecule = 1-2 spiro molecules, 100.76H/8 protons per molecule = 12-13 DBTD
molecules. The SCXRD data suggests a 2:1 ratio (layering linker:pillaring linker) but the NMR data show
our supposed spiropyran species to be a ratio of 6:1. This means although the spiro species is likely

presentin the solution it would be as residual linker or spiro trapped inside the pores of the framework
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and not as part of the structure. Identifying peaks at 8.22 8.63 and 9.10 ppm which we saw in the

spectrum for 6b, further suggest that the pillaring linker identity is not a spiro molecule.

As for what the identity of the pillaring linker is, there are peaks at 8.05, 8.03, 3.04 and 3.03 that could
belong to the pillaring linker that have integrals that seem more related to the DBTD peaks. Assuming
the peak at 3.03 is still an N-methyl group, the molecular ratio works out to be: 34.96/3 protons per
molecule = 11-12 pillaring molecule, 100.76/8 protons per molecule = 12-13 layering molecule, so
approximately a 1:1 ratio. Accounting for inaccuracies in the integrations due to overlapping peaks, it
would be plausible that is the unknown pillaring species (present in a 2:1 ratio according to the SCXRD
data). These peaks were present in the 6b spectrum therefore the framework must have incorporated
the unknown impurity as the pillaring linker instead of ligand 6b. As we do not see any evidence of
peaks that could belong to an open form species of this unknown impurity. The evidence would
indicate this framework does not incorporate the 6b linker or any ligand with the spiropyran
functionality. Another possibility is that the pillaring site is capped with solvent (DMF) or a pyridine

derivative.>®

3.3.4.2 PXRD
Figure X shows a PXRD pattern of experimentally synthesised GG-32 and the simulated pattern

generated from the SCXRD structure.
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Figure 88 Powder X-ray data of the bulk material of the GG-32 synthesis (experimental) and the DBTD linker (DBTD) with
the simulated powder pattern from the SCXRD data of GG-32.

Unfortunately, only weak diffraction is observed against the amorphous background (probably due to
DMF solvent). One of the peaks obtained for the PXRD pattern of GG-32 did match with the simulated

pattern from the SCXRD data at 10.36 20, but no other substantive conclusions can be made.

3.3.4.3 Solid State UV-Vis
Our analysis of the NMR spectra of GG-32 suggests although the ligand 6b was not incorporated into
the framework, there was still some indicator that it was present. 6b recorded peaks at 418 nm and

518 nm and the GG-32 sample recorded peaks at 396 nm and 549 nm.
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Figure 89 Solid state UV-Vis data of GG-32.

Although we have some unknown impurity, it would seem highly unlikely that this impurity would
have a stronger absorption profile than the spiropyran moieties or that it could possess low energy
transitions in the region of 400-650 nm. In the region of 400-650 nm we would expect to find the MC
form and possibly the MCH+ form. It is likely that the peaks we observe are in fact belonging to ligand
6b, likely in the pores or on the surface of the framework. From the solid state and PXRD we cannot
draw any concrete conclusions about the nature of the incorporation of the spiropyran (encapsulated,

embedded etc) or to what extent it has been incorporated.

3.4 Summary and Conclusion

We have successfully synthesised three 3™ generation frameworks utilising ligand 3a and possibly a
1** generation framework utilising ligand 6b. Frameworks LK-1 and LK-2 utilising the BPDC layering
linker were always produced in the same reaction and could not be separated by purification or
modifying the synthetic procedure to favour one of the frameworks. We believe the volatility of the
methanol solvent could be causing issues in framework stability but determined that it plays an

important role in the formation of LK-1 and LK-2 and therefore have not found a suitable substitute.

For all of the frameworks, the stability outside of the mother liquor prevented typical characterisation
data being gathered, such as gas adsorption isotherms. The presence of ligand 3a was characterised

directly by SCXRD for LK-1 and LK-2, in the case of GG-1 we indirectly confirmed the presence of ligand
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3a through comparison of the size of the disordered region between the 2D layers of DBTD in the
crystal structure and the ligand size which was corroborated by the NMR digestion experiments. The
identity of the pillaring linker in framework GG-32 is unknown, but we can be quite certain that it is
not a spiropyran linker due to the size of the disordered region between the 2D layers and the ligand
6b also corroborated by the NMR digest experiments. The ssUV-vis shown that the spiropyran was
present, possibly on the surface or included in the pores. Repeating the synthesis of GG-32, in the

presence of a pyridine modulator rather than the ligand 6b could help determine the nature of GG-32.

The main obstacle in this research was the nature of the spiropyran ligands, causing issues in both
synthesis and analysis. The isomerisation occurring through multiple stimuli such as a change in
solvent, it is most likely the cause for framework decomposition outside the mother liquor as changes
in polarity or pH could cause photoisomerism to occur to quickly and the crystals were unable to
withstand the stress caused by such drastic structural change. It may improve the stability if we could
improve the strength of the metal-ligand coordination bonds, such as replacing the zinc metal node

with elements with higher valent metals and larger charge densities (e.g. Zr**, Cr** etc).>®

3.5 Experimental

3.5.1.1 Single Crystal X-Ray Diffraction
GG-1 was collected and solved by Dr Benson Kariuki. | collected and solved the data for LK-2 and GG-32

crystals. | collected the LK-1 data myself but it was solved with the help of Dr Stephen Argent.

Single crystals were mounted in paratone and studied on an Agilent SuperNova Dual Atlas three-circle
diffractometer using Mo- or Cu-K, radiation and a CCD detector. Measurements were taken at
150(2) K with temperatures maintained using an Oxford Cryostream. Data were collected and
integrated and data corrected for absorption using a numerical absorption correction based on
Gaussian integration over a multifaceted crystal model within CrysAlisPro.®® All structures were solved
by direct methods using Olex2,%! with the ShelXT®%int and ShelXS® structure solution program, refined
with the ShelXL®* refinement package using least squares minimisation. The unit cells contain a large
region of disordered solvent due to the high porosity of the frameworks, which could not be modelled
as discrete molecules. For crystals LK-1, LK-2 and GG-32 the PLATON SQUEEZE®® function was used to
calculate the diffraction contribution of these molecules, and mask them to produce a new set of

solvent-free diffraction intensities which were used in the final refinement.

3.5.1.2 Powder X-Ray Diffraction
PXRD patterns of all synthesised materials were obtained using a PANalytical X’Pert PRO Chiller 59
using a Ni-filtered CuKa radiation source (A = 1.5419 A) scanning a range of 20 = 4° - 50°. Samples were

loaded onto zero-background silicon wafers directly from the reaction solution.
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3.5.1.3 Solid state UV-VIS

Solid-state UV-Vis-NIR spectroscopy was conducted using an Ocean Optics FLAME-S-UV-VIS-ES
portable miniature spectrophotometer, with an Ocean Optics DH-mini UV-Vis-NIR Lightsource. The
solid-state samples were deposited onto a silicon zero background holder, excess liquid (in the case
of MOFs) would be soaked up by tissue paper and a diffuse reflectance spectrum recorded in
reflectance mode (R). Light and dark background spectra were recorded, the latter was to account for
the electrical interference within the spectrophotometer. Reflectance spectra obtained were
converted to F(R) using the Kubelka-Munk function.®®

(1-R)?

FR) =—3x

Equation 2 Kubelka-Munk function for converting the recorded R values into F(R).

3.5.1.4 NMR MOF Digest experiments

The methodology of these experiments was adapted from A. Howarth et al..>® The frameworks were
pipetted into a vial and the excess mother liquor was wicked away with tissue to try and remove any
residual non-coordinated linker present in the mother liquor. The “dry” framework weighed
approximately 2 mg in the vial. 10 drops of DCI (20% w/w in D20, 99.5%, purchased from Alfa Aesar)
was added to the vial and sonicated for 10 minutes. An ampule of d6-DMSO is then added to the vial

and sonicated further to dissolve any linker present. The mixture was then analysed by *H NMR.

3.5.1.5 Thermogravimetric analysis

Samples were washed with fresh DMF 3 times and dried overnight under vacuum at 150°C the
previous day. TGA was performed using a PerkinElmer Pyris 1 thermogravimetric analyser. The
samples were heated from 25°C to 600°C under a flow of air (20 ml min™?), using a heating rate of 10°C

min~.

3.5.1.6 Example of LK-1 and LK-2 synthesis (based on experiment 3a-13-a)

Ina 20 mL pressure tube, 45 mg of linker 3a was dissolved in 10 mL of a DMF:MeOH (1:1) mixture. 60
mg of Zn(NOs),#6H,0 was then fully dissolved into the mixture. 25 mg of 4,4’- biphenyl dicarboxylic
acid was then dispersed throughout the solution by sonicating for 2 mins. The mixture was then
heated to 100°C for 96 hours in an oil bath. LK-1 crystals appeared as square and pink, LK-2 crystals
appeared as dark red with an ill-defined shape. Crystals were obtained for SCXRD analysis directly
from the mother liquor after the mixture had cooled. Once the crystal has been acquired it was swiftly

immersed in fomblin and put under a cool stream of N, (150K) before the crystals degraded.
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3.5.1.7 Example of GG-1 synthesis (based on experiment 3a-16-a)

In a 5 mL Wheaton vial, 15 mg of linker 3a was dissolved in 2.5 mL of DMF. 54 mg of Zn(NQs),*6H,0

was then dissolved in the mixture followed by 16 mg of DBTD. 0.3 pL of HCl is then added to the

solution and sonicated for 2 minutes. The solution is then heated to 80°C for 72 hours. The product

formed as orange ellipsoid crystals.

3.5.1.8 Example of GG-32 synthesis (based on experiment 6b-21-a)

In a 5 mL Wheaton vial, 15 mg of linker 6b was dissolved in 2.5 mL of DMF. 54 mg of Zn(NOs),*6H,0

was then dissolved in the mixture followed by 16 mg of DBTD. 0.5 pL of HCl is then added to the

solution and sonicated for 2 minutes. The solution is then heated to 80°C for 72 hours. The product

formed as small, square, and pink crystals.
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Chapter 4. Microwave dielectric studies of metal organic frameworks
in chromatographic separation

4.1 Introduction

4.1.1 Separation in MOFs

In industry, molecular separations occur through the design of materials with specifically sized
windows and channels that allow only appropriately sized/shaped molecules to pass through. The
effectiveness of these materials is heavily dependent on the ability to tune and customise these

materials.

The current industry standard for most separative processes are zeolites.! There are currently 232
reported zeolite structures (2020).2 This is quite a small number when compared to the 70,000 MOF
structures deposited in the Cambridge Structural Database (2017).2 Demonstrating the vastly greater
potential for customisability of MOFs compared to zeolites, it stands to reason that they will one day
replace a lot of zeolite processes as the materials can be more specifically designed. For MOFs can not
only tune the pore windows/channel sizes more precisely, but they can also be customised with some
extra-functionality such as photoactivity which we have discussed in the previous chapters in great
detail. High profile separations® that MOFs have potential to be used include the following:

hydrocarbons®, uranium extraction® , water purification’, flue gas® and xylenes®.

These separations can occur through more than just simple size exclusion, analytes can preferentially
bind to the framework through interactions such as Lewis acid-base pairs (open metal sites!?),
Brgnsted acid sites, hydrogen bonding'?, dipole-quadrupole 3 or rt-mt stacking **. There are a number
of ways to characterise these interactions in the MOFs, which have varying levels of success and
difficulty. If a certain interaction is already theorised to present during a separation, then techniques
such as titration or gas sorption can be used.!? If you are lucky enough to have access to resources
such as a Single Crystal X-Ray Diffractometer!® or an NMR spectrometer capable of solid state
analysis'®, then you can get in-depth information of the interactions present this way. Fewer still are
the techniques that allow for real-time analysis of what goes on in a MOF during the separation
process (gas adsorption crystallography®’, synchrotron infra-red spectroscopy'®, nuclear magnetic
resonance pulse-field gradient diffusion'®). It is apparent that there is a need for a cheap, non-invasive

analytical technique that can provide detailed, real-time data.

We have developed a new measurement approach using microwave cavity perturbation, yielding an
in-situ non-invasive method of analysis. The development of this new approach is described in this

chapter.
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4.1.2 Fundamentals of dielectric properties

€ = €.

Equation 3 The absolute permittivity (€) of a dielectric is found by multiplying the dimensionless quantity: relative

permittivity (&) by the vacuum permittivity: 8.8541878128x1012 Fm™! (gg).

The absolute permittivity of a substance is its ability to store and dissipate electrical energy when in
an applied electric field. It is conventional to describe dielectric studies using the relative permittivity
and ignore the absolute permittivity, and as such we shall simply be referring to ¢ as € henceforth.?
The relative permittivity is a complex quantity that refers to the ability for the material to store and
dissipate electrical energy in an applied electric field (see Equation 4). When a dielectric material is
placed in an applied electric field, the molecules will align to form a dipole that opposes the applied
field. This polarisation effect is described by the real term €’ and refers to the materials ability to store

electromagnetic energy. The energy lost during this process is referred to as €”, also known as the

“dielectric loss” of a material.?* The simplest example of a contributor to € is energy lost as heat.
S* — SI _ ]'SII

Equation 4 The complex permittivity (€*) has two parts. The real part (¢’) and the imaginary part (¢”). Conventionally, in

w;n

electrical engineering the imaginary number: square root of -1 is referred to as “j

@©@ ®®®

® 0 & ® © 0 E
O © O 0
©@ o

Figure 90 Dipoles (left) aligning when an electric field is applied (right). Image from “A guide to characterisation of dielectric

materials at RF and microwave frequencies”.2°

There are four possible mechanisms that can generate dielectric loss; electrical conduction (free
movement of charge carriers (electrons, holes and ions) under the influence of an electric field typical
of conductive materials), dielectric relaxation (this is the main source of loss that will apply to our
materials, discussed further below), dielectric resonance (an umbrella term that describes phenomena
specific to low pressure gases, composite materials and pure inorganic crystals), and loss from
non-linear processes (e.g. ferromagnetic and ferroelectric hysteresis loops when varying frequency).
As we are focusing on the passage of liquids through metal organic frameworks, the main mechanism

of loss is dielectric relaxation.?®
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4.1.2.1.1 Dielectric relaxation

At frequencies far below the relaxation frequency, molecular dipoles will respond to an applied field
almost entirely in phase and very little energy is lost, giving a situation similar to that illustrated in
Figure 90. At frequencies much higher than the relaxation frequency, the dipoles are unable to
respond to the rapidly alternating field at all, thus €’ and €’ drop to almost zero. When the applied
frequency is close to the relaxation frequency of the material, the dipoles struggle to keep up with the
field thus the polarisation aspect is reduced and the lag produces thermal vibrations (e.g. friction) that

manifest as a high €. The effects of dielectric relaxation on the € and €” is illustrated in Figure 91.

80

70 1

Permittivity
- Ln =
S = S
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Figure 91 A Debye relaxation response for deionised water. At low frequencies, the €’ is high and then begins to drop when it

nears the relaxation frequency (f;). The €” shows a Gaussian response, reaching a peak at f..

4.1.3 Microwave Cavity Perturbation method

The cavity perturbation method was first established by Bethe and Schwinger in 1943 by deriving the
solutions of some of Maxwell’s equations.? Since then, it has been used to study the properties of
carbon nanotubes?, nanodiamonds?*, plastics® and explosives?®. More advanced studies have studied
the in-depth interactions involved in gas storage in various materials.?”?® It is quite common
knowledge that MOFs have a huge potential when it comes to storage, hence our interest in this

method.

A resonant cavity is a volume enclosed by metal walls that supports an electromagnetic oscillation.
The microwave cavity perturbation method is a non-invasive technique that can measure the dielectric
properties of a material. A sample with a small volume, such that the overall change in geometrical
configuration of the electromagnetic field is small, is inserted into a microwave cavity and the small

changes in the electromagnetic field (resonant frequency and bandwidth) are measured.?
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Figure 92 TM010 mode cavity, image adapted from Cannel Youngs.?° L represents the inductance of the magnetic field, E is
the electric field and C is the capacitance of the sample being analysed. The cavities typically resonate between 1-10 GHz.

For the cavity we use in our studies, the TM010 mode resonates at 2.5 GHz.

At different resonant frequencies in a cavity, different field patterns are produced which manifest as
certain areas of the cavity having zero magnetic and/or electrical contributions. These field patterns
are referred to as “modes” and we will be exploiting only two of these modes for our purposes. The
TMm10 mode series, represent a number of modes where there is maximal electric field contribution
but zero magnetic contribution, the TM010 mode has the lowest frequency and is the mode used in
this study. We have not discussed the magnetic parameter (u) that corresponds to the dielectric
parameter (€) as we will be using modes which exert a negligible magnetic field on the samples and

therefore p can be disregarded entirely.*° (See Figure 93)
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0.9

Figure 93 Electric field pattern (E) and magnetic field pattern (H) shown for TM010 mode. In this mode, maximal electric field
strength can be seen at the centre while there is zero magnetic field strength at the same location. This location is where we

would insert our sample. Reproduced from thesis of Mike Barter.

A further advantage of the TMoi10 mode is that the measurement equation is relatively simple.

'=1—g—=.—~
€ a— v,

Equation 5 Derivation of permittivity for the TMO010 cavity. a is a constant that depends on the mode, for TMO010 this is
0.539. f, is the resonant frequency, Af. is the change in resonant frequency upon introduction of the sample. Vy is the volume

of the cavity and Vs is the volume of the sample.

Equation 6 Derivation of dielectric loss for the TM010 cavity. The constant b is calculated via: b = a/2. Qo is the unloaded

Q-factor and Qy is the loaded Q-factor with the sample inserted.2°

The €' is computed from the change in resonant frequency. The Q-factor is a term that quantifies the

rate of electromagnetic energy lost from the cavity which is design to store that energy.

4.1.3.1  Microwave cavity perturbation in practice
The cavity has a span of frequencies swept at 1 mW, the transmitted power is then measured by the
VNA and is expressed as insertion loss. Upon insertion of a sample into this cavity we observe a shift

in both the resonant frequency and power transmission coefficient (see Figure 94).
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Figure 94 Resonant trace for an empty cavity (red) compared to when a sample is inserted (blue). Upon sample insertion the
frequency is reduced due to polarisation (€’) and the bandwidth increases due to dielectric loss (€”). Figure provided by

Professor Adrian Porch.

The change in frequency is relatively simple to calculate as we can see the peak maximum shift
towards a lower frequency upon sample insertion, in this example its = 0.02 GHz. We know from
Equation 5 this is enough to determine the € of the sample. We can obtain the Q factor from the
Lorentzian fit of the resonant peak, providing the FWHM of the peak or 3-dB (bandwidth). The Q factor
is then calculated via Equation 7. The VNA will compute the value via a more complex and precise
method for calculating this value (the insertion loss method)?°, but for this example this approximation
will suffice. Both the Q factor and the bandwidth can be used to describe the €’ parameter (according

to Equation 6), in this work we will be using the bandwidth parameter.

f

Q=m

Equation 7 Simplified relationship between quality factor (Q), frequency (f) and bandwidth (BW).

A simplified way of interpreting the data is to work on the basis that F a € and BW a €”. All of our
interpretations will focus on frequency or bandwidth over time (see Figure 95), AF and ABW will be

referring to the initial frequency minus the frequency recorded at the end of the measurement. We
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will therefore not be directly calculating the € and €”’ for each sample, instead comparison of the shifts

in frequency and bandwidth are sufficient to effectively describe the contents of each sample.

F, = 2495.8 kHz
! BW, = 323 kHz

340
AF=F,—F =-1.1kHz
I 330

F.=2494.7 kHz

2496
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/
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ABW = BW, - BW, = 61 kHz
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Figure 95 Worked examples of the data acquired and how we interpret it. Frequency over time (left) and Bandwidth over

time (right).

4.1.4 Temperature Correction

Temperature changes in the environment are an issue for microwave cavity perturbation. The
resonant frequency will change due to thermal expansion and the temperature-dependent
conductivity of the metal cavity, and the sample can also affect this through radiative heat transfer to
the cavity.3! If we do not account for changes in ambient temperature then it will directly affect the
accuracy of our measurements. As we discussed above, we perform all our measurements with the
TMO010 mode as it just measures the sample region, but in order to monitor temperature effects we
need a mode that is completely unaffected by the sample and only interacts with the changes in the
resonant frequency caused by fluctuations in the environmental temperature. TM310 is such a mode,
as it measures in the periphery of the cavity (see Figure 96) allowing for the in-situ monitoring and

correction for temperature effects.
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Figure 96 Electronic field patterns of TM010 mode (left) and TM310 (right). Reproduced from thesis of Mike Barter.

Using TMO010 as the measurement mode and TM310 as the reference mode, the frequency shift with

temperature can be defined as seen in Equation 8

Afg1o(T) Afy (T)
fo10 (0) ~ f(0)

Afy1o(T)
fi10 (0)

- (ac + kOlO)AT + Kerr (T)

_(ac + k310)AT + Kerr (T)

Equation 8 describing the relationship between frequency shift and temperature. fi is the fraction frequency shift caused by
perturbation from the sample. kozo and kszoare the differences in gradient of the thermal expansion coefficient of the cavity

material in the respective mode. ke, is the systematic thermal expansion error in the experiment.

We remove the fractional frequency shift caused by changes in temperature by applying Equation 8

as we do in Equation 9.

Afo1o(T) Af310(T) ~ Afy (T)
foro (0)  fa10(0) £, (0)

— (ko10 — k310)AT

Equation 9 subtracts the 310 component from the 010 component of Equation 8 to remove the fractional frequency shift

term caused by changes in temperature.

Finally to account for the errors in the gradient we subtract the unperturbed state of the system

over the same temperature range, as shown in Equation 10.3!

AfS (T) -~ AfOlO,s(T) _ Af310,S (T)] _ [Af010,u (T) _ Af310,u (T)
fS (0) f310,5(0) f310,5(0) f310,u (0) f310,u(0)

Equation 10 is the equation used for temperature correction and is applied to all experimental data acquired using the

microwave cavity perturbation method. u represents the unperturbed cavity and s is when the sample is present.

The necessity of this correction is demonstrated in Figure 97.
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Figure 97 Comparison of data with and without the temperature correction.

Without the correction, the curve is not as smooth and shows the AFma.x to be 1000 kHz greater than
it should be. Without the knowledge that the effects are due to temperature, this data has seemingly

random fluctuations.

In this work the series of control experiments were performed on all materials of interest, measuring
each sample and its effect on the cavity. These data are included later, and they pertain to

frameworks, solvents and analytes.

The first phase of our experiments were “static” measurements, where the analytes and materials
were at rest and some values were obtained for comparison. The next phase introduces “dynamic”
measurements, where the system is under a continuous flow of analyte, to see how the response
under flow and to identify and solve any additional challenges provided by a flow system. The final
phase involves the injection of small aliquots of analyte in a framework and tracking its progression

through the material in real-time.

4.2  Aims

First, we implement a series of experiments that uses the microwave cavity perturbation technique to
understand its scope and limitations. We then apply the microwave cavity perturbation technique to
a flow system and optimise specific parameters that will allow for accurate and reliable data to be
obtained regarding the separative capabilities of a MOF. Finally, we will be exploring the ability for

this analytical technique to effectively characterise interactions between analytes and the
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frameworks, to better understand the key factors which determine the successfulness of a molecular

separation.

4.2.1 Frameworks of interest

MIL-53(Al) and UiO-66 are both extensively reported in the literature, are both water stable
frameworks and have both demonstrated the capacities for molecular separation under specific
conditions. They are also both commercially available and hence can be produced at scale. For these
reasons they make excellent test subjects for the method development in this chapter. The MIL-53 (Al)
used in this chapter was commercially sourced and the UiO-66 was synthesised in house (Full details

of synthesis are in the experimental section)

4.2.1.1  MIL-53 (Al)

The MIL (Materials Institute of Lavoisier) series involve the binding of trivalent cations (Fe3*, V3*, Cr3*)
and some the P-block elements (AI**, Ga**, In*) with carboxylate linkers. The MIL-53 frameworks in
particular have been heavily studied with over a thousand reported publications within the last
decade.®? It is highly flexible and can change shape depending on the host-guest interaction, thus

should heave easily observable changes by analysis.>

Figure 98 : MIL-53 (Al) secondary building unit (SBU) left, with octahedrally co-ordinated aluminium nodes with bridging
oxygen atoms. Extended framework (right) shows how the SBUs are linked together, by the terephthalate linkers, to form a

structure resembling a “wine rack”. Image reproduced from Janiak et al.33

MIL-53 (Al) is a framework that is well studied in the scientific community and has a strong scientific
knowledge base for separations which we can use in our studies. Nitrobenzene and its interactions
with frameworks are currently being investigated by the wider research community to find the best
material for extracting nitrobenzene out of aqueous media, due to its nature as a very toxic pollutant.

MIL-53(Al) has an affinity for nitrobenzene due to charge transfer and n- it stacking interactions with
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the terephthalate linkers.3* These -1t stacking interactions also provide it with some affinity for other
aromatics like toluene.> With a focus on molecules that have this aromatic functionality we can design

an experiment that investigates the dielectric effects of these interactions on the material as a whole.

4.2.1.2 UiO-66

The UiO (Universitetet i Oslo) series famed for its chemical and thermal stability in comparison with
other MOFs, in particular the zirconium MOFs in this series.?® Ui0-66 is the archetypal framework of
this series and has been heavily studied over the last decade, well-over a thousand papers have been

published on this framework as the main topic.*?

The SBUs consist of 6 zirconium ions in an octahedral arrangement, connected by four 3-fold bridging
hydroxyl groups and four 3-fold bridging oxide groups which occupy alternating faces of the

octahedron respectively to achieve the minimum repulsion between each other.?’

ZrCly + OH _

(0] 120°C
24 hrs

Scheme 1: Synthesis of UiO-66, reproduced from Schaate et al. The SBU is consists of six zirconium metal cations, linked
together by bridging oxygen and hydroxy groups, which form an octahedron. Each octahedral node is linked together by the

terephthalic acid linker.

Studies involving this zirconium framework have been investigated in numerous separations34°,

typically applications regarding water purification, to take advantage of its water stability which is
quite uncommon for a MOF.*! As we are investigating analytes with aromatic features in MIL-53, it
seemed suitable to also investigate processes involving aromatic analytes with this framework,
fortunately studies utilising UiO-66 as the stationary phase in regarding key separations in the
manufacture of xylene and styrene have been reported which will provide insight into our own

studies.*?*3

4.3 Results and Discussion

This chapter discusses the process of development of the analytical method. We started with
experiments that tested the permittivity properties of the MOF and analytes as well as framework
selection and moved onto doing experiments under flow conditions. The flow experiments enabled

us to see how the dielectric properties were affected and establish certain experimental parameters
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(e.g. flow rate, tube length etc). Finally testing the MOF under separation conditions allowed us to
determine some physical properties and separation capabilities of the framework in question,
developing a method of deconvoluting the raw data into a meaningful output. Full experimental

details are in the Experimental section.

4.3.1 Method Development part i) Static experiments

These experiments were done in the engineering department. This department was not equipped to
handle the toxic fumes given off by the majority of our chosen analytes (especially nitrobenzene),
therefore we ensured all samples were sealed completely. The methodology was to pack aluminium
framework MIL-53 (Basolite® A100) into a quartz capillary tube, which was then loaded with the target
analyte and sealed with either epoxy resin or nylon depending on the chosen analyte. The changes in
frequency (Af) and bandwidth (ABW) of the packed tube in the microwave cavity compared with those
of an empty quartz tube were then recorded. The selection of analytes were chosen to provide
variation in polarity (e.g. nitrobenzene is very polar, toluene is considerably less polar but a similar
shape) and sterics (e.g. hexane and biphenyl have similar polarities but very different shapes). Hexane
also doubled as an excellent carrier solvent since it is not going to react with the frameworks or the
analytes, is cheap and readily available and has a relatively weak interaction with microwaves. (See

Table 24)

A key question in this analysis is the nature of the interactions between analytes and frameworks.
Clearly it is important to understand if these interactions are host-guest or surface-only with respect
to uptake of the analyte into the framework. In other words, does the analyte enter the pores of the

chosen framework?

The kinetic diameter of hexane is reported as 4.3 A and toluene is 5.85 A. There is no reported data
purporting to the kinetic diameter of biphenyl, 2,2’ bipyridine or nitrobenzene, however we estimate
their kinetic diameters to be similar to toluene, just as the kinetic diameter of p-xylene and toluene
are reported to be identical.**** The pore diameter of MIL-53 (Al) is 8.5 A markedly bigger than the
kinetic diameters of our analytes, and on that basis the analytes selected can physically enter the
pores of the framework.*® Nitrobenzene was chosen specifically as it has a reported affinity with the
aromatic rings present on linkers such as terephthalic acid. The n-it stacking interaction between the
linkers and the nitrobenzene which is reported to be the cause of this affinity, is an ideal interaction

to look for with this investigation.

Sample Af (kHz) ABW (kHz) | Anticipated Af range (kHz)
MIL-53 -2483.0 683.8 -
Hexane -2015.0 53 -
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Hexane MIL-53 -3994.7 445.7 -4498.0 —-2483.0

2,2’-bipyridine -1804.4 5.4 -

2,2’-bipyridine in Hexane (0.1M) -2975.1 1.7 -

2,2’-bipyridine MIL-53 -1368.6* 18.3 -4287.4 —-2483.0
2,2’-bipyridine in Hexane (0.1M) MIL-53 | -3856.7 390.3 -5458.1 —-2483.0
Biphenyl -1880.0 11 -

Biphenyl in Hexane (0.1M) -2060.4 1.2 -

Biphenyl MIL-53 -1341.2* 15.7 -4363.0 —-2483.0
Biphenyl in Hexane (0.1M) MIL-53 -4003.5 392.2 -4543.4 —-2483.0
Toluene -2662.1 68.8 -

Toluene in Hexane (0.1M)t -2093.3 0.8 -

Toluene MIL-53F -3747.5 -83.7 -5145.1 --2483.0
Toluene in Hexane (0.1M) MIL-53F -3256.2 141 -4576.3 —-2483.0
Nitrobenzene -52314.4 75841.4 -

Nitrobenzene in Hexane (0.1M) -2320.3 80.1 -

Nitrobenzene MIL-53t -23611.8 22490.5 -54797.4 —-2483.0
Nitrobenzene in Hexane (0.1M) MIL-53 -2619.6 149.8 -4803.3 —-2483.0

Table 24 Preliminary results from microwave resonance measurements of analytes loaded into MIL-53. Single components
are outlined in bold. * denotes the cases where the Af lies outside the expected Af range. T denotes experiments measured

differently meaning the values are loosely comparable to the rest of the data, full explanation in experimental.

The preliminary results in Table 24 showed that in all cases on adding an additional component to any
given system (e.g. adding MOF into the empty quartz capillary) there are changes in Fo and BW that
were measurable. The analytes could therefore be detected in the cavity, the MOF and the MOF

loaded with said analyte.

To address the question of host-guest interactions, we can consider how the analytes being taken up
into a MOF change the measured dielectric properties. In the simplest case, with no strong
interactions, we would anticipate that changes in Fo would simply be an additive combination of the
individual component shifts from the empty tube values (BW is more complicated and cannot be
predicted in this manner). Making the assumption that the maximum amount of analyte is the same
as the control experiment without the MOF present and the minimum amount is zero (i.e. just the
MOF). As it was not possible to determine precisely how much analyte is present in a sample filled
with MIL-53, we can safely assume that it is between zero and the full amount. Therefore we set the
limits of our range between MIL-53 by itself and the sum of MIL-53 and the component being tested.
E.g. MIL-53 in hexane expected Af range = -2483.0 (MIL-53) — -2483.0-2015.0 (MIL-53 Af + Hexane Af)

=-2483.0 — -4498.0 After taking into account these hypothetical extremes of minimum and maximum
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filling, any values lying outside the range may indicate some kind of interaction between the
framework and the analyte as there are no other immediately obvious contributing factors. There are
two results that lie outside the expected Af range (indicated by * in Table 24), the biphenyl in MIL-53
and the 2,2’ bipyridine in MIL-53, suggesting both the bipyridine and the biphenyl interact with the
framework in some way to reduce the overall polarizability of the sample. The ABW of
2,2’-bipyridine/biphenyl in hexane (0.1M) loaded into the MIL-53 were significantly larger than the
individual parts, likely showing that the hexane helps facilitate the interaction of these analytes with

the framework.

Although this was a positive sign that interactions between the analytes and the MIL-53 framework
could be qualitatively observed, no further information could be easily derived such as how these
interactions affected the guest selectivity of the framework or the order of magnitude of such
interactions and how they compete with each other. In order to begin deconvoluting this data we
needed to reduce any and all external factors as much as possible, such as the way we account for the
influence of temperature (TM310 correction). A factor that is not so easily accounted for is a property
inherent to certain frameworks, such as MIL-53: framework flexibility. The “breathing” behaviour that
MIL-53 exhibits is well documented; the coordination of carboxylate molecules to the metal centres
is not necessarily fixed and behaves more like a hinge. The framework can be envisaged as a “wine-

rack” which collapses/ extends depending on the properties of the media it is present in, particularly
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Figure 99 A demonstration of the “breathing” effect exhibited by MIL-53(Al) that can be triggered by guest adsorption,
temperature or mechanical pressure. The arrow along the top demonstrates how pore volume is affected by this

phenomenon. Figure reproduced from reference*.
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Although we previously thought this would make the framework an ideal candidate, as we would see
some very obvious changes. The dynamic properties of the framework thus naturally cause the
polarity distribution in the bulk of the MOF to be variable under different environmental and chemical
conditions (e.g. see Figure 99), which significantly complicates data interpretation since changes
observed upon analyte loading cannot readily be deconvoluted from consequential framework
structure changes. Therefore we changed our target framework to something more inflexible and

structurally constant, the zirconium-based MOF, UiO-66.

The UiO-66 framework is not just unreactive to our analytes, it is renowned for showing extreme
thermal, mechanical and chemical stability. 3 We have demonstrated with MIL-53(Al) that the static
microwave method can distinguish between loaded and unloaded MOF/analyte mixtures and can
provide some indicative discrimination between analytes. On changing the target framework to
UiO-66 we decided to change analytes, as each MOF has unique separation capabilities for different
species. The styrene separation is typically carried out in steam if using the method of
dehydrogenating ethylbenzene. With our set up we thought it would be prudent to try something
considerably less polar than water to see if our equipment could still obtain reasonable data, therefore

we tried methanol.

Sample Af (kHz) ABW (kHz) Expected Af range (kHz)
Ui0-66 -1482.6 4.8 -

Hexane -2015.0 53 -

Hexane UiO-66 -1540.4 12.0 -3497.6 —-1482.6
Methanol -37773.4 79070.7 -

Methanol UiO-66 -5099.7 1986.8 -39256.0 —-1482.6
Toluene -2662.1 68.8 -

Toluene UiO-66 -8084.6* 2756.2 -4144.7 —-1482.6
o-Xylene -3391.1 189.4 -

o-Xylene UiO-66 -9274.9* 3482.6 -4873.7 —-1482.6
m-Xylene -3075.5 63.3 -

m-Xylene UiO-66 -9114.7* 3251.5 -4558.1 —-1482.6
p-Xylene -2874.0 13.6 -

p-Xylene UiO-66 -6726.3* 2435.8 -4356.6 —-1482.6
Ethylbenzene -2954.6 122.9 -

Ethylbenzene UiO-66 -8376.1* 2981.0 -4437.2 —-1482.6
Styrene -3074.8 21.6 -
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Styrene UiO-66 -8126.1%* 2657.6 -4557.4 —-1482.6
Table 25 Preliminary results from microwave resonance measurements of analytes loaded into UiO-66. Single components

are outlined in bold. * denotes the cases where the Af lies outside the expected Af range.

A comparison of Ui0-66 and MIL-53(Al) shows immediately that the Af and ABW for UiO-66 versus the
empty tube are both significantly smaller than the same values for MIL-53(Al). This has the added
advantages that smaller changes to these values on addition of analytes will be more readily observed.
Table 25 shows Af and ABW for UiO-66 with a range of analytes. Target molecules with an aryl
functionality provide Af values consistently outside the expected ranges. This may be an indication of
the m-mt stacking interaction discussed earlier. Our findings with MIL-53 only demonstrated biphenyl
and 2,2 bipyridine demonstrating this phenomenon. As we mentioned earlier, the literature reports
MIL-53 has these interactions with all sorts of aromatic moieties such as toluene and therefore the
MIL-53 framework’s dynamic motion must be masking these interactions in the data. As these
interactions are of a key interest, this demonstrates that UiO-66 is a more suitable framework for this

experiment.

Methanol was too polar for our equipment to provide reasonable results, causing significantly higher
values for Af and ABW, similar to that of nitrobenzene. Another issue is that the data suggests a
significant interaction between UiO-66 and methanol, of a similar magnitude to those observed with
our target analytes (xylenes, styrene etc.). This potential interaction between methanol and UiO-66
indicates that methanol may outcompete some of the analytes or make the interactions between the
analytes and the framework harder to detect. These factors all suggest methanol would function very
poorly as a carrier solvent and water is likely to be far worse. Hexane, however, has a far weaker
interaction with the framework and therefore would be a much more suited to this purpose. In

previous work done by Zhiming Yan et al.*® hexane is used as the mobile phase successfully.

The static experiments were a good starting point, however there are several factors affecting the
reliability of these results. An important factor was that each of the samples that involved being
packed with MOF powder could not be packed the same. The particles synthesised do not have a
uniform size distribution and we simply do not have the means to pack every tube exactly the same.
Each sample will vary in the gaps between particles due to different sizes and orientations, this is
further complicated by the fact different shapes will have different depolarisation factors. Two
samples that we prepare with the same material and analyte will still produce different absolute F and
BW signals.>® Another issue is that our goal of achieving an in-situ method of analysis could not be met
with simply measuring a framework loaded with solvent. An in-situ representation of molecular
separation required the system to resemble a set-up you would find in the field of chromatography.

Both these issues can be solved by designing the equipment to allow for readings to be taken under
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flow. Packing is less of an issue in flow with multiple experiments and flow is better as analogue of

chromatography and real-world usage

4.3.2 Method Development part ii) Flow experiments
To have a system under flow, it had to be set up in a fumehood equipped to deal with the hazards that
it presented. The VNA model used so far (ref static experiments) although extremely accurate, was

not a viable option in a chemistry lab, so we had to use a more portable VNA and accept a trade off in

accuracy. (See Figure 100 for set up)

Vector Network Analyser (VNA)

< Microwave cavity
MOF powder

Quartz capillary

ﬂ Exit flow
[

Cotton Wool plug

g)‘i T-Piece

|<«———Syringe Pump

Figure 100: Image of set up used to monitor the dielectric properties of UiO-66 under flow. (left) Diagram of the setup. (right)
The quartz capillary is packed with the UiO-66 framework and inserted into the microwave cavity, the syringe pump then
injects the analyte through the capillary at a steady rate which the VNA then records any change in the electric field being

applied by the microwave cavity.

The new set up had a T-piece to allow for the release of air bubbles which would surely interfere with
the packing of the MOF powder, although the continuous flow of analytes through the MOF bed will
cause some disturbance which is unavoidable, the disparity in density between liquid and air would
cause much greater disruption. The flow system was set so that the solvent would travel up the
column to help push out any residual air that was not removed by the T-piece. By using the same
microwave cavity that was used in the static experiments, the previous results will still be comparable

to the readings obtained in this set up.

The static experiments helped determine factors such as analyte and framework choice and provided
familiarity with the limitations of the microwave perturbation technique. There are however a few
more variables to be accounted for by changing our static system to a flow system. Thus the next step
was to run some preliminary testing in order to ascertain what information we could obtain from

monitoring in-situ and also uncover any experimental issues.

One such parameter that needed to be determined was the appropriate flow rate. According to
Peristyy et al., UiD0-66 has improved separation with slower flow rates as this gives the analytes more

time to enter the pores and therefore increases retention time. Faster flow rates result in the analytes
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just passing by the MOFs and travelling through the extrinsic void space left between particles.’! In
order to explore this we measured the flow-rate dependent changes over time in AF and ABW when
flowing toluene through a capillary containing UiO-66 pre-loaded with hexane; the freshly toluene
loaded capillary was then flushed with hexane to measure the reverse process. Figure 101 shows these
changes at four separate flow rates. Both the data for AF and ABW have been included, however the
ABW data seems to just mirror the AF data and no extra information can be ascertained. With this

being the case, further discussion will focus on the AF data.
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Figure 101 Top: Change of Af (left) and ABW (right) over time of UiO-66 preloaded with hexane being flushed out with a
continuous flow of toluene at various rates. Bottom: Change of Af (left) and ABW (right) over time of UiO-66 loaded with

toluene being flushed out with a continuous flow of hexane at various rates.

It is immediately obvious that at all flow rates that toluene displaces hexane from UiO-66 faster than
hexane displaces toluene. Two other features of note; there is a small step in the curve present only
for when toluene is displacing hexane from the framework but not for the reverse process; some of

the runs do not have the same end point. With respect to the end points, Peristyy’s paper suggested
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that lower flow rates result in greater exposure time for the analytes to the pore windows therefore

increasing the likelihood of analyte entering the pores of the framework. On that basis, we would

expect that the lower flow rates would reach the end point sooner but with a shallow and unstepped

curve, while higher flow rates would show fast initial change representing extrinsic solvent change

and then a second shallower gradient to a later end point as solvent within the framework exchanges.

We do not see this behaviour as the flow rate changes.

However, these changes in curve shape are observed when comparing the lower flow rates for hexane

displacing toluene versus toluene displacing hexane. There are 2 possible reasons for this. Firstly the

MOF may have a strong preference for hexane over toluene, or secondly there is some mixing effect

based on the order of displacement. To investigate this we performed the experiment with an empty

tube. (Figure 102)
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Figure 102 Top: Change of Af (left) and ABW (right) over time as a tube loaded with hexane (no MOF) is flushed out with

toluene. Bottom: Change of Af (left) and ABW (right) over time as a tube loaded with toluene is flushed out with hexane.
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Notably, the MOF experiments were all done on the same sample and the control experiments were
all done on a single empty tube so in each case we would expect (within reason) the same available
volume for analytes to fill which should be illustrated by the same final AF and ABW. The final AF and

ABW values are not all the same, with the slower flow rates clearly not reaching their final points.

With the empty tube control experiments the same curve shape phenomena occurred as in the UiO-66
experiment therefore indicating the cause is something more fundamental to flow chemistry (See
Figure 102) rather than a feature of the framework. As we saw earlier from our static experiments
(see Table 25), toluene is more polarising and has higher values for €’ and €. Therefore the first step
could be the introduction of toluene, polarising the hexane and hence having an initially greater effect
at a small concentration. The second step is simply the rest of the hexane being replaced by toluene.
This effect is negligible at flow rates 0.5 mL/min therefore suggesting 0.5 mL/min is an appropriate

flow rate for future experiments.

Furthermore, these experiments show that the gradient delay time (tp = Vp (dwell volume)/F (flow
rate)), is much greater at lower flow rates, which gives greater time for the analytes to mix with each
other before reaching the framework. Gradient delay time can be defined as a time period between
the moment when the gradient is formed and the moment when it reaches the column.®? To confirm
that the dwell volume is the cause, further experiments were done where the “dwell tube” was varied

from its original length (237 mm) and the flow rate was fixed at 0.5 mL/min.

W Exit flow
I

ﬂ Vector Network Analyser (VNA)

<~ Microwave cavity
Quartz capillary
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N

}* T-Piece

'«———Syringe Pump

Figure 103 Setup demonstrating the location of the "dwell tube"
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Figure 104 Left: Toluene displacing hexane from a quartz tube, with different sizes of dwell tube. Right: Hexane displacing a

quartz tube filled with toluene, with different sizes of dwell tube.

Figure 104 shows that when toluene is displacing hexane from a quartz tube, the “step” in the curve
is much reduced when the dwell tube is halved to 118 mm. Interestingly, when doubling the size of
the dwell tube (474 mm) the step is exaggerated which further indicates that this step is caused by
solvent mixing in the dwell volume. When hexane is displacing toluene, we can clearly see this solvent
mixing effect is not present regardless of dwell volume. There is a slight discrepancy when toluene is
displacing hexane, as the AF value is different for 118 mm compared to the other lengths. Due to the
sensitive nature of the cavity perturbation technique, this is most likely caused by a slight
displacement of the tube within the cavity. In subsequent experiments we used plastic spacers to
minimise these effects. We can conclude that reducing the tube length is a solution to the
hexane/toluene mixing problem. 118 mm is the minimum dwell tube length that is achievable, so all
further experiments were done with this tube length. As the dwell “volume” issue is solved, for all
further data in this chapter we have removed the data corresponding to the time taken for the analyte

to reach the cavity, the zero time value is set to when the analyte is first detected to enter the sample.

The next experiment was to investigate the effect of using a significantly more polar analyte. We
therefore compared the displacement of hexane by toluene with displacement of hexane by mixtures
of chlorobenzene and toluene. Figure 105 shows AF for UiO-66 preloaded with hexane when the
solvent is changed to either toluene or a 1:1 or 1:9 mixture of chlorobenzene:toluene. (Pure
chlorobenzene had large €’ and €”’ values causing the overall permittivity to be reduced too much to

provide any meaningful data, see Figure 91)
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Figure 105 Top Left: Toluene/toluene:chlorobenzene mixture displacing hexane from UiO-66 Top Right: Hexane displacing
toluene/toluene:chlorobenzene mixture from UiO-66. Bottom left: Control experiment, toluene/toluene:chlorobenzene
mixture displacing hexane from sample tube. Bottom right: Control experiment, hexane displacing

toluene/toluene:chlorobenzene mixture from sample tube.

Figure 105 shows that the curves are not stepped and therefore there is no indication of a solvent
mixing problem. As chlorobenzene is the most polar analyte we use in this setup and no solvent
polarisation effect is observed the experimental changes in previous experiments have successfully
removed this issue for this and subsequent experiments. We observed that flushing the hexane loaded
sample tube reached completion (curve reached a plateau) for the control experiment (=50 s) faster,
than the experiments with UiO-66 (200+ s) this is a good sign that the analytes are being absorbed
into the framework and not simply flowing through the interstitial voids. When the
toluene/toluene:CB mixture loaded sample is flushed with hexane, the control experiment and the
UiO-66 experiment are quite similar. Its possible that the density of the toluene and chlorobenzene
(0.87 g mL and 1.11 g mL, respectively) made it more difficult for hexane (0.66 g mL) to flush the
column. This is further supported by the fact the amount of chlorobenzene present in the mixture,

directly correlated to how long the sample took to flush in the control experiment.
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In this experiment, we would expect that on reducing the concentration of chlorobenzene by a fifth
AF would also reduce by a fifth. The control experiment demonstrates the validity of this expectation,
AF,c / AFy. = 0.18 (see Figure 105). What we observe when these mixtures are flown through the
UiO-66 powder is AF, / AFy, = 0.27. There are two possible phenomena this could be an indicator of.
There is a significant selectivity preference for chlorobenzene over toluene in this framework or there
is a significantly more polarising interaction between chlorobenzene and the framework compared to
toluene, these possibilities are not mutually exclusive. Yan et al. observed that there was a selectivity
preference for chlorobenzene over the xylenes due to chlorobenzene’s potential for hydrogen

bonding.*

In summary; we have designed a flow system that can monitor separative capabilities of UiO-66 in-situ.
We have minimised the solvent mixing effect via appropriate choice of flow rate and reducing the
dwell volume. We have also tested the limits of cavity and determined the set up should be suitable
to test all the components of the styrene separation as chlorobenzene is far more polar than any of

the components involved in the styrene separation.

The equipment’s capabilities in a flow set up was proven, the next step was to create an experiment
that allowed to determine, quantitatively, the separability of the target MOF. The absolute AF does
provide a rough approximation of how much of the analyte has been taken up by the MOF, but other
factors such as the polarity of the analyte. Also it was not possible to tell how much of the analyte was
entering the pores of the MOF and how much was simply travelling between the MOF particles,

through the interstitial voids.*!

4.3.3 Method Development part iii) Aliquot experiments

In order to make our system more representative of a chromatographic separation we made an
important modification to our approach: we injected a known, small quantity of analyte into a
continuously flowed hexane carrier solvent and tracked its progress through the apparatus. By keeping
the quantity small, we were increasing the chance of being taken up by the pores, as we have already
established that UiO-66 has a preference for aromatic solvents instead of hexane, therefore the

analyte has significantly less competition for occupying pore space.

Molecule Kinetic Diameter (A)
o-xylene 6.80
m-xylene 6.80
p-xylene 5.85
Hexane 4.30
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Toluene 5.85

Table 26 Kinetic diameters of o, m, p-xylene isomers, hexane and toluene.**

There are two types of pore windows in UiO-66, sized at 6 A and 4 A. The kinetic diameter is used to
describe the chances of a gas molecule to collide with another gas molecule, therefore it is not ideally
suited to describing the ability of the molecules to enter through the pores of a framework and does
not account for the general flexibility in MOFs that accommodate adsorbates. For example, H. Hu et
al. demonstrate that the larger acetone molecule (4.6 A) is preferentially adsorbed into their etb-type
framework over the smaller, more polar methanol molecule (3.6 A). They concluded that the polarity
of the analyte dictated the conformation of the MOF where the pore aperture could vary between
2.5-5.2 A.> We use it as a rough approximation and there is precedent to do so based on the research

of other groups.**~>*

Based on the findings of previous research groups, UiO-66 is supposed to affect the retention times
of o-xylene significantly while the separation between m-xylene and p-xylene is poor. During this
analysis, we will first check to see if our analysis corroborates with what has already established in the

literature, we shall then look at any new information that this analysis may provide.
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Figure 106 Tracking AF over time after injecting 0.1 mL of a specified aliquot into a continuous flow of hexane passed through

a column of UiO-66.

We can see immediately that the mixtures including o-xylene take longer to reach the end point. We
can see that m-xylene’s retention time is slightly longer than p-xylene. These findings correlate with
the respective retention times reported by Yan et al..*® The m/p-xylene mixture also had a longer
retention time than its individual components. This suggests that in the case of o-xylene mixtures the
rate limiting step is the o-xylene passing through the framework while in the case of the p/m-xylene
mixture the rate limiting factor is the competition for passing through the pore windows. The
maximum AF values (AFmax) for the individual components are as we would expect: o>m>p as it
correlates to the relative strength of the dipoles. The AFna.x values for the mixtures however are less
intuitive, as the mixture of m/p-xylene has a greater AFm.x value than o-xylene and the o/m-xylene
mixture. As we do not fully understand what dictates the magnitude of AFy.x We are instead looking
at what time this occurs and also the end point of the separation (when the curve reaches a plateau).
Also due to the amount of uncertainty in this measurement, it required another, more well-known

and established technique to help with the interpretation of our results. In this case we also collected
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fractions from the runoff of each experiment to be analysed via NMR to monitor the relative

concentrations of the analytes.
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Figure 107 AF over time as well as the % concentration determined by NMR for xylene isomers and mixtures. Y axis is scaled
individually to help show the information present. Analytes injected were 33% concentration mixtures of 0.1 mL aliquots. a)

o-xylene b) m/o-xylene c) m-xylene d) o/p-xylene e) p-xylene f) m/p-xylene g) o/p/m-xylene.

Figure 107 shows a direct comparison of the time-dependent microwave and NMR measurements of

the xylene isomers and various mixtures as they flow through and out of the column (respectively).
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One immediate issue presented by NMR analysis is the values of concentration from experiment to
experiment, despite all samples having the same amount of analyte injected, the recorded maximum
concentration varies from 0.3-6%. The error seems to be systematic as the NMR curve shapes look
genuine, starts at zero, reaches a maximal peak and then reduces. Although we are not sure what is
the cause of this issue, we trust the curve shapes and shall base our conclusions on the shapes of the

curves rather than the magnitudes for now.

The shapes of the curves shown by NMR are mostly what we would expect. As we mentioned earlier,
we have set time zero to be when the analyte is first detected in the microwave cavity, the NMR
samples are collected in the run off after it has travelled through the column of UiO-66, this creates a
time lag of =200 seconds between the microwave cavity and the NMR timings. The o-xylene’s rate of
transport seems to be slowed by travelling through the UiO-66, demonstrated by broader and
shallower peaks compared to that of m-xylene and p-xylene. The NMR technique fails to identify some
subtleties that the microwave perturbation analysis was able to provide indicators for. According to
NMR, the UiO-66 does not seem to show any preference for m-xylene or p-xylene (f) and g)) according
to the NMR experiment but as we identified earlier, the microwave experiment shown that p-xylene
passed through slightly quicker than m-xylene which corroborates with the literature. The lack of
microwave sensitivity of m/p-xylene is demonstrated with smaller AFyax values (<10kHz) and the
baseline drift makes determining end points more difficult. The other (non-xylene) components
involved in the styrene separation as well as chlorobenzene were also ran through the equipment (see

Figure 108).

186



112
2 {12 i) 0 1
24 = AF 410
= AF H enzene oncentration
o /—’B;zene NMR Concentration 10 . e i coneenet
: 47 108§
: Hos & — S
-2 / =z N -6 / S
! S = / 106 8
aq: ] 1% o B g
i 3 < 2 Joa €
I loa 8 -104: ‘5
641 | 3 |
. ' los 12+ !,' o2
84 -i ’ i
8 3 -144.V 400
¥ 4 0.0 i i i i
0 2(')0 4(')0 6(")0 8(I)O 0 200 400 600 800
Time (s) Time (s)
0 . il 6 k) O-= 1.0
-2 iH \ = AF 2201 f;féi\ombenzene NMR Concentration
/ » —H— Toluene NMR Concentration 05 108
4 / g : S
/| 15 . fos 5
6 ! | Jos = g
I 5 w 601: P
! \ 8 3 : 04 &
i c H c
-8 I 402 o : o
\ 3 -804 \ 3
H 402
-104 i 401
/ -100 - \\
s S ]
0 200 400 600 800 0 200 400 600 800
Time (s) Time (s)
1)
0_\ 0.25
.I: m AF
H A ~Ml- Styrene NMR Concentration
H H{0.20
. \ 5
~ '[ 015 §
Zafl g
= oy 010 8
i :
-6 ! O
i 4005
L .
8w/ T 0
0 200 400 600 800
Time (s)

Figure 108 AF over time as well as the % concentration determined by NMR: h) Benzene i) Ethylbenzene j) Toluene k)

Chlorobenzene |) Styrene. Y axis is scaled individually to help show the information present. Analytes injected were 33%

concentration mixtures of 0.1 mL aliquots.

These experiments were run on the same column of UiO-66 therefore allow for direct comparison

with the xylene samples, therefore we have tabulated our results. In all cases, we were unable to

determine an end point with NMR as trace amounts of the analyte were still able to be analysed after

840 seconds. Though we continued to flush the sample with hexane for a further 15 minutes per

sample (flow rate = 0.5 mL/min), the NMR samples were not collected for this time period.
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Analyte(s) AFnax (kHZ) | AFmax time (s) | AFzero time (s) AF FWHM | € (temp. taken)
o-xylene -158.0 41 621 128.0 2.568 (20°C)
m-xylene -10.4 72 262 109.6 2.374 (20°C)
p-xylene -7.0 57 213 93.6 2.270 (20°C)
Benzene -9.4 38 183 62.6 2.284 (20°C)
Ethylbenzene -14.1 49 700 86.5 2.412 (20°C)
Toluene -11.5 44 390 83.0 2.379 (25°C)
Chlorobenzene | -110.0 72 738 120.9 5.621 (25°C)
Styrene -8.2 64 443 102.0 2.43 (25°C)

Table 27 Collated data from Figure 107 and Figure 108, comparing the features of each acquired chart. €’ values obtained
from UNITED STATES DEPARTMENT OF COMMERCE NATIONAL BUREAU OF STANDARDS.>5

In HPLC and GC, retention time (tR) is typically used to describe the transportation of compounds
through a column. The tR being defined as: “the time elapsed between sample introduction and the
maximum signal of the given compound at the sample detector.”® In our case the comparable
equivalent would be time from when the sample is detected to have reached the cavity (sample
introduction) and the AFmax time (maximum signal of the given compound at the sample detector).
The trend displayed by comparing AFmax times of each component (see Table 27) is as follows:
benzene<o-xylene<toluene<ethylbenzene<p-xylene<styrene<m-xylene=chlorobenzene. We know
from the NMR curves and also the reported findings of other research groups that o-xylene is retained
significantly more than p-xylene and m-xylene, which does not agree with our AFm.x findings.*
Typically, in GC/HPLC, the detector is solely at the end of the column, while we are measuring over
the central portion of the column during the separation itself. According to Figure 109, there is no
correlation between the permittivity and the AFma.« time. Secondly, the AF is proportional to the €’
value, but we also know that there is a solvent polarisation effect from our previous experiments;
analytes with higher €’ values will have a greater polarisation effect and therefore may reach AFmax
quicker than analytes with smaller €’ values, which would explain why o-xylene reaches AFmax quicker
than m/p-xylene. This parameter could be used if we only measured the end of the column, but then

we would only obtain the same information as a standard HPLC detector.
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Figure 109 Plot of the AF.qx time against the permittivity (€’) of each sample (top) and NMR .« time against €’ of each

sample (bottom). Insets have the chlorobenzene results removed and have lines of best fit.

AF,ero is the term we use to describe the time when AF returns to zero. AF.r, provides the time when
it is believed that all of the analyte material has left the column (i.e. been displaced by hexane). We
know that this value has two factors affecting the accuracy of this measurement: firstly, the baseline

drift present may affect the AF,., time recorded, hence the effect will cause more inaccuracy in
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analytes with smaller €’ values. Secondly, the NMR analysis was able to record trace amounts of the
analyte in all cases, which were not detected by the microwave cavity, thus we know there are limits
to the concentration the microwave cavity can feasibly detect. With that in mind the trend observed
for AF.ero is: benzene<p-xylene<m-xylene<toluene<styrene<o-xylene<ethylbenzene<chlorobenzene.
This trend broadly resembles the trends reported in the literature. Furthermore, we have a much
stronger correlation between the AF,er, time and the permittivity than we did with the AFn.x time (see
Figure 110). Styrene and ethylbenzene are suspicious, as styrene is reported to be strongly retained
in the UiO-66 framework. It has been reported that the unsaturated double bond of styrene binds to
open metal sites in frameworks.***”>8 Such active metal sites are present as defects in the formation
of UiO-66. It is possible that this batch of UiO-66 is lacking in defect sites and therefore is failing to
retain the styrene. *° Ethylbenzene is also reported to elute faster than the m- and o-xylene isomers,
while here it has significant retention.®® The NMR suggests that this retention is genuine, but it is
unclear as to why this is the case. Unfortunately, as the NMR data never reaches a zero point, we
cannot make a direct comparison. It would seem that the NMR method is more sensitive to the lower
concentrations, however if we corrected for the baseline drift, we may see a dramatic increase in the

precision of the microwave method.
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Figure 110 Plot of the AF,er, time against the € of each sample. NMR,e., is not plotted as the NMR plots never reach 0%

concentration. Inset has the chlorobenzene result removed and has a line of best fit.
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The FWHM in HPLC is often used to describe the resolution of a peak. The trend corresponding to the
FWHM for each curve is the following:
benzene<toluene<ethylbenzene<p-xylene<styrene<m-xylene<chlorobenzene<o-xylene. Toluene,
ethylbenzene and p-xylene have very similar retention times consistent with literature reports.*®>?
The only inconsistency in this measurement is that o-xylene has a larger FWHM than chlorobenzene,
when chlorobenzene is expected to have a much stronger interaction with the column than o-xylene.
Furthermore, the AFmaxvalue of o-xylene is significantly higher than the chlorobenzene sample, which
is surprising based on the reported € values (2.568 vs. 5.621, respectively). Normally we would
consider this an anomalous result, except the experiments using o-xylene/p-xylene and o-xylene/p-
xylene/m-xylene mixtures also report similar AFmax values. Therefore, this unexpectedly low value for
chlorobenzene must be due to a difference in the way the xylenes interact with the MOF that has not
been accounted for. The correlation between € and the AF FWHM is slightly weaker than the
correlation between AF,., and permittivity (see Figure 111). The substantially weaker correlation
between NMR FWHM and €’ is likely due to the fact that we could not fit a curve to the NMR data,

therefore the FWHM determined from the straight line point to point fittings will be imprecise.
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Figure 111 Plot of the AF FWHM against the €’ of each sample (top) and NMR FWHM against €’ of each sample (bottom).

Insets have the chlorobenzene results removed and have lines of best fit.

It would appear that the best parameter for comparing the selectivity of this framework is FWHM,
despite the known experimental errors. Although the AF.ero sSeems to have a more positive correlation
and also the trend in the data is more in line with what is reported in the literature, the key issue is

that we cannot validate it with a comparison to the NMR data.

Next, we address the problem with the NMR quantification of analyte in the hexane carrier solvent.
The calculated concentration of analyte coming off the column varies by an order of magnitude for
different analyte mixtures. For example, in experimental runs a) and b) shown in Figure 107, o-xylene
reaches peak concentrations of = 6 mol% in hexane (just o-xylene) and = 0.4 mol% in hexane
(o-xylene/m-xylene mixture) respectively. It is quite clear that the integration of the two curves are
not equal. This suggests either; our NMR measurements have some undetermined systematic error,
or some o-xylene has been retained by the MOF and therefore would not show up in the run off. Since
the AF values return to zero in the microwave measurement, there is little to no o-xylene left in the
system. Furthermore, instances where results are in conflict with the literature (such as
ethylbenzene), we need to determine whether our analytical method is faulty or if the result is
genuine. In order to investigate any systematic inaccuracies, a series of known concentration solutions

of o-xylene in hexane were made up and measured by NMR (Table 28).

Concentration of o-xylene Concentration measured by NMR Error (% error)
(mol% in hexane) (mol% in hexane)
10.7 11.3 0.60 (6%)

192



4.29 4.33 0.04 (1%)

2.11 1.83 0.28 (13%)
1.43 1.66 0.23 (16%)
1.05 1.00 0.05 (5%)

0.54 0.50 0.04 (7%)

0.42 0.47 0.05 (12%)
0.21 0.26 0.05 (24%)
0.16 0.14 0.02 (13%)
0.11 0.11 0.00

Average = 0.136 (9.7%)

Table 28 Comparison of concentrations measured by NMR to the actual value. Mixtures of o-xylene made up using serial

dilution and hamilton syringes.

Even taking into account human error and the very small instrumental errors, the percentage error

does not seem to increase/decrease according to magnitude. The NMR technique has some inherent

imprecision which could be due to a variety of reasons, e.g. hydrogen deuterium exchange. This 10%

discrepancy still does not account the variation observed in Figure 107 and Figure 108. Although we

are unable to determine the precise cause of this issue, the shapes of the curves are the key feature

in these measurements and the curves obtained for mixed isomer runs are self-consistent and allow

for comparison. With that in mind, we move on to comparing parameters that are more related to

the shape of the curve rather than apparent concentration measured by NMR.
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Figure 112 Plot of the AFasymmetry against the €’ of each sample (top) and NMR asymmetry against €’ of each sample

(bottom). Insets have the chlorobenzene results removed and have lines of best fit.

One feature of the NMR and AF curve shapes that seems consistent in all the runs is that the left-hand
side of the curve is significantly steeper than the right-hand side of the curve. This is obviously due to
the fact that all the material going into the column of MOF particulate is going to come out at different
rates depending on the strength of interactions present. Previously, when we looked at FWHM, a
major disadvantage was the NMR data could not distinguish between the various analytes. Looking at
the asymmetry of the curves, we can better observe the trends in the data, there is a clear negative
correlation between the NMR asymmetry and €'. This means that low €' materials pass through quite
quickly, while higher € seem to be impeded more and therefore the analyte has a more symmetrical
distribution throughout the column, which is what we would expect (e.g. ortho-xylene and
chlorobenzene should take longer to travel through column than para-xylene and benzene).
Conversely, the microwave perturbation method shows a strong positive correlation between
asymmetry and the € value. We believe that this is demonstrates the difference between in-situ
analysis and ex-situ analysis. The NMR analysis is simply collecting the runoff at the end of the column;
therefore, we are only seeing the end result of the separation where the analytes have undergone
through the full process of separation. The microwave method is recording over approximately 75%
of the length of the column; therefore, itis detecting early and late in the separation at the same time.
We know from the NMR curves b), d), f), g) (Figure 107) that there is significant overlap of each of the
analytes, indicating poor separation throughout the column, as such it is likely that the microwave

method is simply observing this.
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Mixture Asymmetry AF Asymmetry Asymmetry Asymmetry
NMR oX NMR mX NMR pX

ortho/para 5.3 3.0 - 2.5
ortho/meta 2.4 4.0 5.3* -
meta/para 3.8 - 1.5 1.5
ortho/meta/para | 4.3 1.5 2.3 2.3

ortho 5.8 1.5 - -

meta 2.5 - 2.0 -

para 2 - - 34

Table 29 Displaying asymmetry values for the curves of data acquired when using 33% concentration of xylene isomers and

mixtures. *meta-xylene NMR is anomalous and is likely inaccurate.

The NMR method provides us with individual data sets for each component of the xylene mixtures

while the microwave cavity perturbation method presents a curve that should be the sum of both

components. In each case the asymmetry of the AF curve is larger than each of the individual

components, except in the case of the ortho/meta-xylene mixture (see Table 29).
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Figure 113 Plot of the AF mean against the €’ of each sample (top) and NMR mean against €’ of each sample (bottom).

Insets have the chlorobenzene results removed and have lines of best fit.

Another parameter we investigated was the mean time for both AF and NMR curves. This provides

information on the average transit time of analytes through the framework/column. As with all the

time dependent parameters already discussed, this depends on flow rate, but after the initial

experiments on flow rates, all flow rates were kept constant throughout. In the comparison of the

mean values, we see a weak positive correlation with permittivity for the NMR means but almost no

correlation for the AF means. The positive correlation indicates analytes with larger € values have a

longer average transit time in the column, which is what we would expect. The lack of correlation

between AF and €’ suggest that the analytes are not well separated in the measurement region.

Mixture AF mean oX NMR mean mX NMR mean pX NMR mean
ortho/para 156.4 401.9 - 351.4
ortho/meta 170.0 417.9 340.7 -

meta/para 141.7 - 281.4* 273.2
ortho/meta/para 172.7 317.1 266.6 261.2

ortho 164.1 344.2 - -

meta 229.4 - 367.0 -

para 219.2 - - 286.5

Table 30 Displaying mean values calculated for the curves of data acquired when using 33% concentration of xylene isomers

and mixtures. *meta-xylene NMR is anomalous and is likely inaccurate.
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One feature of using the mean is that it depends on the variable of time. The microwave cavity
perturbation method measures in real time while the NMR measures at the end of the column. As
such there is a =200 second lag time for the NMR means compared to the AF means in any given
experiment. We also observe that when para- or meta- xylene is present at the same time as
ortho-xylene, the NMR mean time is lower than the values calculated for the individual components.
This indicates competition for interaction sites in the framework: o-xylene is probably competing with
the p/m-xylene for pore space, causing the p/m-xylene components transit to be accelerated. The AF
mean values also indirectly indicate this as the AF values for the mixtures are lower than the individual

components (e.g., AF mean o/p-xylene: 156 s, o-xylene: 164 s, p-xylene: 219 s).

We can observe some meaningful data acquired with the microwave cavity perturbation method, but
the separation of xylene components is poor. The framework pores have a maximum capacity for
material to travel through while the rest will simply be forced through the interstitial voids between
MOF particles, largely unaffected by the separative properties of the MOF. This is primarily a
concentration issue. By reducing the concentration of analyte injected by diluting with hexane (which
we have already shown to be a very poor competitor for pore space) we can exaggerate the interaction
the analyte has with the pores which in turn will exaggerate the difference in curve shape. This will
report more directly on the analyte:pore interactions. The difference in curve shape from analyte to
analyte demonstrated by NMR will directly affect the difficulty in deconvoluting the raw AF data into
separate curves for each component. A balance must be obtained however, as we have seen with the
more microwave insensitive materials (e.g. m-xylene, p-xylene) the AF is much smaller and at lower
concentrations may be too weak to reliably interpret. To test this, we repeated two of the
experiments, but reduced the concentration by a factor of ten. Concentrations of 3% were attempted

with p-xylene and a o/p-xylene mixture (Figure 114).

m) 10- n) .
81 ‘-, —0.20
- oF 108 21 = AF
64 pX NMR Concentration H pX NMR Concentration —
;{:‘ H ~ M- 0X NMR Concentration 015 é
N 7 1026 N 5
£ 2 g z g
= W . 4010 €
SEN < A\
2] q018 AN 8
/ AN ~0.05
-4 -
\/ T
-6 q00 = Jo00
'8 T T T T T T T T
0 200 400 600 800 0 200 400 600 800
Time (s) Time (s)

Figure 114 AF over time as well as the % concentration determined by NMR: left) p-xylene right) p/o-xylene mixture. Y axis
is scaled individually to help show the information present. Analytes injected were 3% concentration mixtures of 0.1 mL

aliquots.
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As seen by n) the separation between curves determined by NMR of the o/p-xylene mixture is much
more distinct, compared to the curves shown by d). n) also demonstrates a 100 second difference
between the peak concentration of p-xylene and o-xylene as opposed to the 10 second difference
shown in d). This is reflected in the AF curve as the curve is significantly broader. We observe in graph
n) that the NMR data indicates the passage of o-xylene was mostly complete after =700 seconds. The
microwave cavity shows the point at which AF = 0 is 643 seconds. The AFmax has been reduced from
170 to 12 kHz which is quite a drastic reduction in sensitivity of the measurement. This is surprisingly
not observed when comparing m) and e), as the AFma.x has remained =6 kHz. The baseline drift present
in e) is even more significantin m) which is dramatically lowering the accuracy at which we can reliably

determine the end point.

Mixture AF oX NMR | pX NMR | AF asymmetry oX NMR pX NMR
mean | mean mean asymmetry asymmetry

ortho/para | 226.3 | 469.4 307.0 2.0 1.25 1.45

para 197.8 | - 496.4 1.4 - 0.9

Table 31 Displaying mean and asymmetry values for the curves of data acquired when using 3% concentration aliquots of

p-xylene and p/o-xylene mixture.

Comparison of the mean values again demonstrates that the addition of o-xylene accelerates the
transit of p-xylene through the column. This is most strikingly observed in the NMr peak maximum for
p-xylene when comparing m) and n) in Figure 114. The asymmetry values also show the curves
becoming more symmetrical (closer to 1), which suggests the majority of the material is interacting
with the framework as opposed to simply flowing through the interstitial voids. Unfortunately, the
large baseline drift is likely affecting the calculated values for the AF mean and asymmetry of the AF
curves, especially in the case of the p-xylene. This suggests that at this concentration we cannot
reliably track p-xylene. If we could correct for the baseline drift then it is quite possible we would be
able to use these concentrations or perhaps go even lower, but at this stage we do not have the

resources or the knowledge to do so.

It is evident from these results that the separation would be more effective at a lower concentration
than used previously but higher than the concentration used here, to try and improve the reliability
of the determined end point. Another challenge with this technique is the packing of the narrow
guartz tube with powder. It is not currently possible to replicate the size and arrangement of particles
in the tube, therefore for experiments to be quantitatively comparable they need to be performed in
sequence on the same sample, same quartz tube and in the same set up. This creates issues of time

and resources, as once the apparatus has been set up it cannot be taken down until all the data has
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been collected. As the equipment used belonged to Cardiff University Engineering Department, | could
not use it indefinitely. There are practical alternatives that would improve these measurements (e.g.
larger columns) that were not available at this time. To accommodate the practical limitations of the
equipment available, we focused on the xylene isomers and stopped investigating the rest of the
materials involved in the styrene separation. The concentration of the aliquots was dropped to 10%
by volume, but the experiments were ran for 1200 seconds instead of 800 seconds to ensure that
these experiments had reached completion. Also in order to maximise the sensitivity of the
measurement the following parameters were changed: IF Bandwidth (Hz) 10 kHz -> 1 kHz, data points
301 -> 101. The reduction in IF Bandwidth increased the number of acquisitions, increasing the
sensitivity of the measurement but lengthening acquisition time. To compensate for the increase in

acquisition time the number of data points acquired per acquisition was reduced.
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Figure 115 AF over time as well as the % concentration determined by NMR: o) p-xylene p) m-xylene q) o-xylene r) p/m-
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Analytes injected were 10% volume concentration mixtures of 0.1 mL aliquots.
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The change in “parameters” resulted in a boost in sensitivity despite the reduction in concentration
(e.g. p-xylene AFmax = 24KHz, an increase from 6kHz) however there is more noise in the
measurements which is very apparent for graph o). The baseline drift is more significant now, even
present in measurements containing o-xylene. As before with our previous experiments we can clearly

see UiO-66 has a strong preference for o-xylene.

Analyte AF mean oX NMR mean mX NMR mean pX NMR mean
ortho/para 401.9 523.1 - 374.3
ortho/meta 320.0 509.4 407.3 -

meta/para 388.0 - 421.3 393.9
ortho/meta/para | 314.6 511.1 402.6 376.5

ortho 477.6 505.2 - -

meta 393.9 - 465.2 -

para 510.9 - - 405.5

Table 32 Displaying mean values calculated for the curves of data acquired when using 10% concentration of xylene isomers

and mixtures.

Before we observed an =200s lag time between the microwave and NMR measurement, as we have
changed the concentration we should see a change in the lag time. In the cases of single component
mixtures, the lag between AF means and NMR means are significantly less than 200s, or in the case of
p-xylene the AF mean is greater than the NMR mean (see Table 32). The accuracy of these values have
likely suffered due to the lack of sensitivity and the greater influence of a shifting baseline.
Furthermore, due to o-xylene producing a stronger signal, the weighting o-xylene will have a bigger

weighting in the mixtures and therefore the mean calculations will likely reflect that.

Mixture Asymmetry AF | Asymmetry Asymmetry Asymmetry
NMR oX NMR mX NMR pX

ortho/para 2.9 2.3 - 1.1
ortho/meta 4.5 1.8 3.3 -
meta/para 3.2 - 1.5 3.0
ortho/meta/para | 3.8 1.0 3.8 6.0

ortho 2.9 21 - -

meta 33 - 1.4 -

para 13 - - 2.7

Table 33 Displaying asymmetry values for the curves of data acquired when using 10% concentration of xylene isomers and

mixtures.
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As we said earlier the AF asymmetry value might be expected to be summative of the individual NMR
components asymmetry value (accounting for the error in the NMR values). ortho/para-xylene and
ortho/meta and ortho xylene mixtures seem to follow this expectation, however in the case of
meta/para and ortho/meta/para, meta and para xylene mixtures they do not seem to obey this
expectation. In the case where o-xylene is not present, the AF curves are significantly noisier as we

can see from Figure 115, this will manifest as error in the asymmetry values.

It would seem that, although we have improved the separation of the xylene isomers with lower
concentrations, the microwave cavity perturbation method is struggling to provide accurate data
regarding the isomers with weaker signals (p- and m-xylene). The method seems to have very little
issue detecting the o-xylene component at these concentrations, it is likely that the o-xylene has some
polarising effect on the overall framework to account for the significant difference to the m- and

p-xylene isomers.

4.4 Summary and Conclusions

We have designed a flow system that can detect the passage of materials through UiO-66 via an in-situ
dielectric measurement. It can effectively detect the affinity of an analyte for this framework as well

as competition effects.

A consistent problem in samples that produced weaker signals (lower € values and/or lower
concentration) was the presence of a significant baseline drift. It is unclear what the cause is of this
baseline drift; it could that the chemical makeup of the column is being changed gradually or it could
simply be a physical artifact of the measurement technique. For example, there could be a
temperature change over time inside the column itself, (perhaps from the enthalpy of analyte binding,
or perhaps from temperature changes in the solvent medium) which the TM310 correction would not
account for. Without having established what the cause is we cannot remove the issue with a simple
baseline distraction. The baseline drift was more apparent at lower concentrations, while in some
cases at higher concentrations it was negligible when compared to AF therefore another valid strategy
would be to improve the sensitivity of the measurement (i.e., reliably detect lower concentrations) or
conversely, we increase the volume of the sample (and hence the column), so a bigger signal is
generated by the analytes. These measures would also mitigate any noise in the data present in the

samples with weaker signals (i.e. mixtures without o-xylene).

It would seem that the boosted signal strength exhibited by o-xylene is unique, as the static
measurements showed that the AF values for the xylene isomers without UiO-66 present were broadly
similar. Although UiO-66 was chosen for its rigidity, there is still rotational degrees of freedom for the

aromatic rings of the BDC linkers. It has been reported that these aromatic rings do rotate to

202



accommodate the analytes present in the framework, and it is entirely possible that the alignment of
the aromatic rings in UiO-66 is in a particularly polarising conformation when o-xylene is present

compared to the other analytes.5%6?

The next step in this research would be to try and deconvolute the AF curves to be able to identify the
separate components present in the mixture. While this is possible with the data we have, specific
experimental modifications would make this a much easier process: i) a narrower cavity measuring a
smaller region of the column; ii) a wider bore column to contain more material; iii) optimised
concentration to maximise signal without overloading the column, and iv) multiple cavity

measurements along the column to demonstrate the separation process as it occurs.

4.5 Experimental

4.5.1 Microwave Cavity measurements

In the following experiments, the quartz capillary (L= 10 mm, ID = 2.0 mm, OD = 2.4 mm, CMScientific)
was filled up to 8 cm with the desired MOF. The T-pieces and PFA tubing (1/8” x 0.62” x 5 ft) were
bought from Kinesis. The syringe pump was a Chemyx Fusion 100 Dual Infusion Pump and the Kalrez
O-rings (2.90 mm x 1.78 mm) were purchased from EAP International Ltd. The hexane used was HPLC
grade bought from Fisher Scientific. The microwave cavity resonator (MCR) was made from two
aluminium blocks joined together to form a hollow, cylindrical cavity. The dimensions were chosen so
that the cavity could be excited in the TM010 mode at 2.5 GHz. The MCR was 80 mm high and the
actual cavity (the measurement area) was 60 mm high. The diameter of the holes where the sample
is inserted was 10 mm. To ensure the sample insertion was consistent, plastic spacers were laser

printed to hold the sample in place and ensure a snug fit.

4.5.2 Static Experiments
The desired MOF was packed into a quartz capillary while sealing one of the ends with epoxy resin

(except nitrobenzene to which the capillary was sealed via melting nylon around the ends).

For analytes that were liquid at room temp, the capillary was left to soak overnight in the desired
analyte and then the other end was sealed. For analytes that were solid at room temperature (4,4’
biphenyl and 2,2’ bipyridine), the analyte (1.25 g) was mixed with the framework (1 g) in a conical flask
and heated to 75°C for 2 days. The mixture was allowed to cool then the powder was spread evenly
over a filter paper. The filter paper was then heated to 75°C, allowing any excess analyte to wick onto
the filter paper, leaving behind the MOF loaded with analyte. The presence of the analyte was

confirmed via TGA (see Appendix S3).
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The sample was then placed in the microwave cavity and readings were taken using the TM010 and
TM310 modes over a period of thirty seconds. The corrected values were then calculated via Equation

10 and an average of the readings was taken as the absolute value recorded.

The transmission (521) measurements were obtained using Keysight Technologies Vector Network
Analyser (PNA-L N5232A) with RF cables from Huber+Suhner. The VNA was connected to a PC running

an in-house measurement acquisition program built with LabVIEW.

4.5.2.1 Flow experiments

The desired MOF was packed into the quartz capillary and plugged with cotton wool at both ends to
prevent the loss of framework material and then placed inside the microwave cavity. Two stainless
steel Swagelok tube fittings (union, 1/8 in. tube OD) were affixed either side, with Kalrez® O-rings. The PFA
tubing was connected to the fittings leading to a T-piece, allowing for the release of air bubbles, which was
itself connected to a syringe pump. At the other end a piece of tubing was connected leading into a waste

bottle.

These experiments, as well as the experiments described below, could not be done safely in the engineering
department and required the use of a fumehood. The VNA used previously was replaced by the portable

Copper Mountain S5085 VNA and done in the chemistry department.
Aliquot experiments

The setup was the same as the flow experiments except there was a second T piece allowing for the
injection of a second material, placed just before the T-piece that allows air bubbles to escape. The
injection region was measured to hold a total volume of 0.1 cm®. Between experiments, this injection
region was flushed thoroughly with air followed by hexane to ensure there was no remaining residual
material. The runoff was collected in sample vials. These samples were then diluted with CDCl; before

being run on a 400 or 500 MHz NMR spectrometer.

Ho
N EE :E :Hm2
Hmi H,
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Figure 116 Proton environments for each of the xylene isomers and hexane (top). Example of NMR peak integration,

annotated with corresponding proton environments. (Taken from o/m/p-xylene mixture at 10% volume concentration, time

=240 seconds.

For all acquired spectra, a baseline polynomial correction was applied. Peaks corresponding to each
of the analytes were chosen so there was minimal overlap between peaks (i.e. the CHs peaks at 2.32
and 2.33 which correspond to p-xylene and m-xylene, respectively, were not used due to overlap but
the CHs peak at 2.28 corresponding to o-xylene was suitable). The determined integrals for the xylene
isomers use the hexane as an internal reference standard to determine a %concentration, after

accounting for the number of protons.

3
para xylene content = 7 - 0.2325

6
hexane content = o = 10.6083

0.2325

0 i = ——— X 0f = i [
para xylene %concentration 10.6083 100% = 2.19%

Figure 117 Worked example of calculating p-xylene %concentration from Figure 116.

4.5.2.1.1 Aliquot experiments — curve fitting

There was difficulty with fitting curves to the NMR data produced from this experiment.
Chromatographic curve fits that were attempted: Chesler-Cram peak function, Edgeworth-Cramer
peak function and the Gram-Charlier peak function. While our data could be fitted to these curves,
small changes in initial parameters resulted in large changes in outputs and hence further
consideration is required before using these chromatographic methods. The parameters presented
(mean, asymmetry, FWHM) were estimated from straight line fits between the points. Mean and

asymmetry are defined as follows.
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Equation 11 showing how the mean is calculated for both the AF and NMR data.

RHS

Asymmetry = 1S

Equation 12 showing how the value is obtained for asymmetry. The right hand side (RHS) represents the peak maximum to
the half maximum right of the peak. The left hand side (LHS) is the peak maximum to the half maximum, left of the peak

maximum.

4.5.3 UiO-66 Synthesis

Synthesis of UiO-66 is based on the method reported by Schaate et al..%® ZrCl, (2 g) and TPA (1.5 g)
were fully dissolved in a mixture of DMF (500 mL) and acetic acid (15.45 g). The solution was then
heated to 120°C for 48 hours. The mixture was then filtered and washed with hot DMF. THe precipitate
was then disperesed in methanol and left to soak for 3 hours, the mixture was then centrifuged to
recover the precipitate. This process was repeated three more times. The white precipitate was then

heated under air at 285°C for 1 hour, and then heated at 150°C for 24 hours.
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21-Nov-2019
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25-Feb-2020 XEVO-G2XSQTOF#YEA1289
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23-Mar-2018 LK-124 School of Chemistry Cardiff University|
TLE_MS19146_ESP 12 (1.484) Cm (12-{1:3+15:16)) 1: TOF MS ES+
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Identification code

3a
Empirical formula C23.2H22N2401.4
Formula weight 356.83
Temperature/K 122(4)
Crystal system monoclinic
Space group P2:/c
a/A 10.3318(18)
b/A 10.3776(12)
c/A 22.1756(18)
o/° 90
B/ 99.110(12)
v/° 90
Volume/A3 2347.7(5)
z 5
Pcalcg/cm’ 1.262
u/mm? 0.079
F(000) 946.0
Crystal size/mm3 0.469 x 0.301 x 0.260
Radiation

MoKa (A = 0.71073)

20 range for data collection/®

6.098 to 60.454

Index ranges

-14<h<14,-14<k<13,-29<1<27

Reflections collected

37198
Independent reflections 6210 [Rint = 0.1434, Rsigma = 0.1234]
Data/restraints/parameters 6210/229/474
Goodness-of-fit on F? 1.476

Final R indexes [I1>=20 (1)]

R1=0.1694, wR; = 0.4565

Final R indexes [all data]

R1=0.2656, wR; = 0.5030

Largest diff. peak/hole / e A

0.44/-0.43

1',3',3'-trimethyl-5',6-di(pyridin-3-yl)spiro[chromene-2,2'-indoline] (3b)

H
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13-Apr-2018 LK-121 School of Chemistry Cardiff University|
TLE_MS18332 ESP 5 (0.658) Cm (5-1:9) 1: TOF MS ES+
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19-Aug-2020 GG31-6b Cardiff Uni Synapt G2-Si
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1',3',3'-trimethyl-5',6-di(pyrimidin-5-yl)spiro[chromene-2,2'-indoline] (3c)

H

~1.18

500_PD-006-1-chloroform S8R SRNIAISIB AR R By
o O B B NNKNNG OO S asn ~ —
~ =S e \

| u [
. g

7
f1 (ppm)

13c

233



500_LK-PD006-3C

Carbon.icon CDCI3 {C:\Bruker\TopSpin3.2.7} TE 3

Mo N O—=QO—=WON WOV O
NV T AONNO OO WUNLN
N LwLwmwm NANANANANAN—A OO
KBE55S RERNS|E=S
B e Wy

52.17
~29.11
™-26.09
—20.22

230 210 190 170 150 130 110

1 [nnm)

MS

90

80

70

60

50 40 30 20 10

19-Aug-2020 PD0006-3c Cardiff Uni Synapt G2-Si
TLE_MS30499_ESP 11 (0.123) Cm (11-(1:8+74)) 1: TOF MS ES+
100~ 434.1985 4.16e6
3
217.6017 356.1748
709.3298
ik I e K183.0806 bk "
T T T T T T T T T T T T t T T T T T T T T T T T T T T T T T T T 1 miz
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

234

-10



]II[IIII'I]'IIII[[II]]]II[[[fll]]lIflflll]]lll[ll'l]

4000 3500 3000 2500 2000 1750 1500 1250 1000 750
cm-1

4,4"-dimethyl-4',5'-di-p-tolyl-1,1':2',1"-terphenyl (7a)

H

235



500_GG025

4
Proton.icon DMSO {C:\Bruker\TopSpin3.2.7} TE 16 ;
E
g
£
.
oS D
NS n
(0 i
o
A
@' R
mSn
o~ 0 0
T T T T T T T T T T T T T
14 13 12 11 10 9 7 5 4 3 2 1 0
f1 (ppm)
25-Aug-2020 XEVO-G2XSQTOF#YEA1289
GG025-7a Cardiff University
TLE_MS30511_ASAP 442 (4.301) Cm (442-3:30) 1: TOF MS ASAP+
1004 439.2448 1.63e7
O O 438.2358)
1440.2462
Pex
124.0860
[441.2493
383.1798
212.0745 302.1089 b ‘aﬁ [442.2514
o 3 I\ PRRATAIWE | . oy
T T T f Y 1 t ' Y Y y T T T T T T T T t T T T Y m/z
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850

3',6'-dibromo-4,4"-dimethyl-4',5'-di-p-tolyl-1,1':2',1"-terphenyl (7b)

236



o8}
=

= )
x

H

500_LK-156

7.26 Chloroform-d

6,99

B

L
T 0O

~16.00=
11.78=

TN
3
3

4',5'-bis(4-carboxyphenyl)-[1,1':2',1"-terphenyl]-4,4"-dicarboxylic acid (8a)

@) 0
0 OH

'H

237



500_GG026

b
Proton.icon DMSO {C:\Bruker\TopSpin3.2.7} TE 8 1
J%
- &
o (0N
; Sf® m i
| ™~
/ If
(0] o
HO O O OH
HO O O OH
O o
‘D Bn e
Q [SECRY
™ o O ™~
14 13 12 11 10 9 8

7 6 5 4 3 2 1 0 -1
f1 (ppm)

3',6'-dibromo-4',5'-bis(4-carboxyphenyl)-[1,1':2',1"-terphenyl]-4,4"'-dicarboxylic acid (8b)

H

238



400_LK-157

¥

v‘/ 3
/ |
(0] (0]
HO i'm Br i’m OH
HO “'D Br n‘; 0
(0] OH
|
I b
- | L
e hob
~ @ S
14 13 12 11 10 7 5 4 3 2
f1 (ppm)
S2
NMR Digests
BPDC
500_LK-BIPHY-DIGEST H
Proton.icon DMSO {C:\Bruker\TopSpin3.2.7} TE 31 i
.I?
&
SEBR 3 g
(=] ~ D q
JL LU
d &
S
<+ <
T T T T T T T T T T T 1
14 13 12 11 10 8 7 6 5 4 3
f1 (ppm)

DBTD

239



500_LK-8B DIGEST PURE

Proton.icon DMSO {C:\Bruker\TopSpin3.2.7} TE 3

— 2.50 Dimethyl Sulfoxide-d6

T
Lo
14 13 12 11 10 7 0
f1 (ppm)
PXRD
Zinc Nitrate Hexahydrate simulated pattern
4 9 14 19 24 29 34 39 44 49
20

240



SCXRD

Identification code LK-1 LK-2 GG-1 GG-32
Empirical formula C1329N0.7102.53ZN0 59 Cs7H205N207Zn1 5 CsoHsoNOgZnBr» CsoHs50NgO12ZNnBr
Ho.o1
Formula weight 248.49 712.18 1034.10 1072.24
Temperature/K 150.0(3) 150.0(3) 150.0(3) 190.0(3)
Crystal system orthorhombic monoclinic orthorhombic triclinic
Space group C222; C2/c Pmmm P-1
alA 34.021(5) 61.237(4) 11.1343(13) 8.602(6)
b/A 37.146(6) 14.6895(6) 15.897(2) 9.816(6)
c/A 42.043(9) 24.3658(13) 23.866(19) 15.790(10)
o/° 90 90 90 80.39(5)
B/° 90 113.839(7) 90 79.06(6)
y/° 90 90 90 76.03(5)
Volume/A® 53131(16) 20048(2) 4224(3) 1260.1(14)
Z 68 16 4 1
peaicg/cm® 0.528 0.944 1.626 1.413
w/mm™ 0.473 0.758 3.534 1.347
F(000) 8337.0 5864.0 2116.0 553.0
Crystal size/mm?® 0.2x0.2x0.1* 0.258 x 0.215 x 0.24 x 0.07 x 0.138 x 0.136 x
0.075 0.015 0.044
Radiation MoKa (A =0.71073) MoKa (A= CuKa (A= MoKa (A =
0.71073) 1.54178) 0.71073)
20 range for data 6.746 to 27.402 6.836 to 59.88 5.56 to 133.168 6.914 t0 59.18
collection/®

Index ranges

-22<h<22,-24<k

-63 <h<84,-15

-13<h<12,-18

-11<h<9,-11<

peak/hole / e A’

<23,-28<1<25 <k<20,-33<1<| <k<18,-28<1<| k<12,-21<1<
26 28 19
Reflections 14991 51867 19135 8687
collected
Independent 7396 [Rin: = 0.2068, 23860 [Rint = 4193 [Rint = 5723 [Rint =
reflections Rsigma = 0.3045] 0.0375, Rsigma = 0.1118, Rsigma = 0.1924, Rsigma =
0.0663] 0.0682] 0.6156]
Data/restraints/para 7396/3292/1312 23860/96/883 4193/66/93 5723/4177
meters
Goodnessz—of—fit on 1.343 1.325 1.820 1.965
F
Final R indexes R; =0.1681, wR; = R; =0.1115, Ry =0.2422, R; = 0.4365,
[[>=20 ()] 0.4159 WR2 = 0.3463 wR; = 0.5391 wR; = 0.7035
Final R indexes [all | R1=0.2433, wR; = R; =0.1657, R; = 0.3486, R1 =0.6244,
data] 0.4814 wR; = 0.3927 wR; = 0.6141 wWR; = 0.7725
Largest diff. 0.59/-0.38 1.34/-0.84 14.60/-6.94 10.36/-2.90

* Approximate value for crystal dimensions.
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