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Abstract

This thesis describes the stimuli-responsive nature of metal-organic

frameworks to light, solvent introduction and solvent loss.

Chapter 1 introduces metal-organic frameworks, highlighting the different
components of the materials, and reviewing historic work into the development
of stimuli-responsive MOFs. Approaches to post-synthetic modification
(experimentally undertaken in Chapter 2) are introduced. Specialist
experimental techniques and various approaches to the analysis of infrared
spectra (used in Chapters 3 and 4) are also defined.

Chapter 2 describes how optical spectroscopy and microscopy has been
employed to track fluorescent guest molecules through framework pores. As
part of this work, size-optimised single crystals of NOTT-100 and Sc2BDCs
were synthesised. In the process of investigating crystal size, damage to
crystals upon exposure to the SEM sample chamber vacuum was observed.
The effect of common laboratory solvents on crystal quality was qualitatively
investigated, and solvent acceptor number and molar volume were found to
correlate to crystal damage. Reaction conditions for the post-synthetic
modification of frameworks with a monocarboxylate-functionalised dye were
established through the use of UV-visible (UV-VIS) absorption spectroscopy
and confocal laser scanning microscopy (CLSM). Frameworks were
post-synthetically modified with both a spirooxazine-based and a
hydrazone-based photoswitch. Solid-state  photoswitching of the
spirooxazine-based photoswitch was observed during in situ CLSM
experiments and on 290 nm irradiation by UV-VIS-diffuse reflectance
spectroscopy. The adsorption capabilities of modified materials were
measured using N2 sorption isotherms, and modification of materials with dyes

was found to hinder the adsorption of guests into frameworks in all cases.




Chapter 3 investigates the diffusion of therapeutic agents from MOF single
crystals and bulk powders using in situ infrared microscopy and in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS). A sophisticated
experimental technique was devised to establish the kinetics of guest loss from
MOFs into a volatile solvent environment. The loss of caffeine from MIL-68(In)
into acetonitrile (MeCN) was tracked at six temperatures, and an Ea
of +144 kJ mol* (calculated error <1 kJ mol?) determined for the diffusion
process. The loss of carbon monoxide (CO) from fully-desolvated NOTT-100
was tracked at low temperatures. Analysis of spectra confirmed the loss of CO
from different Cu-paddlewheel sites to be interconnected processes, and not

occurring in isolation from one another.

Chapter 4 employs IR microspectroscopy to probe the structural
rearrangement of a solvent-switchable, breathing framework, SHF-61.
Crystallographic experiments have reported that desolvation from CHCIz and
DMF led to open- and closed-pore structures respectively. In this thesis,
examination of the v(NH) stretch using IR microspectroscopy was able to track
the time-resolved pore-opening process during resolvation with DMF,
identifying four states of the pore structure and monitoring their relative
abundancies during the resolvation experiment. The open-pore structure was
resolvated with and subsequently desolvated from: CHCIs, cyclopentanone
and DMF. The rate of resolvation and subsequent desolvation was elucidated,
using only v(NH) stretches and respective solvent bands. The response of the
material to CO2 loading was investigated, and a gas uptake isotherm shape

was recreated for one single crystal of material.
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1 Introduction

1.1 Stimuli-responsive materials

Stimuli-responsive materials can respond to changes in their environment,
including, but not limited to: temperature,*? pressure,®>’ pH&19 or light.1%12
Advances in the area have often focussed on polymers or silica nanoparticles
due to their applications in the medical and energy fields.**>-18 However, the
capabilities of metal-organic framework-based responsive materials have not

been neglected, and have also been extensively reviewed.%-23

1.2 Structure of metal-organic frameworks

The benefits of MOF-based stimuli-responsive materials lie in the versatility of
their construction. MOFs are based on organic bridging ligands (mostly
carboxylate, phosphonate or N-donating linkers?®*) and metal ions.?526
Interactions between these two components form secondary building units
(SBUSs), also known as metal nodes, which are able to direct the growth of the
framework network by harnessing the preferred coordination number and
geometry of the metal ion. Metal nodes primarily form in situ during the
framework synthesis, and often include bridging groups, such as oxides or
cyanides,?’ contributing to the stability and preferred geometry of the metal
node. Figure 1.1 shows a variety of SBUs observed in MOFs.

PR R O

Figure 1.1. Example SBUs demonstrating possible geometries. Black, carbon; red, oxygen;
one metal ion at the centre of each polyhedron. Reproduced from reference 27.
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Organic linkers in MOFs play an important role in determining pore size and
internal surface area,?® but many other interesting properties of the framework
can stem from flexibility,?®-3° functionalisation'32 or responsivity of the linker.3!
Linkers are often synthesised prior to MOF synthesis, or functionalised
post-synthetically, after the synthesis of the parent MOF.343% Structural motifs
formed by combination of linkers and metal nodes are shown below

in Figure 1.2.

Figure 1.2. Single-crystal structures of MOFs constructed from (top) 4,4’-bipyridine
and (bottom) 4,4’-dicarboxylic acid linkers. Adapted from reference 36.

MOFs are ideal candidates for an ‘intelligent design’ approach, as the inclusion
of specific metals or linkers can bring desired properties and behaviour into

the material.
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1.3 Control of crystal size

Modulators are agents included to influence the growth of MOF crystals. There
are two types of modulator, both with different mechanisms of activity. Binding
modulators, such as acetic acid, benzoic acid, trifluoroacetic acid (TFA) and
pyridine,3’~4° bind reversibly to the metal node during synthesis, inhibiting
coordination sites and slowing the formation of nucleation sites.384!
Deprotonation modulators, such as hydrochloric (HCI) acid or triethylamine
(NEts),394243 affect the pH of the reaction solution, influencing the rate of linker
deprotonation. A low pH results in slower deprotonation, and hence slower
crystal nucleation and the formation of fewer, larger crystals. Conversely, a
high pH will favour linker deprotonation, resulting in fast nucleation and the
formation of a large number of small crystals. The mechanisms of modulator

action are shown in Figure 1.3.

LowerpH _ '<.’*\~\/’/\ S !
> @, >
(@] Slow ;* 1 ® Slow 2
Metal ion |deprotonation e  nucleation
+
° F i
Fast B \.( ast - PEE &
deprotonation of —(®  nucleation s+ %3 o
— >_. ‘e S Microsized crystal
Higher pH & { ° >_ 3324

(= Capping agent > ' .
ca | WithCA

Nano crystal

Figure 1.3. Mechanism for modulator action. ‘Lower pH’ and ‘Higher pH’ pathways involve
addition of deprotonation modulators (HCI, NEts, etc.) to the reaction mixture. Capping
agents are binding modulators (benzoic, salicylic, formic, acetic acids, etc.).
Reproduced from reference 44.
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1.4 Stimuli-responsive MOFs

As mentioned previously, stimuli-responsive MOFs have been reviewed by
co-workers in the field*®-22 as well as by our group.?3#® The stimuli-responsivity
of these materials is associated with the ‘designability’ of the frameworks
— specific responses can be anticipated for specific linkers and metal nodes,
and this can influence the constituent parts and synthetic conditions used for

framework synthesis.

The temperature-induced response of a Eu-based framework, capable of
detecting explosives, was reported by Zhu et al. in 2015.* Luminescence from
the Eu®* centre was quenched upon detection of explosive molecule
2,4,6-trinitrophenol at concentrations as low as 0.05 mM. The more interesting
property of the framework was a low-temperature single-crystal to
single-crystal transformation. The framework linker, shown in Figure 1.4, is
hexadentate, but one carboxylic acid group remains unbound at room
temperature. Upon cooling to -80 °C, the free carboxylic acid group binds to a

residual, unreacted Eu3* cations that act as guests in the framework pore.

[
<

Figure 1.4. Crystal structures of the framework ligand (5,5°,5”-(1,3,5-triazine-2,4,6-
triyltriimino)tris-isophthalate hexasodium) at 20 °C (top) and -80 °C (bottom). Structure at
20 °C shows an unbound carboxylate group, which binds to Eu3* cations at -80 °C.
Temperature-dependent binding environments are circled in red. Adapted from reference 1.
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This cation binding led to an elongation of the pore along the a-axis of the unit
cell (a=23.8 A at room temperature and 26.1 A at -80 °C) and contraction
along the b-axis (b = 24.5 A at room temperature and 21.6 A at -80 °C). The

deformation of the pore structure upon Eu3* binding is shown in Figure 1.5.

Cooling

Heating

Figure 1.5. SC-SC transformation of the framework between room temperature (left) and
low-temperature (right), instigated by Eus* cation binding. Eu3* cation is represented by
green polyhedral. Reproduced from reference 1.

Nagata et al. reported the synthesis of a thermoresponsive
MOF-Poly(N-isopropylacrylamide) (PNIPAM) polymer composite.?
UiO-66-NH2 was post-synthetically modified with PNIPAM through covalent
attachment at the NH2 group, and loaded with caffeine, procainamide and
resorufin. The polymer is able to undergo a conformation change and can be
switched through ON (open) and OFF (closed) states by lower and higher
temperatures respectively, allowing for controlled release of guest molecules,

which is illustrated in Figure 1.6.

N
~
~~.

oy

Cooling .
Coil Globule

PNIPAM-modified MOF

7 Thermoresponsive { ZrgO4(OH), cluster ' Guest molecule
polymer

Figure 1.6. Schematic image of controlled release of analytes from MOF—PNIPAM
composite. Reproduced from reference 2.




Chapter 1 — Introduction

The pressure-stimulated photoluminescence behaviour of a terbium-adiptate
framework was explored by Spender et al. in 2013.5 Three phase transitions
were observed within the 0—4 GPa pressure range, inducing pronounced
changes in the emission spectra of the complex. The change in

photoluminescence signal is shown below in Figure 1.7.
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Figure 1.7. Evolution of the photoluminescence signal of Tb-GWMOF6 at
varying pressures. Reproduced from reference 5.

The response of MOFs to changes in solvent environment are known
phenomena, but are not as widely investigated.*® A Cu-based framework with
a tetrazolate-carboxylate linker (DUT-25), reported by Griinker et al., exhibits
sustained solvatochromism of a loaded guest and solvent-stimulated changes

in fluorescence emission.*’

i ) RN
TR o NN ( Y AN = e
S ," o~ . g\ \'\. — Toluene
AN i ’h’ﬁ #7%
A -t} O 06 ' ,\‘
'

) : / '\ — EL0
® 2 @ i E , W\ -
o Loj theon ¢ NCH 3 FEIN % \ ----- CHCI,
L5 o, 3_ e S 04 - [/ \\ Acetone
|° E‘._JNAD" kS :' ! .' :: \ 1 CH,CN
H/ ¥
h

wavelength / nm

" . il / N
(POY v i)/ o S8 N
'] s 4 oEmRT  Ttee. _TEeesw
@ 350 400 450 500 550 BO0 650 700

Figure 1.8. (Left) lllustration of solvent-induced solvatochromism of
Nile Blue loaded into DUT-25. Solvatochromism of Nile Blue is affected by acidity, and the
exposure of DUT-255Nile Blue solvents varying in acidity/basicity induced solvatochromic
response. (Right) Fluorescence emission spectra of DUT-25 in different solvents. Increasing
solvent polarity saw a red shift in Amax. Adapted from reference 47.
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The sustained solvatochromism observed in Nile Blue-loaded DUT-25
(Figure 1.8, left) lends itself to potential applications as a multifunctional
material for the visual detection and removal of undesirable materials.
Increasing solvent polarity in the non-guest loaded framework induced a
bathochromic shift of the emission maxima, as well as reduced emission

intensity due to quenching, as shown in Figure 1.8 (right).

Sumby, Doonan and co-workers reported a Ni-framework with switchable
Ni-centre geometry, induced by the solvent environment. The as-synthesised
material, [Ni(Hzdiol)], (where Hzdiol = 2,2'-dihydroxybiphenyl-4,4'-dicarboxylic
acid) has an octahedral Ni-node, coordinated to two carboxylate groups in
equatorial positions and two DMF molecules in the axial positions. Activation
of the material to remove axial solvent molecules results in adoption of a

distorted tetrahedral Ni(ll) geometry.
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Figure 1.9. (Left) lllustration of the dynamic solvent-responsive behaviour of [Ni(Hzdiol)].
(Right) N2 adsorption isotherms at 77 K for [Ni(H2diol)(DMF)2] (red), [Ni(H2diol)(DEF)]
(green) and [Ni(Hzdiol)] (blue). Filled and open circles represent adsorption
and desorption points, respectively. Adapted from reference 48.

The material was synthesised in DMF or DEF, forming [Ni(Hzdiol)(S)2]-S
(where S = DMF/DEF). The activated material [Ni(Hzdiol)] was formed by

solvent exchange into MeOH and heating for 4 hours under vacuum.
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Solvation of the activated form with H20 or MeOH vapour leads to coordination
of these solvents in the axial positions of the distorted tetrahedral Ni-node, and
conversion to the octahedral Ni(ll) geometry, as tracked by time-resolved
magnetometry. Thermogravimetric analysis (TGA) confirmed that, after
submersion of the activated material in DMF for 48 hours, there was no
coordination of DMF molecules to the Ni-node (Figure 1.9, left). This

phenomenon is yet to be explained.

Significant reduction in N2 adsorption at 1 bar was observed following
activation of the material (Figure 1.9, right). Examination of the crystal
structure of the activated material saw the formation of a distorted tetrahedral
Ni-node, preventing access to the polar parts of the framework, reducing

available Nz binding sites.

The photodriven response of framework materials is a broad and
well-documented subject area, and will be explored further in Section 2.1. A
notable example, however, was reported in 2013 by George, Champness and
co-workers,*® where an irreversible photoinduced charge transfer process was
instigated in a Cu-based framework with a Re(CO)sCl-functionalised

2,2’-bipyridine linker (Figure 1.10 overleaf).
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(b)

Figure 1.10. Photolysis and mapping of a single crystal of ReCu. (a) Crystal prior to
irradiation, with Raman mapping area indicated in black. (b) Raman mapping, where red
corresponds to the presence of the ground state Raman spectrum. (c) The crystal after

“writing” and (d) the Raman map indicating presence of (red) ground-state Raman spectrum
and (green) photoproduct Raman spectrum. Reproduced from reference 49.

A 325 nm laser was used to irreversibly “write” on the crystal surfaces, as
shown in Figure 1.10(a). Photolysis of the material resulted in excitation of
{Re'(CO)zCl(bpy)—Cu'} to the {Re'(CO)sCl(bpy)—Cu'} state, observed in
Figure 1.10(d) in green.

1.5 Post-synthetic modification of MOFs

Post-synthetic modification (PSM) can be used to functionalise and enhance
inherent properties of a MOF, or impart altogether new properties, by altering
the physical and chemical properties.>® Approaches to post-synthetic
modification types include solvent-assisted ligand exchange (SALE), where a
solvent medium is employed to substitute linkers within a MOF-.
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The pore size of frameworks can be altered using SALE by exchanging longer
ligands with a shorter alternative. In 2013, Jeong et al. replaced the
4,4-bipyridine (bipy) pillaring ligand in the framework with a shorter
1,4-diazabicyclo[2.2.2]octane (dabco) ligand in a Ni-based framework to
reduce the pore size.>* The decrease in pore size was confirmed by N2
adsorption isotherms, as shown below in Figure 1.11. By varying the
concentration of the exchanging ligands, alternating layers of ligands of bipy
and dabco were observed, as well as complete replacement of the bipy ligand

with dabco.
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Figure 1.11. (Left) Schematic of SALE from bipy to dabco (2) and dabco and bipy (3).
(Right) N2 adsorption isotherms for different ligand combinations. Taken from reference 51.

An alternative PSM technique involves the modification, but not exchange, of
the framework ligand. Forgan and co-workers reported the bromination of
unsaturated bonds in the linkers of a Zr-framework.>? The bromination

occurred around the C=C bond, shown in the linkers of Figure 1.12 overleaf.

10
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Figure 1.12. Schematic of post-synthetically modified frameworks. Linkers were brominated
across the C=C bond using N-bromosuccinimide (NBS) and N,N’-diphenylthiourea (DPT).
Reproduced from reference 52.

Bromination of the linkers (pictured in Figure 1.12) across the C=C bond
resulted in shortening of the linker, and the unit cell decreased in size.
Characterisation of the post-synthetic modification was carried out using 13C
NMR and FT-IR to show the change of C-C bond type.

The post-synthetic modification of frameworks has often been employed to
introduce additional functionality to the materials. Hatton and co-workers
modified Mg-MOF-74 (magnesium  2,5-dihydroxyterephthalate)  with
tetraethylenepentamine, increasing CO2 uptake by 3.5 wt%. Increased CO:

adsorption was attributed to the CO2 binding sites in the amine functionality.

11
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1.6 Specialised experimental methods

A variety of specialised techniques have been employed and developed
throughout this thesis. These are described below, with details on the
experiment each technique was employed for and where it is discussed within
this thesis. Further specific details associated with each technique are given

in appropriate sections.

Confocal laser scanning microscopy (CLSM)

CLSM samples were examined on a Zeiss LSM 880 Airyscan confocal
microscope (Zeiss, Germany) under x10, x20, x40 and x63 objectives lens
using Zeiss Zen software. Samples were imaged via confocal fluorescence
and brightfield imaging modalities. Fluorescence was excited at 405 and 633
nm and emission collected at user defined ranges. Samples were optically
sectioned through their volume using Nyquist sampling with the confocal
pinhole set up 1 Airy unit. Images are presented either as single confocal
optical sections or Z-stacks. In situ irradiation experiments were carried out
using the on-board 405 and 633 nm excitation lasers (15.7 and 5.5 mW output
respectively). This technique was used to image dye-modified MOF crystals in
Chapter 2, and to irradiate and image MOF-bound photoswitches in the same
chapter.

In situ infrared microspectroscopy

In order to interrogate single crystals, in situ IR spectroscopic measurements
were carried out on the B22 MIRIAM (Multimode InfraRed Imaging And
Microspectroscopy) beamline at the Diamond Light Source on a Bruker
Hyperion 3000 microscope and Bruker Vertex spectrometer supplied with
broadband infrared radiation from synchrotron source, using a 15x objective
and a liquid N2 controlled MCT (Mercury Cadmium Telluride) detector.
Samples were loaded onto a 0.2 x 16 mm CaF2 or ZnSe window and enclosed
within a variable-temperature gas-tight Linkam FTIR600 cell fitted with
0.2 x 22 mm CaF2 or ZnSe top and bottom windows (Figure 1.13).

12
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The temperature of the Linkam cell body was controlled by water flow. This
was to cool the cell body, minimising mechanical temperature drift, or to warm
the stage body when cooling the sample to minimise condensation on the cell

windows, which would block transmission of the IR beam.

Window material was selected depending on the region of interest required for
experiments, due to the differing transmission ranges in the infrared for each
material. Glass knife edge apertures were used to define the sample area as
either 15 x 15 or 20 x 20 um, depending on crystal size. Spectra were collected
(128 scans) in the range 4000-500 cm™ with 4 cm™ resolution. CO2 and N2
gases were dried through zeolite filters between the gas cylinder and mass

flow controllers before reaching the experimental stage.
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Figure 10.13. (Left) Photograph and (right) schematic of Linkam FTIR600 stage.

This technique was employed in Chapters 3 and 4. In Chapter 3,
microspectroscopy was used to track the diffusion of MOF-bound caffeine into
surrounding solvent. In Chapter 4, the technique was used to examine the
changes in pore structure of a solvent-switchable framework with different

guest molecules present.

13
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In situ diffuse reflectance infrared Fourier transform

spectroscopy

In situ DRIFTS measurements were undertaken in collaboration with Dr Paul
Webb at the University of St Andrews. Measurements were carried out in
Sasol laboratories by Dr Webb, using a variable temperature proprietary
instrument housed in a Nz-filled glovebox. Gas lines were connected to the

spectrometer to allow control of the sample environment.

Scanning electron microscopy

Scanning electron microscopy (SEM) images were collected on two
instruments. Samples collected using a HITACHI TM3030Plus Tabletop
Microscope were prepared on adhesive tape. Alternatively, images were
collected using a Tescan MAIA3 field emission gun scanning electron
microscope (FEG-SEM). Samples were dry dispersed onto 300 mesh Cu-grid
supported holey carbon film. This technique was used in Chapter 2, to
determine the optimum growth conditions for MOF single crystals, and to
examine the effect of different solvents on crystal damage upon exposure to
the SEM vacuum chamber.

UV-visible spectroscopy

UV-VIS spectra were collected wusing a modular Ocean Optics
Flame-S-UV-VIS-ES spectrometer and DH-mini deuterium-tungsten light
source connected via fibre optic cables. Irradiation experiments were carried
out in a custom-built aluminium sample holder and irradiated with seven
40 mW 390 nm UV LEDs housed in an aluminium holder. This technique was
employed in Chapter 2 to examine the solid-state behaviour of MOF-bound

photoswitches.

Experimental methods for more generalised techniques are detailed within

associated chapters.

14
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1.7 Experimental challenges

Infrared band saturation

Large single crystals are desirable for applications such as single crystal X-ray
diffraction, but crystals that are too thick present challenges for infrared (IR)
microspectroscopy. Thick crystals prevent the transmission of infrared light
and produce spectra with ‘flattened’ or tapered peaks (Figure 1.14), known as
saturation. The ideal crystal shape to prevent band saturation in synchrotron
microspectroscopy are plates with a thickness of ca. 20 um. Light intensity at
the detector is a function of the beam intensity profile and losses in the system
and is hence not uniform across the entire IR region. Due to this, saturation in
one part of the spectrum is not detrimental to the experiment if the areas of
interest are not affected. The beam intensity in specific infrared regions can
also be optimised by altering the positions of mirrors which direct the
synchrotron infrared beam, as the energy profile of the beam is not spatially

uniform.

T T T T
4000 3000 2000 1000
Wavenumber (cm™)

Figure 1.14. Infrared spectrum of HKUST-1. Red circles indicate areas of band saturation.

This necessitated developing a particular approach to sample preparation in
Chapters 3 and 4 for in situ IR measurements. Samples were initially prepared
by deposition of crystals from the first drop of crystal slurry from a glass
Pasteur pipette, however these crystals were typically too large and caused

band saturation.

15
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Instead, the pipette was allowed to settle for a few seconds, and the first drop
returned to the flask, removing the largest crystals. Smaller crystals were
transferred to a 10 uL pipette tip by lightly touching the tip to the solvent droplet
at the end of the pipette, and surface tension carried the solvent and smaller
crystals to the pipette tip. Crystals were then dispensed from the pipette tip to

the Linkam cell window.

Crystal scattering in infrared

Crystals that are too small will lead to scattering of IR radiation, resulting in
deviation of the light path and less light reaching the instrument detector.
Crystals in the region 2-10 um are most affected by scattering.

This often manifests in a disruption of the spectral baseline (Figure 1.15), often
observed as wavelike oscillations, making analysis of spectra less
straightforward. This can be overcome by; a) choosing/growing crystals that
are large enough not to scatter or; b) decreasing the size of the experimental
aperture to smaller than the crystal to avoid scattering off the crystal edges. A
smaller aperture results in less light being detected and hence a lower
signal:noise (S:N) ratio, so there is a trade-off when measuring smaller crystals
using this technique.

T T T T T T T
4000 3000 2000 1000
Wavenumber (cm™)

Figure 1.15. Infrared spectrum of Sc,BDCs. The red line indicates oscillations in the spectral
baseline, arising due to scattering of light around the single crystal sample.
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1.8 Approaches to spectral analysis

Various approaches to spectral analysis are detailed throughout this thesis,
and an introduction to each approach is detailed in the next section. All data
has been analysed in OriginPro 2017, unless otherwise stated. Specific details
regarding each fitting process are detailed, where appropriate, later in the

thesis.

1.8.1 Peak fitting analysis

A sample infrared spectrum collected during desolvation experiments is shown
in Figure 1.16. Many peaks in the spectrum are overlapped and can be
deconvoluted using peak fitting analysis in OriginPro 2017. Overlapped peaks

are indicated in red in Figure 1.16.
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Figure 1.16. Example spectrum of SHF-61-CHCIs after desolvation at 120 °C. Regions of
overlapped peaks are indicated in red. Regions of saturation are indicated in purple.
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Peak fitting analysis deconvolutes overlapped spectral regions, determining
the individual contribution of each infrared peak to the overall spectral shape,

as shown overleaf in Figure 1.17.

Peaks can be fit to a variety of peak shapes, however only Gaussian and
Lorentzian peak shapes are used throughout this thesis, as is customary for
infrared peaks.>*-°¢ The peak shape is determined by visual inspection and

identification of the most appropriate shape.

3x10°

2x10°

1x10°

Subtracted Data

T T T T T T T T T T T T T T
4000 3800 3600 3400 3200 3000 2800 2600
Baseline X

Figure 1.17. Example spectral fits for SHF-61-CHClI; at higher energy (top).

Regions of saturation within each spectrum can be masked, meaning that they
are omitted from any fitting procedures. Alternatively, areas of the spectrum
can be omitted entirely. Baseline correction is applied to the spectrum to
combat the effects of an imperfect baseline, often due to small amounts of
water present in most samples. Example baseline corrections for a specific

spectral region are shown in Figure 1.18.
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Figure 1.18. Example baseline corrections for SHF-61-CHCls.

Baseline subtractions were deliberately kept simple to minimise the risk of
inadvertently removing information or adding false data. Following baseline
subtraction and selecting initial peak positions, peak fit properties (peak
position, areas, width, etc.) are refined using a least-squares regression until
convergence. If fits fail to converge, peak properties are fixed at specific values

and consequently not used further for analysis of spectral change.

1.8.2 Peak integration

Peak integration is employed when failure to converge during peak fitting
analysis was not solved by fixing peak properties. Peak integration provided
the integral of the peak, but no peak positions, and hence is potentially less
informative than peak fitting analysis. Figure 1.19 shows an example IR
spectrum where peak integration was employed, focussing on solvent bands,

collected during the CyP-resolvation of SHF-610.
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Figure 1.19. Infrared spectra collected during CyP-resolvation
of SHF-610, focussed on CyP carbonyl band region.

Figure 1.20 shows an example of the baseline correction applied during peak
integration of the CyP bands resolvation of SHF-610. Baseline positions are
user-selected, but shifting baselines can complicate the choice of baseline

positions. If this problem arises, straight line, constant, or no baseline can be

applied.
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Figure 1.20. Baseline applied to integration process of CyP
carbonyl bands during resolvation of SHF-610 with CyP.
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Following baseline subtraction, integration boundaries were selected and the

peak integral was calculated.

1.8.3 Composite spectral modelling

Composite spectrum modelling in OriginPro 2017 fits infrared spectra to
multiple spectral models. The process reports the composition of a given
spectrum as a sum of model spectra input by the user. It identifies the best fit

percentage of each model spectrum and the residual spectral profile via a

least-squares approach.

Model spectra are selected from key states identified during each experiment,
which are identified by the user as likely components of any given IR spectrum.
Spectral composition values are then generated, which can be plotted against
time to give plots indicating the percentage composition of a spectrum as a

sum of model spectra at any time point during the spectral series. An example

spectral composition plot is shown in Figure 1.21.
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Figure 1.21. Example spectral composition plot of CO-loaded (orange) and
unloaded (blue) NOTT-100 during -75 °C CO desorption experiments.

Although composite spectral modelling is an ideal approach to map the
progression from one state to another, it does not identify any individual peaks
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in the IR spectrum, or assign any parts of the spectrum to specific vibrations
or interactions within the crystal. Additional errors in spectral interpretation are
introduced if the model spectra are not ideal, e.g. models representing the
beginning and end of a process may not be the definitive beginning and end
of the process. Instances where this is a problem are noted throughout the

thesis, where appropriate.
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1.9 Scope of this thesis

This thesis examines the effect of different stimuli on various metal-organic
frameworks, and how this affects guest diffusion processes within the

framework pores.

The first results chapter (Chapter 2) discusses the post-synthetic modification
of size-optimised MOF crystals with fluorescent dye molecules. Optical
spectroscopy and microscopy were employed to track guest distribution, and
the solid-state photolysis of photoswitch-modified materials was investigated.

In Chapter 3, the diffusion of two therapeutic guest agents from MOFs tracked
by IR spectroscopies is detailed. The chapter investigates the diffusion of a
small gaseous therapeutic agent and a large pharmaceutical molecule, the
latter of which is induced by the addition of solvent to the sample. A brief
introduction into the use of MOFs as drug delivery systems (DDSSs) is given at

the beginning of Chapter 3.

The final results chapter (Chapter 4) examines the response of a framework
with a solvent-switchable pore structure. The new methods described in
Chapter 3 have been developed further to study these structurally responsive
crystals. Desolvation, resolvation and CO2 uptake experiments are carried out,
using IR microspectroscopy to track the changing solvent content and

framework structures present throughout the experiments.

Several reproducible novel methods have been developed to track the
diffusion of guest molecules through frameworks, with and without external

stimuli. These methods are applicable to future studies in the field.
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2 Tracking fluorescent guests in metal-organic

frameworks

2.1 MOFs as hosts for mobile guests

The impressive adsorption properties and host-guest chemistry in MOFs has
been highlighted and extensively reviewed within the scientific community.1
Due to the large pore volume of most frameworks, guest molecules can undergo
subsequent reactions whilst hosted in the pore, including photoinduced
polymerisation,® hydrogen gas production® and the treatment of chemical warfare
agents.” The mobility of pore-bound guest molecules is a key feature of the
interesting behaviour often observed in guest-loaded frameworks.

2.1.1 Tracking fluorescent guests in MOFs

The uptake and tracking of fluorescent guest molecules in MOFs has provided
deeper understanding of mechanisms of guests diffusion within frameworks, and
has also identified predominant factors that affect diffusion. Confocal laser
scanning microscopy (CLSM) is often employed as it provides spatially-resolved

maps of fluorescent guest distribution within single crystals.10-12

Han et al. highlighted the chromatographic separation capabilities of MOFs in
2010, where charged dyes Pyronin Y (red, 3 mM) and Azure A (green, 3 mM)
were adsorbed by single crystals of MOF-5.13 Figure 2.1 shows two methods of
dye loading into the framework. Interestingly, DMF was used to prevent damage
to MOF-5 crystals, as alternative solvents (DCM, H20, MeCN, MeOH and THF)
caused substantial cracking, due to the protic nature and/or volatility of the
solvents. Solvent-induced crystal damage is explored in Section 2.3.2.2 on pp.43

later in this thesis.
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Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

a)

Organogel

Figure 2.11. (a) Schematic drawing of a MOF-5 crystal in a solution of mixed dyes. The image
on the right shows a fluorescence confocal microscopy cross-section images of the crystal.
(b) Representation of MOF-5 crystal placed onto an organogel, presoaked in the DMF dye

solution. The corresponding side-on confocal microscopy image illustrates the separation of the
dyes into two distinct bands. All scale bars represent 200 um. Adapted from reference 13.

In method (@), crystals were submersed in a DMF dye solution, and uptake of
dye was observed from crystal faces. In method (b), crystals were placed onto
an organogel pre-soaked in DMF dye solution. CLSM images confirmed that both
approaches to dye adsorption demonstrated the enhanced mobility of Pyronin 3
through the framework compared to Azure A, since the red fluorescence from
Pyronin 3 is observed further into the crystal. Approach (b) was more akin to
thin-layer chromatography, since the dye solutions diffuse into the MOF from only
one side. The authors deemed dye size, diffusive and capillary transport
mechanisms and the non-covalent interactions between dye molecules and the

framework to be the main factors affecting the rate of transport.
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Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

Another notable study in this field is the post-synthetic modification of HKUST-1
by Kitagawa and co-workers.'* A BODIPY-based dye was anchored to the
surface of the material through a solvent-assisted ligand exchange reaction, in
MeOH for 20 hr at 60 °C. Figure 2.2 shows CLSM images of the
BODIPY-modified material, where modification has been restricted to the surface
of the framework due to size exclusion from the framework pores. Modification

was clearly seen along the octahedral morphology of the crystal.

zZ=A
zZ=B
z=C
z=D

Figure 2.2 (Left) Representations of BODIPY-dye surface-modified HKUST-1, (middle) CLSM
images, and (right) transmission images of dye-modified HKUST-1 at z = A-D. The sequential
Z-stack slicing from the bottom of crystal (z = A) to the middle of crystal (z = D) reveal the
octahedral crystal morphology of the framework. Adapted from reference 14.
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2.1.2 Spirooxazine molecular switches

Spirooxazines are a class of compounds susceptible to stimuli-induced
isomerisation. The equilibrium of isomers in these materials is affected by light,
temperature, pH and solvent polarity,*>1° making them a versatile and valuable
molecular switch. Cleavage of the C—O bond (highlighted in red in Figure 2.3)
instigates opening of the closed-form, spirooxazine (SPO) to open-form, planar
merocyanine (MCN). The increase in structural conjugation (Figure 2.3)
throughout the molecule leads to a highly coloured appearance due to strong

absorption of visible light, shown in Figure 2.4.

Y <) \
N N/ S
® o —
Mvis
L oo SPO A MCN

COOH

Figure 2.3. Closed-form SPO and open-form MCN.

Figure 2.4. Solutions of the spirooxazine shown in Figure 2.3, both in MeOH.
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The UV-VIS absorption spectra of SPO and MCN forms differ vastly. The effect
of solvents on this equilibrium was investigated by Ji et al., and Figure 2.5 shows
spectra of the inset spirooxazine in cyclohexane and MeOH.?° The spectrum of
the MeOH solution showed a distinct band at ca. 550-650 nm, indicative of the
open-form MCN. This shift in equilibrium, generating more MCN form, was
attributed to the increased polarity of MeOH relative to cyclohexane.

0.7 A Cyclohexane
0.6 - Methanol
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Figure 2.12. UV-VIS absorption spectrum of spirooxazine (inset)
in indicated solvents. Reproduced from reference 20.

The capabilities of spirooxazine as photoswitches has been explored previously,
where they have been used in photochromic lenses.?! Their photoswitchability
was examined by Micheau and co-workers in 2007, where the UV-irradiation of

a spirooxazine (inset in Figure 2.6) resulted in a significant increase in MCN
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Figure 2.13. UV-VIS absorption spectra of spirooxazine (pictured) in MeOD at 243 K,
before and after 210 s irradiation at A = 313 nm. Reproduced from reference 19.
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2.1.3 Photoswitches in MOFs

Spiropyrans are structurally related to spirooxazines, and although they lack the
nitrogen atom near the spiro-centre (the position of which is indicated in red in
Figure 2.7), they exhibit similar properties. The spiropyran shown in Figure 2.7
was incorporated into Zr-based MOF-808 by D’Alessandro and co-workers,
where compound P was grafted to the surface, followed by a condensation

reaction to form MOF-bound SPc.

O

) HOOC
HOOC C

\/z\

Figure 2.14. Reaction scheme for synthesis of nitro-functionalised spiropyran in reference 22.

Irradiation of MOF-808-SP. at 254 nm for 30 minutes formed the open-form SPo,
which was confirmed by UV-VIS. Ar and CO: isotherms of MOF-808-P,
MOF-808-SP: and MOF-808-SP. are shown in Figure 2.8.
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Figure 2.15. (Left) Ar adsorption (filled) and desorption (open) isotherms for indicated materials.
(Right) CO- adsorption (filled) and desorption (open) isotherms for
MOF-808-SP. and MOF-808-SP,. Reproduced from reference 22.

Reduced Ar uptake was observed following modification in all cases, but
additional reduced uptake was observed following irradiation of SPc to form SPo,

suggesting the larger SPo form affected the adsorption properties of the material.
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Increased CO:2 uptake was observed following irradiation, likely due to the
increase in strong CO:2 binding sites available in the charged SPo form.

Azobenzenes are another photoswitching group that have been shown to
significantly impact the uptake properties of frameworks.?*-28 Lyndon, Hill and
co-workers reported the synthesis of a framework with two photoisomerisable
linkers, Zn(AzDC)(4,4’-BPE)os (where AzDC = azobenzene-4,4’-dicarboxylic
acid and 4,4-BPE =

significant differences in CO2 uptake upon irradiation. Figure 2.9 shows the

trans-1,2-bis(4-pyridyl)ethylene) which demonstrated

immediate and reversible reduction in uptake upon irradiation with 200500 nm
light.
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Figure 2.16. CO» adsorption isotherms of Zn(AzDC)(4,4'-BPE)os at 303 K. Light intensity was
fixed at 24.6 W cm= in the wavelength range of 200-500 nm. Adapted from reference 29.

The proven ability for MOF-incorporated photoswitches to impact guest uptake
forms the basis for our study into the selective uptake and release of a variety of

guest molecules.
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2.2 Aims and Objectives

This chapter describes the post-synthetic modification of MOFs with coordinating
fluorescent dyes and photoswitches. There are two main challenges in these
experiments; primarily synthetic, but associated with this, the development of a
methodology for post-synthetic modification with limited precedent in the
scientific literature. Optical absorption spectroscopy and fluorescence
microscopy have been employed throughout the chapter, generating useful
images of modified materials and scientific data to elucidate the behaviour of
MOF-bound photoswitches. The objectives of this chapter are:

1. Synthesise micron-scale metal-organic frameworks suitable for use in
microscopy experiments

2. Establish reaction conditions for post-synthetic modification of chosen
frameworks with coordinating dyes and photoswitches

3. Investigate solid-state photophysical behaviour of photoswitches

4. Determine the effect of modification on the guest uptake properties on

porous frameworks

Section 2.3.2.2 (pp.43) details the effect of common laboratory solvents on
crystal quality in SEM imaging. Although this was not a primary objective of the
chapter, this study has considerable impact for research in the field and general

laboratory and imaging practices around the world.
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2.3 Results and Discussion

Work in this section involving the optimisation of crystal sizes (including
NOTT-100 single crystal growth and solvent stability and Sc2BDCs single crystal
growth optimisation) was undertaken with the assistance of MChem student
Louisa Davis. The optimisation of SALE reaction conditions, including framework
component control reactions and the pH study of 7-DCCA, was carried out with
the assistance of MChem student David Sowden. The synthesis and purification
of phen-spiro was investigated with BSc project student Mitchell Davis and

summer project students Joseph Paul-Taylor and Cameron Gray.

2.3.1 MOF selection

Frameworks that form sufficiently large crystals (upwards of a few micrometres)
were chosen to ensure suitability for in situ infrared and confocal laser scanning
fluorescence microscopy experiments described in this thesis. Among the
frameworks commonly synthesised in the laboratory, the most promising
candidates were MIL-68(In), NOTT-100, Sc2BDCs and UiO-67. The crystal
structures of these frameworks are shown below in Figure 2.10. These
frameworks form four distinct crystal morphologies and contain different metal

nodes. SEM images of the DMF-washed materials are shown in Figure 2.11.
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Figure 2.10. Crystal structures of metal-organic frameworks modified in this chapter.
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D8.0 x100 1 mm

D68.1 x500 200 um

Figure 2.11. SEM images of a) MIL-68(In), b) NOTT-100, c) Sc2BDCs and d) UiO-67.
Images are captured at x200, x100, x100 and x500 magnification respectively.

Post-synthetic modification of these frameworks with photoactive moieties
introduces new photophysics to the materials, and it was therefore important to
carefully consider the absorption properties prior to modification. With the
exception of NOTT-100, the frameworks do not absorb light in the visible part of
the spectrum. NOTT-100 (blue crystals) absorbs at approximately 700 nm, due
to the Cu(ll)-based metal nodes.
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The post-synthetic chemisorption of various dyes into the MOFs is described
later in this chapter. The structures of the dyes are shown below in Figure 2.12.

o o
Yoot -
N H

~,,

Nk o o N
i ~COOH

phen-spiro 7-DCCA m-hydrazone
3-(3,3-Dimethylspiro[indoline 7-(Diethylamino)coumarin (2)-3-(2-(2-Ethoxy-2-0x0
-2,2'-[1,4]oxazino[2,3-f] -3-carboxylic acid -1-phenylethylidene)
[1,10]phenanthroline] hydrazoneyl)benzoic acid

-1-yl)propanoic acid

123x79A 11.7x4.8A 12.7x8.3A

Aabs = 300 — 400 nm (SPO) Aabs = 350 — 450 nm Aabs = 450 — 700 nm
Aabs = 500 — 650 nm (MCN)

Figure 2.12. Structures of dyes discussed throughout this chapter.

The molecular dimensions of each photoswitch (Figure 2.11) are sufficiently
similar that they should coordinate to frameworks in a similar fashion. The
photoswitching spirooxazine phen-spiro absorbs UV light (300—400 nm) in the
closed spirooxazine form and green-red light (500-650 nm) in the open
merocyanine form. 7-DCCA, a monocarboxylate coumarin-based dye, absorbs
blue light (350-450 nm). The hydrazone-based photoswitch m-hydrazone
absorbs green-red light (450-700 nm). The UV-VIS-diffuse reflectance
spectroscopy (UV-VIS-DRS) spectra for all dyes and frameworks of interest are
shown overleaf in Figure 2.13, with areas of overlap between dyes and

frameworks indicated.

38



Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

—— phen-spiro
@
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Figure 2.13. UV-VIS-DRS spectra of dyes (top) and MOFs (bottom).
Regions of spectral overlap are indicated in yellow and green.

The region highlighted in Figure 2.13 in yellow indicates overlap of Sc2BDC3s with
7-DCCA, m-hydrazone and the closed spirooxazine form of phen-spiro. The
green-highlighted area shows partial overlap between the open merocyanine
form of phen-spiro and NOTT-100. Therefore, UV-VIS-DRS was a suitable
technique to confirm successful modification of some frameworks with the
aforementioned dyes, but it was not viable for all reactions. Therefore, confocal
laser scanning fluorescence microscopy (CLSM) was also employed to evidence
modification and optimise reaction conditions. The modification of frameworks is

discussed later in Section 2.3.3 on pp.52.
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2.3.2 Optimisation of crystal size

2.3.2.1 NOTT-100 single crystal growth

NOTT-100 was available in the laboratory due to a collaborative project
undertaken with Dr Paul Webb at the University of St Andrews. This project is
detailed further in Section 3.5.2 on pp.155.

The synthesis of NOTT-100 by Lin et al., detailed in Section 2.5.4 on pp.118,
described the formation of turquoise powder,3° which is of insufficient size for
single crystal microscopy-based experiments discussed herein. Adjustments to
the original synthesis were made in our laboratory in order to grow larger crystals.
The altered parameters were: starting material concentration, acid choice and
concentration, solvents and co-solvents, temperature and heating time.

Experimental details for all attempted reactions are reported in Appendix 1.

Crystal size and quality was evaluated using optical microscopy and the
reactions that produced the most promising results were repeated with minor
variations. The inclusion of EtOH, DMSO and DEF (independently) in any of the
reactions prevented the formation of any solid, and adjusting the concentration
of starting materials had no visible effect on crystal size or quality. Lower
temperatures (55 and 65 °C) formed larger crystals. The effect of modulator

appeared to have the greatest impact on the NOTT-100 produced.

Arange of 5.24 pmol — 314 mmol of HCI, H2SO4, HNO3, L-proline, benzoic, formic
and salicylic acids were introduced to the reactions with varying success.
L-Proline was attempted following a report by Forgan and co-workers of success
in modulating single-crystal growth of Zr-MOFs.3! Binding modulators; L-proline,
benzoic, formic and salicylic acids, inhibited the formation of crystals, with many
experiments containing undissolved starting material after five days. Figure 2.14

shows examples of the impact of L-proline on reaction solutions.
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Figure 2.14. Comparison of L-proline-containing reaction solutions; a) H.SO4 (55 °C),
b) HCI + L-proline (55 °C), ¢) HNO3 + L-proline (55 °C) and d) HNO3 + L-proline (120 °C).

The above figure illustrates the unsuccessful modulation of NOTT-100 with
L-proline. The darkened solution in vial b suggests the reduction of the active
Cu(ll) species to Cu(l). Red-brown precipitate in vial d indicates the formation of
Cu20. PXRD analysis confirmed that solids formed in vials b, ¢ and d were not
NOTT-100.

The largest, most uniform crystals were obtained using i) H2SOa4 (8 uL, 5 day
synthesis); ii) H2SOa4 (30 uL, 5 day synthesis); iii) HNOs (90 pL, 5 day synthesis)
and iv) HNOs (90 pL, 6 day synthesis). Scanning electron microscopy (SEM)

images were collected of these four samples, shown in Figure 2.15 overleaf.
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Figure 2.15. SEM images of the most promising NOTT-100 samples.

SEM images in Figure 2.15 indicate that HNOs encourages the formation of
reasonably uniform cubic crystals (Figures 2.15iii and 2.15iv), whereas a larger
variation of crystal size and morphology is present in reactions where H2SO4 has
been employed as modulator (Figures 2.15i and 2.15ii). A larger number of
discrete, cubic NOTT-100 crystals can be seen as a fraction of the amount of
visible sample in Figure 2.15iv (6-day synthesis) than Figure 2.15iii (5-day
synthesis), despite the presence of larger crystal clusters resulting from the
longer synthesis. Due to the need for discrete single crystals for microscopy
experiments described herein, the longer heating time was employed for
subsequent synthesis of NOTT-100 single crystals.
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2.3.2.2 Solvent effects on NOTT-100 crystal stability

The post-synthetic solvent-exchange of MOFs is commonplace in laboratories
around the world, displacing typical, high boiling point solvents used in the
synthesis of the material, such as DMF and DMSO, with more volatile and more
easily removed alternatives.3?-3* Solvent exchange was initially carried out using
MeOH, and SEM images were collected of the as-synthesised and
MeOH-solvent exchanged materials (Figure 2.16).

. As-synthesised

Bl

| D8.0 x50 2mm NL MD8.8 x100 1mm

Figure 2.16. SEM images of (left) DMF-washed and (right) MeOH-exchanged NOTT-100.
NB: scale bars are 2 mm and 1 mm respectively.

Figure 2.16 illustrates how single crystals of NOTT-100 appear to have shattered
following solvent exchange into MeOH and SEM analysis.

In order to investigate the effects of different solvents on the stability of the
crystals to solvent exchange and/or the SEM vacuum, NOTT-100 was solvent
exchanged into a variety of commonly available ‘bench’ laboratory solvents. No
solvents were specially dried and all were stored under air, emulating conditions
in laboratories around the world. SEM images of solvent-exchanged materials
are shown in Figures 2.17a and 2.17b, collected after allowing the samples to

dry in air.

Samples were ranked qualitatively from best to worst based on visible crystal

fragmentation, average crystallite size, agglomeration and surface cracking.
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NL MD8.4 x100 1mm

NL MD8.3 x100 NL MD8.7 x100 1mm

Figure 2.17a. SEM images of solvent-exchanged NOTT-100, ordered from best to worst
left-to-right and top-to-bottom. Exchange solvent indicated in corners of images.

44



Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

B) EIQAC #

NL MD8.0 x100 NL MD8.3 x100

9) CHCl3

NL D8.1 x100 1mm

NL MD8.1 x100 1mm

Figure 2.17b. SEM images of solvent-exchanged NOTT-100, ordered from best to worst
left-to-right and top-to-bottom. Exchange solvent indicated in corners of images.
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The qualitatively ranked outcome was compared against the following solvent
properties: Gutmann acceptor number (AN; where a higher value indicates
greater Lewis acidity),:3¢ molar volume (Vm),®” molecular mass (M),%® polarity
relative to water (RP),3 surface tension (ST)® and viscosity.3® These values are

shown for each solvent in Table 2.1.

Table 2.1. Qualitative crystal ranking of solvent-exchanged
NOTT-100 with associated solvent parameters.

Qualitative . .
Solvent crystal AN (cm® mo?'/lr; @ mollyll)' RP N mSlT) \(/:sggss';;/
ranking

Hexane 1 0.0 131.6 86 0.0 17.9 0.30
Et20 2 3.9 104.8 74 29 16.6 0.22
Acetone 3 12.5 74.0 58 10.4 235 0.31
THF 4 8.0 81.7 72 57 26.7 0.46
DCM 5 20.4 63.9 85 6.3 27.2 0.41
DMF 6 16.0 77.0 73 13.7 35.2 0.79
MeCN 7 19.3 52.6 41 18.0 28.7 0.37
EtOAc 8 9.3 98.5 88 5.2 23.4 0.42
CHCls 9 23.1 80.7 119 3.1 26.7 0.54
EtOH 10 37.1 58.5 32 838 22.0 1.07
IPA 11 335 76.8 60 6.1 20.9 2.04
MeOH 12 41.3 40.7 44 12.3 22.1 0.54
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Figure 2.18. Plots of solvent properties vs NOTT-100 crystal ranking.
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The damaging effects of solvents on MOF crystals was also noted by Grzybowski
and co-workers in 2010.12 The plots shown in Figure 2.18 indicate that solvent
acceptor number and molar volume have the greatest correlation to final
gualitative crystal size and quality. Quantitative assessment using image
analysis software is underway and will be completed by members of the group

in the future.

We have shown that sample preparation can have significant impact on the
appearance of the SEM images. The research group are currently processing
more samples to assess this qualitative observation and have identified that the
cause of crystallite breakdown is exposure to the SEM vacuum, not simply
exchanging the initial solvent with other solvents. This could therefore have
importance for all SEM images collected in the literature. Following investigation
into the effects of solvent exchange, NOTT-100 single crystals were

subsequently exchanged with hexane to prevent crystal damage.

2.3.2.3 Optimisation of Sc2BDC3 crystal size

Sc2BDCs prepared by Miller et al. formed yellow crystals in excess of 160 um
along the z-axis.®® Figure 2.19 below shows SEM images of Sc2BDCs,
synthesised simultaneously from the same procedure in one oven in three

different reaction vessels, which show polydisperse crystallites within the range

of 50—700 um across the three batches.

Figure 2.19. SEM images at 100x magnification of Sc,BDC; crystals from
simultaneous synthesis in three different vessels.
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The images in Figure 2.19 do not show reproducible production of consistently
sized crystals, even under the same conditions. Ideal Sc2BDCs crystals for
subsequent analyses were 100-250 um in length and ~50 um deep, preferably

with significantly reduced polydispersity than those shown on the previous page.

In order to control the range of sizes of Sc2BDCs crystals, we employed a doping
method, first described by Wang and co-workers to regulate crystal growth of
ZIF-8.40 The doping method involves a variable R factor, described below in
Equation 2.1, which is a molar ratio of metal salt that is pre-heated with the linker
before combining it with the remaining metal salt. Here, the approach pre-binds
the carboxylate groups of the terephthalic acid linker with a Sc3* cation in order
to control nucleation of the desired product. Equation 2.1 defines R, where n is
number of moles and pre-M* refers to the metal being pre-heated with the linker.

N(pre-m+)

R =
N(organic ligand)

Equation 2.1. R factor for control of crystal polydispersity.

Experiments varying R (i.e. the mass of Sc(NOs3)s introduced prior to combination
of linker and bulk metal salt) and final heating time were carried out to examine
the effects of both factors on particle size. Variations in experimental parameters
are shown below in Table 2.2.

Table 2.2. Reagent masses and associated R factors for doping experiments.

Reagents from the synthesis by Miller et al are highlighted
in blue, and are taken from reference 39.

BDC Sc(NOs);  JPreMi Volume
(mg)  (mg) (MO R (mu)
(mg)

1662  340.6 0 0 5
108 100 25 0017 2
108 100 10 0.067 2
108 100 18 0.12 2
108 100 25 0.17 2
108 100 18 0.12 2
270 250 45 0.12 1
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The doping experiments were performed by introducing a precise amount of
Sc(NOs)2 (indicated in Table 2.2) to a slurry of terephthalic acid linker in water
and heating at 70 °C with stirring for 2 hours. The remaining Sc(NO3s)2 was heated
in water at 70 °C with stirring for 2 hours. The solution and slurry were

subsequently combined and heated at 220 °C for 48 hours.

R=0017%

SEM HV: 15.0 kV WD: 17.53 mm MAIA3 TESCAN SEM HV: 15.0 kV 'WD: 16.33 mm MAIA3 TESCAN

SEMMAG:59x  Viewfleld: 471 mm 1mm SEMMAG:59x  Viewfleld: 471 mm 1mm
Sefydillad Catalyddu Caerdydd Sefydllad Catalyddu Caerdydd

p S

SEM HV: 15.0 kV WD: 16.33 mm MAIA3 TESCAN SEM HV: 15.0 kV WD: 16.33 mm | MAIA3 TESCAN

SEM MAG: 60 x View fleld: 4.59 mm 1 mm SEM MAG: 59 x View fleld: 4.71 mm 1 mm
Sefydllad Catalyddu Caerdydd Sefydllad Catalyddu Caerdydd

Figure 2.20. SEM images at 59/60x magnification of Sc,BDCs, synthesised by the pre-doping
method using the stated R factors. Reaction time was 48 hr in all cases.

Figure 2.20 shows that pre-doping the linker slurry with different amounts of
Sc(NOs)s heavily influences the size of crystals that grow. SEM images illustrate
how lower R factors of 0.017 and 0.067 encourage the formation of cuboctahedra
up to ca. 400 um in size. The larger doping ratios, 0.12 and 0.01, promote the
growth of hexagonal rods up to ca. 800 um in length. Crystal size variation was
gualitatively lowest in the sample with the smallest R factor of 0.017, where

crystals range from 150-300 pm.
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Optimum crystals for single-crystal infrared microscopy experiments, described
in Section 1.7 on pp.15, are plates with a thickness of up to 20 um. The
cuboctahedra shown in Figure 2.20, synthesised using R = 0.017 and 0.067, are
therefore too large in all directions. Similarly, even across the shorter axes, the
hexagonal rods synthesised using R = 0.12 are also too thick. Smaller
cuboctahedra in the region of 20 um would be more likely to exhibit scattering
effects, described in Section 1.7 on pp.16. Hexagonal rods minimise both
saturation and scattering effects due to differing distances along the a, b and
c crystal axes. Doping ratios R = 0.12 and 0.17 were therefore selected for
experiments investigating the effect of reaction time on crystal formation.
SEM images of as-synthesised materials from 24- and 48-hour syntheses are

shown in Figure 2.21.

R=0.12

. AT
SEM HV: 15.0 kV WD: 16.33 mm MAIA3 TESCAN|
SEM MAG: 102 x View fleld: 272 mm 500 ym

Sefydllad Catalyddu Caerdydd

I D7.3 x100 1 mm

R=0.17

DEQ 1100 Tmm

Figure 2.21. SEM images at x100 magnification of Sc;BDC3 synthesised with
R = 0.12 (top) and 0.17 (bottom) with indicated reaction times.
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Figure 2.21 does not appear to indicate any trends in polydispersity and discrete
crystals in these images are of widely varying sizes. Crystals grown with R =0.17
show a higher degree of clustering, while crystals grown with R = 0.12 appear

more discrete. All crystals shown are far too large for IR microscopy experiments.

In an attempt to decrease the overall average crystal size produced, the total
metal and ligand concentration in the reaction mixture used for the
aforementioned R = 0.12 synthesis was increased, from 0.00087 and 0.0013 mM
to 0.0011 and 0.0017 mM, for Sc(NOs)s and terephthalic acid respectively.

I LMD2.7 x50

Figure 2.22. SEM images at 50x magnification of Sc,BDC3 synthesised from
reaction solution at five-fold concentration, with indicated reaction times.

We also investigated the time evolution of crystal size at three time points during
the synthesis. The SEM images in Figure 2.22 show Sc2BDCs3; crystals of varying
sizes and extents of aggregation. The reaction heated for 24 hr contains mainly
smaller hexagonal rods, often in clusters. The 48 hr reaction also contains
clusters of hexagonal rods, however the rods herein are significantly larger than
the shorter timescale reaction. The longer 72 hr reaction time appears to fracture

the longer rods, forming instead numerous clusters of smaller crystallites.

Given the outcomes of qualitative analysis of SEM images of the materials, a
doping factor of R = 0.12 in the more concentrated reaction solution was used to
synthesise size-optimised Sc2BDCs crystals. An experimental procedure for the
final synthesis is in Section 2.5.4 on pp.121.
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2.3.3 Post-synthetic modification of MOFs with

coordinating dyes

Post-synthetic modification (PSM) of MOFs enables a plethora of potential
chemical transformations. In this work, we have investigated the solvent-assisted
ligand exchange (SALE) of several literature-known frameworks with a range of
coordinatively non-innocent dyes (Figure 2.23). The carboxylic acid functionality
was chosen to facilitate straightforward exchange at the metal—carboxylate
bonding site. Metal-bound carboxylate groups of framework linkers were
exchanged with the carboxylate groups present in each dye molecule, imparting

additional chemisorbed fluorescence to each framework.

o} OJ

N _H

Nk o o N7
i “~COOH

phen-spiro 7-DCCA m-hydrazone
12.3x7.9A 11.7x 4.8 A 12.7x8.3A

Figure 2.23. Structures of dyes discussed in this chapter.

7-DCCA is commercially available at £18/250 mg (Fluorochem UK), while both
phen-spiro and m-hydrazone are research samples. phen-spiro was
synthesised in our laboratory and is detailed further in Sections 2.3.3.4 and 2.5.2
on pp.77 and 111 respectively. m-hydrazone was provided by a collaborator,
Ivan Aprahamian from Dartmouth College, USA.

Of the four frameworks discussed previously, (MIL-68(In), NOTT-100, Sc2BDCs
and UiO-67), SALE has been successfully reported only in MIL-68(In), by Cohen
and co-workers in 2012.4* Forgan and co-workers have extensively reviewed
PSM of Zr-MOFs in 2016,%? including several examples of transmetalation in
UiO-67.
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The PSM of several frameworks (including Cu-based framework HKUST-1) with
organic dye molecules was reported by Kitagawa and co-workers in 2010,
which inspired the use of optical spectroscopies to track fluorescent guests in

MOFs explored in this chapter.

2.3.3.1 Optimisation of SALE reaction conditions

As SALE had been previously reported for MIL-68(In) and in Cu- and
Zr-frameworks, experiments were carried out to establish optimised reaction
conditions for linker exchange in all frameworks discussed herein. Optimisation
reactions were carried out using 7-DCCA as the molecule does not photoswitch,
unlike phen-spiro and m-hydrazone, making it a simpler molecule, in addition
to its commercial availability. In order to track the modification using UV-VIS
spectroscopy, 0.03 mM 7-DCCA solution was used, as this was the highest
concentration achievable without saturating the detector of our

spectrophotometer.

Initial reaction conditions, shown in Table 2.3, were either reproduced or adapted
from the references indicated. The conditions noted for NOTT-100 were originally
used for the modification of HKUST-1 by Kitagawa and co-workers,'* and were
reproduced here due to the same Cu paddlewheel-carboxylate bonding
environment. As no literature precedent for the post-synthetic modification of
Sc2BDCs was found, SALE reactions were incubated at 180 °C, due to the high

thermal stability of the framework.

Table 2.3. Solvent-assisted ligand exchange conditions
taken or adapted from the references indicated.

Carrier Temperature Time

MOF solvent (°C) (h) Ref.
MIL-68(In) DMF 55 3 41
NOTT-100 MeOH 100 20 14
Uio-67 MeOH 60 24 43
Sc,BDCs MeOH 180 72 This work
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The literature-adapted conditions offered starting points, but further experiments
indicated that more dye was exchanged by the framework in MeOH than DMF.
Upon visual inspection of MIL-68(In) and UiO-67 crystals after SALE reactions
carried out in both DMF and MeOH, materials yielded when employing MeOH as
a carrier solvent qualitatively appeared more strongly coloured, suggesting a
higher incorporation of dye. This could be due to competition between the
monocarboxylate dye and DMF solvent molecules. Therefore, MeOH was

employed as a carrier solvent for modification reactions.

The extent of visual colouration of MIL-68(In) following incubation with
methanolic 7-DCCA was increasing with longer reaction time, so the incubation
temperature was increased from 55 °C to 110 °C in order to increase the rate of
ligand exchange. Similarly, the extent of dye exchange in NOTT-100 was
increasing with increasing timescale (determined by UV-VIS-DRS) and hence
the incubation temperature was increased from 100 °C to 130 °C. Incubation of
NOTT-100 at 180 °C led to the decomposition of the framework to Cu20.

Solution-phase UV-VIS spectroscopy was employed to determine the timescale
for 7-DCCA exchange. Figure 2.24 shows a schematic of the experimental
approach for this characterisation method. 7-DCCA incubation experiments were
conducted at regular time intervals for all frameworks, and the reaction solution,
framework washings and resulting MOF>7-DCCA materials were analysed with
UV-VIS and CLSM. The expectation of this approach was that UV-VIS analysis
of a) the SALE reaction solution (Stage 1), b) a solution made up from the
washings of the reaction solid to remove physisorbed 7-DCCA from MOF pores
(Stage 2) and c) acid-digested modified material (Stage 3) should collectively
contain the amount of 7-DCCA initially introduced via the stock dye solution.
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Figure 2.24. Schematic of experimental approach for UV-VIS approach to establishing reaction
timescales for post-synthetic modification of MOFs with monocarboxylate dye.
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Figures 2.25-2.28 across pp.57—60 show UV-VIS absorption spectra of SALE
reaction solutions (Stage 1 of Figure 2.24) and reaction washings (Stage 2,
showing the amount of weak physisorbed dye). In addition, these figures also
show plots of the amount of 7-DCCA in the reaction/washings solutions as a
percentage of the initial amount of dye introduced from the stock dye solution.
Two stock dye solutions were used in SALE reactions (0.0282 and 0.0252 mM)
and hence plots throughout Figures 2.25-2.28 show the dye remaining as a
percentage of the initial amount of dye introduced in the stock dye solution, as

opposed to absolute mass of dye.

2.3.3.1.1 Stage 1 - SALE reaction solutions

As the schematic in Figure 2.24 shows, the reaction solution for each timed SALE
experiment was retained and the UV-VIS absorption spectrum recorded. A
selection of these spectra for all frameworks are shown in Figures 2.25-2.28.
Each spectrum was baseline corrected by averaging ten points between
700.3-703.2 nm (where no absorbance is observed) and adding/subtracting this
value from the whole spectrum as appropriate. The absorbance at each Amax was
taken from the baseline-corrected spectrum and plotted against time in
Figures 2.25-2.28.

2.3.3.1.2 Stage 2 — Physisorbed 7-DCCA

To remove physisorbed dye post-SALE reaction, the frameworks were washed
ten times with MeOH (5 mL). These washings were then dried and re-dissolved
into dry MeOH (2 mL), and the UV-VIS absorbance spectrum collected. Each
spectrum was baseline corrected, using the same procedure as discussed above
for Stage 1. A selection of these spectra are shown in Figures 2.25-2.28. Due to
the lower 7-DCCA peak intensity in these spectra than the reaction solution
spectra discussed in Stage 1, if a Amax could not be identified, the absorbance
was taken from 412 nm, which is the characteristic wavelength of 7-DCCA.

These absorbance values are plotted against time in Figures 2.25-2.28.
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Figure 2.25. (Left) Solution-phase UV-VIS spectra of (top) SALE reaction solutions
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% [7-DCCA] remaining

% [7-DCCA] remaining

post-incubation [Stage 1] and (bottom) MOF washings to remove physisorbed dye [Stage 2].
(Right) Plots showing percentage of initial 7-DCCA remaining in (top) reaction solutions

post-incubation [Stage 1] and (bottom) MOF washings [Stage 2].

Points marked in red indicate >100% of initial 7-DCCA concentration.

In MIL-68(In), ~75% of 7-DCCA remained in solution after 24 hours (Stage 1),

~5% of initial dye quantity was removed from the MOF by washing (Stage 2),

which suggested the remaining 20% dye was chemisorbed to the framework.
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Figure 2.26. (Left) Solution-phase UV-VIS spectra of (top) SALE reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings to remove physisorbed dye [Stage 2].
(Right) Plots showing percentage of initial 7-DCCA remaining in (top) reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings [Stage 2].

In NOTT-100, ~70% of 7-DCCA remained in solution after 24 hours (Stage 1),
~20% of initial dye quantity was removed from the MOF by washing (Stage 2),

which suggested the remaining 10% dye was physisorbed to the framework.
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Figure 2.27. (Left) Solution-phase UV-VIS spectra of (top) SALE reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings to remove physisorbed dye [Stage 2].
(Right) Plots showing percentage of initial 7-DCCA remaining in (top) reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings [Stage 2].

In Sc2BDCs, ~25% of 7-DCCA remained in solution after 24 hours (Stage 1),
~10% of initial dye quantity was removed from the MOF by washing (Stage 2),

which suggested the remaining 65% dye was physisorbed to the framework.
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Figure 2.28. (Left) Solution-phase UV-VIS spectra of (top) SALE reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings to remove physisorbed dye [Stage 2].
(Right) Plots showing percentage of initial 7-DCCA remaining in (top) reaction solutions
post-incubation [Stage 1] and (bottom) MOF washings [Stage 2].

In UiO-67, ~30% of 7-DCCA remained in solution after 24 hours (Stage 1),
~10% of initial dye quantity was removed from the MOF by washing (Stage 2),

which suggested the remaining 20% dye was physisorbed to the framework.
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Table 2.4. Estimation of unreacted and chemisorbed 7-DCCA following SALE reactions.

i . Estimated
MOE Dye_remaln!ng Physisorbed chemisorbed
in solution dye d

ye

MIL-68(In) 75% 5% 20%
NOTT-100 70% 20% 10%
Sc2BDC3 25% 10% 65%
UiOo-67 30% 10% 60%

Table 2.4 shows the estimated 7-DCCA chemisorbed to each framework,
calculated as a percentage of the initial 7-DCCA introduced in the stock dye
solution. These values were calculated from the Amax of peaks in the region of the
characteristic 7-DCCA peak (412 nm) in each UV-VIS spectrum. Some spectra
(e.g. of reaction solutions from MIL-68(In) and NOTT-100 modification reactions,
shown in Figures 2.25 and 2.26 respectively) show a blueshift of this peak. This
blueshift is significantly more pronounced in the reaction solution spectra, which
could be attributed to interactions between 7-DCCA and unreacted starting
materials retained after the synthesis of each framework, or due to the pH of the
reaction solution. These hypotheses are discussed in Sections 2.3.3.1.3 and

2.3.3.1.4 on pp.62 and 65 respectively.

The estimated chemisorbed dye values in Table 2.4 suggest that, after 24 hours,
more dye was chemisorbed to Sc2BDCs and UiO-67 than MIL-68(In) and
NOTT-100. These values indicate that only a limited amount of physisorbed dye
is retained within the framework pores. These values are disputable, however,
as the 3 A pores in Sc2BDCs (Table 2.5) should prevent the uptake of 7-DCCA.

Table 2.5. Pore dimensions of MOFs discussed herein

MOF Pore dimensions (A) MOF Pore dimensions (A)
Triangular; 6
MIL-68(In)** Sc.BDC:*® 3
Hexagonal; 16-17
8.3 ) Tetrahedral; 11.5
NOTT-100% UiO-674¢
10.1 Octahedral; 23
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2.3.3.1.3 UV-VIS spectral absorption shifts of 7-DCCA as a

result of reaction conditions

As mentioned on pp.61 in Section 2.3.3.1.2, a significant peak shift was observed
in the 7-DCCA peak of the reaction solution following SALE reactions. The
greatest changes were observed in MIL-68(In) reactions, where the peak shifted
across a range of 382—421 nm from the original 412 nm of the stock dye solution.

These spectra are shown below in Figure 2.29.
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1.9 — 24 hr
] 56 hr
1.0 80 hr
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< 0.6
0.4
02 = ‘“ ‘
0.0- | " —
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Figure 2.29. Solution-phase UV-VIS spectra of reaction solutions
following MIL-68(In) SALE reactions with 7-DCCA.

The shift in peak positions could be attributed to unreacted framework starting
materials that were not removed during washing and solvent exchange of the

frameworks.

Therefore, experiments were carried out to investigate combinations of these
constituent materials with 7-DCCA to identify which combination caused a peak
shift. Table 2.6 shows all combinations of starting materials that were analysed.
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Table 2.6. MOF constituent combinations, for which the
UV-VIS absorption spectra were collected in MeOH.

MIL-68(In) NOTT-100
In(NO3s)s BDC Cu(NOg3)2, H4BPTC
In(NO3z)s DMF Cu(NOg3), DMF
IN(NO3); Dye Cu(NO3), Dye

BDC DMF Cu(NOs3)2 HNO3

BDC Dye H.BPTC DMF

DMF Dye HsBPTC Dye

HsBPTC HNOs
DMF Dye

DMF HNOs3

Dye HNOs3

Sc,BDCs Uio-67
Sc(NO3), BDC ZrCly L-Proline

Sc(NO3), Dye ZrCl, Dye
BDC Dye ZrCls HCI
L-Proline Dye
L-Proline HCI

Experiments were carried out by preparing solutions (0.06 mM in MeOH) of each
component listed above and combining them in equal volumes to produce
0.03 mM concentrations of each component in a total 2 mL solution. The linker
for UiO-67, 4,4’-biphenyldicarboxylic acid, was insoluble in MeOH at 0.06 mM
and was therefore not tested. Figure 2.30 overleaf shows the solution-phase
UV-VIS spectra of all dye-containing combinations; the non-dye containing

combinations are shown in Appendix 1
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Figure 2.30. Solution-phase UV-VIS spectra of combinations of 7-DCCA with
(left) linkers, (centre) metal salts and (right) modulators and solvents.
Vertical red lines indicate position of only 7-DCCA in MeOH (412 nm).

Figure 2.30 indicates that a shift of the 7-DCCA peak can be attributed to
interactions with the free framework linkers (11 nm blue shift), metal salts (13 nm
red shift for ZrCls) and DMF/L-Proline (11 nm blue shift). The greatest shift
observed is a 13 nm red shift in the combination of 7-DCCA and ZrCls (the metal
salt used for the synthesis of UiO-67). This suggests that the shift in peak in
7-DCCA position in the SALE reaction solutions is either evidence of unreacted
metal salt (incompletely removed during synthetic work-up) interacting with the
dye, or the framework leaching metal into solution. Although 7-DCCA was not
predicted to damage the framework crystallinity during ligand exchange, the
framework leaching metal under the harsh solvothermal conditions would
indicate that the dye is not as innocent as initially thought. The stability of
frameworks to SALE reaction conditions is discussed further in Section 2.3.3.1.8

on pp.75.
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2.3.3.1.4 Effect of pH on 7-DCCA

7-DCCA contains four sites readily susceptible to pH effects, indicated in
Figure 2.31. To examine the effect of pH on the UV-VIS spectrum of 7-DCCA,
and hence identify factors contributing to the peak changes in the reaction
solution spectra of 7-DCCA SALE reactions discussed on pp.61 of Section
2.3.3.1.2, the effects of aqueous solutions of HCI (0.1 M) and NaOH (0.01 M) on
7-DCCA were investigated.

o)

N 0" o

N

Figure 2.31. Structure of 7-DCCA, with protonation sites (red)
and deprotonation sites (blue) indicated.

50 pL aliquots of these solutions were added to a solution of 7-DCCA in
MeOH (0.1 mL, 0.03 mM). The pH range for an equivalent aqueous solution
would be 1-14. The UV-VIS spectrum was recorded immediately and after 24
hours. Deviations in peak position and peak absorbance from the 7-DCCA peak
(A =412 nm, A = 0.88 in pure MeOH) are shown in Figures 2.32 and 2.33

respectively.
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Figure 2.32. Plot of deviance from initial 7-DCCA peak position with addition of
HCI (0.01 M) and NaOH (0.01 M) in (left) nm and (right) cm-L.
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Figure 2.32 (left) shows a maximum of a 14 nm red shift and an 18 nm blue shift
from 412 nm for NaOH (50 pL) and HCI (300 pL) addition respectively. The figure
shown on the right displays the shift of the 7-DCCA peak in wavenumbers,
illustrating how great an effect the pH of the dye environment contributes to

changes in energy of the system.
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Figure 2.33. Plot of change in 7-DCCA peak absorbance
with addition of HCI (0.01 M) and NaOH (0.01 M).

Figure 2.33 illustrates that the addition of base to the dye solution increases the
absorbance and associated extinction coefficient of the dye peak, whilst addition

of acid to the dye significantly reduces these values.

2.3.3.1.5 Contributing factors to 7-DCCA peak position in
SALE reaction

There is a combination of factors the shifts observed in the 7-DCCA SALE
reaction solutions could be attributed to. Interaction of metal ions with 7-DCCA
(discussed in Section 2.3.3.1.3 on pp.64) prompted a maximum red shift of
13 nm, and red shifts of up to 14 nm were observed in the basification of 7-DCCA
solution. Blue shifts of 11 nm were observed in solutions containing 7-DCCA and
framework linkers (terephthalic acid and H4BPTC) and 13 nm following the

acidification of 7-DCCA solution.
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As the MOF linkers discussed herein are carboxylic acids, and modulators used
are all acids, the pH of reaction solutions are likely to be affected by these
following exchange and release of these into solution. Due to the considerable
number of variables that could contribute to shifting the position of the 7-DCCA
peak, further investigation into the mechanism of SALE is required to establish
the most influential components of the reaction.

2.3.3.1.5 Stage 3 - Solution-phase UV-VIS

Acid-digestion of the modified materials was carried out to investigate the amount
of dye present. Digestion of the framework would allow dissolution of the dye and
subsequent analysis by solution-phase UV-VIS. We predicted that the
concentration of 7-DCCA would plateau and indicate a precise timescale for the

exchange process when using ~0.03 mM dye solution.

Acid-digestion of the 7-DCCA modified frameworks was carried out via
sonication in conc. HCI (1 mL). The slurry was dried, however attempted
re-dissolution of the residual solids was unsuccessful. Solids were therefore
washed with MeOH (10 x 5 mL) to dissolve any 7-DCCA present in the digested
material. These washings were dried and then dissolved into dry MeOH (2 mL).
As longer timescale SALE reactions were expected to have undergone the
greatest extent of modification, the solids from these reactions were digested
initially to explore viability of this approach. Figure 2.34 overleaf shows the
UV-VIS absorption spectra of solutions made up from the washings of digested

solids.
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Figure 2.34. UV-VIS absorption spectra of HCI-digested 7-DCCA modified MOF washings.

The spectra in Figure 2.34 show no characteristic 7-DCCA peak. There are two
possible reasons for this observation. Firstly, the concentration of 7-DCCA
incorporated into the framework was of such low concentration that it could not
be observed. This is unlikely, as the absorbance of the lower concentration
7-DCCA stock solution (0.0252 mM) was 0.83. The lowest estimated
chemisorbed dye was 10% of the initial 7-DCCA concentration (as summarised
in Table 2.4 on pp.61), which would give an absorbance of detectable magnitude.
The second reason is that 7-DCCA was not stable to sonication in conc. HCI,
and prolonged exposure to this process instigated decomposition of the
fluorophore. The effects of pH on 7-DCCA are discussed further in
Section 2.3.3.1.4 on pp.65.
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2.3.3.1.6 Stage 3 - UV-VIS-Diffuse Reflectance

As solution-phase UV-VIS spectroscopy was inconclusive in determining an
accurate reaction timescale, UV-VIS-DRS was employed. This technique
eliminated the exposure of the modified MOF to harsh conditions which could
affect the fluorophore. A custom-built aluminium sample holder was used,
facilitating quantitative comparison of the extent of modification between samples
as the same amount of sample was in the measurement region. Similarly to the
approach employed during the solution-phase UV-VIS measurements, we
predicted that the reflectance of 7-DCCA would plateau and indicate an accurate

modification timescale.

All spectra were converted to F(R), according to the Kubelka-Munk function.4’
A difference spectrum was generated for each UV-VIS-DR spectrum, where the
unmodified framework UV-VIS-DR spectrum was subtracted from the
UV-VIS-DR spectrum of modified materials. Spectral manipulations for all

frameworks are shown overleaf in Figure 2.35.
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Figure 2.35. Example of analysis procedure for UV-VIS-DRS spectra, indicated. Regions
highlighted in blue are indicative of 7-DCCA.

Figure 2.35 shows UV-VIS-DR spectra of all unmodified and modified
frameworks and their difference spectra for the unmodified and final spectrum in

each experiment.

As can be seen from the highlighted regions, peaks indicative of 7-DCCA were
only discernible in UV-VIS-DR spectra for MIL-68(In) and UiO-67. In NOTT-100
and Sc2BDCs, 7-DCCA peaks were too heavily overlapped with reflectance
bands from the framework so this technique was unsuitable for quantifying

modification for these frameworks.
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Each sample was modified over a range of timescales. All difference spectra for
MIL-68(In) and UiO-67 were baseline corrected via an average of ten points (over
the range 600.30-603.35 nm) and the reflectance of peaks in the region 412 nm
(indicative of 7-DCCA) collected from each spectrum. Plots of these values are

shown below in Figure 2.36 and specific wavelengths chosen are tabulated in

Appendix 1.
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Figure 2.36. Plots of 7-DCCA reflectance vs time for (left) MIL-68(In) and (right) UiO-67.

In both cases, there is an overall increase in the overall intensity of fluorescence
originating from 7-DCCA. The data have a high degree of scatter, particularly in
the case of MIL-68(In), and because of the large apparent experimental error,
and the lack of a clear plateau, this technique is inconclusive. There are two
possible sources of error in this measurement. Firstly, our attempt to
experimentally control the amount of material exposed to the measurement was
unsuccessful, due to different crystallite sizes within samples and different

packing arrangements of the material.

Secondly, the materials may have experienced structural change over time upon
exposure to SALE reaction conditions, which were unpredictable and
inconsistent across experiments. MOFs were also synthesised in several
batches and therefore particle size may be inconsistent. The changes we are
observing in the materials may be artefacts from different batches. This
technique did, however, successfully confirm the presence of 7-DCCA in the

modified materials.
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2.3.3.1.7 Stage 3 - Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was employed as a technique to
guantify reaction times following inconclusive results from UV-VIS-DRS. CLSM
can interrogate single crystals of materials, whereas UV-VIS-DRS is appropriate
for the analysis of bulk solids. Therefore, CLSM is not indicative of the bulk of a
material, and several measurements of samples are required for data to be
comparable with UV-VIS-DRS.

Single crystals were loaded to glass microscope slides, topped with a glass cover
slip and sealed. Samples were excited using a 405 nm visible laser with a
detector collection range of 429-549 nm. The power of the laser was varied for
each sample to prevent saturation at the detector (MIL-68(In), 0.7%;
NOTT-100, 100.0%; Sc2BDCs, 10.0%; UiO-67, 7.0%). Significant fluorescence
guenching was observed during the collection of images for NOTT-100, likely
due to the presence of Cu(ll)-based metal nodes,*¥°0 hence a substantially
higher laser power was used for excitation. Z-stack images were collected on all
samples to establish position of modification (i.e. surface-restricted or throughout

the pore).

CLSM images were processed in Zen Blue 2.3, in which the fluorescence
intensity within user selected areas can be interrogated with individual pixel
resolution. Figure 2.37 overleaf shows the areas selected for the analysis of
fluorescence in each framework. For each type of MOF, the same size spatial
region was measured on each sample of that MOF across all reaction times, to
enable direct comparison between the fluorescence intensity across a range of
single crystals. The analysis generates an average and a standard deviation of

fluorescence intensity for every pixel within the selected area.
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Figure 2.37. CLSM images, with histogram area outlined for each framework.

In each Z-stack, the image with the highest average fluorescence intensity
detected (given by Zen Blue) in the chosen detector range (429-549 nm) was
chosen for mapping. Between 3 — 7 crystals were mapped within each sample
and the means of all average fluorescence intensities and associated standard

deviations were calculated. These values are plotted for each framework overleaf

in Figure 2.38.
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Figure 2.38. Plots of CLSM average fluorescence intensity of 7-DCCA-modified MOFs. Error
bars are the mean standard deviations of each average fluorescence intensity.

The above plots indicate that for NOTT-100 and UiO-67, average fluorescence
intensity did not increase after 24 hr. In Sc2BDCs, average fluorescence intensity
was gradually increasing with time. The average fluorescence intensity in
MIL-68(In) did not appear to stabilise at any point, and this is likely due to the
significant photobleaching of the sample we observed during image collection,
particularly during the collection of Z-stack images. Photobleaching was
observed even when the samples were prepared using an anti-fade mounting
media. Figure 2.39 shows reduced fluorescence intensity in the Z-stack
images (Figure 2.39b) following prolonged excitation at 405 nm compared to the

first image collected (Figure 2.39a).

a) b)

Figure 2.39. (a) Single and (b) Z-stack CLSM images of 4 hr 7-DCCA-modified MIL-68(In).
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As the photobleaching mechanism was beyond the scope of this project, further

experiments and techniques would need to be explored to investigate this.

According to this measurement, despite the significant variation in data points, it
appears that by 24 hr, all of the modifications (except Sc2BDCs3) have reached

their endpoint.

2.3.3.1.8 Framework stability in SALE control reaction

conditions

Due to the forcing conditions employed for the modification of frameworks with
7-DCCA, the frameworks were subjected to the SALE reaction conditions in the
absence of the dye to investigate the stability of the frameworks in these
conditions. All control reactions were carried out in anhydrous MeOH for 24 h
and temperatures were as follows for each framework: MIL-68(In), 110 °C;
NOTT-100, 130 °C; Sc2BDCs, 180 °C and UiO-67, 60 °C. Solids were collected
via centrifugation, washed with MeOH (10 x 5 mL), dried in air and then analysed
with PXRD to determine whether crystallinity had been retained.

400
300
200 +

100 +

Counts

400

300 +

200

100 H

T T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40

260(°)

Figure 2.40. PXRD patterns of UiO-67 collected from
(orange) control and (blue) 7-DCCA SALE experiments.
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Crystallinity was retained for all frameworks except UiO-67. Figure 2.40 shows
two powder diffraction patterns — the top pattern (orange) is collected following
heating UiO-67 in MeOH for 24 h at 60 °C in the absence of dye, and the bottom
pattern (blue) is collected following heating the SALE reaction of UiO-67 with
7-DCCA. Unexpectedly, these patterns show that crystallinity was retained in the
presence of the dye, but not without it. Equivalent PXRD patterns for MIL-68(In),
NOTT-100 and Sc2BDCs are shown in Appendix 1.

This could be due to attack of the Zr-node by either MeOH or 7-DCCA,
depending on the system. In the SALE reaction system, the exchange of the
linker carboxylate binding group by the carboxylate group of 7-DCCA results in
retention of the ordered crystalline network present in the pristine MOF. We
hypothesise that in the control experiment, MeOH attacks and coordinates to the
node, disrupting the carboxylate binding environment throughout the structure

and promoting the transition to an amorphous material.

2.3.3.1.9 Reaction time conclusions

UV-VIS-DRS was unsuitable for quantifying modification with 7-DCCA in
NOTT-100 and Sc2BDCs3 due to overlapping regions of the framework spectrum
with the dye. Even though this was not anticipated for NOTT-100 (see
Figure 2.13 and accompanying discussion in Section 2.3.1 on pp.39), the levels
of modification observed in MIL-68(In) and UiO-67 suggest that 7-DCCA peaks

are significantly small enough to be obscured by the framework spectrum.

CLSM experiments demonstrate that 24 hr was sufficient for NOTT-100,
Sc2BDCs and UiO-67 to chemisorb 7-DCCA. Further SALE reactions with
phen-spiro and m-hydrazone were therefore incubated for 24 hr. As the SALE
reaction time for MIL-68(In) could not be quantified by either characterisation
method, further modification of this framework with additional dyes was not

investigated.
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Photobleaching observed in MIL-68(In) hinders the reliability of any data
extracted from CLSM experiments, as the amount of 7-DCCA present could be

vastly larger than the amount indicated in CLSM images.

Due to the significant issues of fluorescence quenching during the collection of
CLSM images of NOTT-1007-DCCA, additional modification of NOTT-100 with
phen-spiro and m-hydrazone was not carried out. The next section will discuss
the modification of Sc2BDCs and UiO-67 with phen-spiro and m-hydrazone.

2.3.3.4 Synthesis of phen-spiro photoswitch

phen-spiro is a spiroxazine-containing molecule synthesised within our

laboratory. The synthetic reaction scheme is shown below in Scheme 2.1.
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Scheme 2.1. Phen-spiro reaction scheme

Several synthetic difficulties presented themselves during the synthesis of this
molecule. The initial reactions conditions employed were inspired by Meng and
co-workers,®! and the first reproduction of these reaction conditions yielded
precipitation of pale yellow solid of moderate purity (analysed via 'H NMR
spectroscopy) from the reaction mixture, which was collected via filtration. Upon
extensive recreation of these reaction conditions, no solid ever precipitated
again. The formation of the target molecule in the reaction mixture was confirmed
by 'H NMR spectroscopic analysis, and the presence of the target was
suggested when the initially pale yellow ethanolic reaction mixture turned deep
blue, indicating the formation of open-form merocyanine (Figure 2.3,
Section 2.1.2, pp.31).
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Various approaches to purification were attempted, including;

1) Recrystallisation in a variety of solvents

2) Column chromatography (on both silica and alumina)

3) Automated column chromatography (on both silica and reverse-phase Cs
silica)

4) Preparative thin layer chromatography

5) High pressure liquid chromatography (HPLC)

6) Vapour diffusion crystallisation

7) Sublimation under reduced pressure

8) Complexation of carboxylic acid tail group, extraction into polar solvent

Purity was primarily assessed by 'H NMR spectroscopy. Due to the effect of
solvent polarity on the sensitive equilibrium of spirooxazine-merocyanine
isomers (as discussed in Section 2.1.2 on pp.31-32), the separation of peaks
indicating impurities and those indicating open-form phen-spiro was not always
trivial. Following these difficulties, liquid chromatography-mass spectrometry
(LC-MS) was often employed to assess sample purity.

Approach (1) yielded a variety of results. Due to the high solubility of the target
in alcohols, these were commonly employed as the dissolution solvent. Addition
of anti-solvents to this solution led to no precipitation (in the case of hexane and
MeCN) or the precipitation of still impure solid (in the case of H20). Hot-cold
recrystallisations in any solvent did not lead to the precipitation of solid on
cooling. Approach (2) failed due to the decomposition of the target molecule on
silica, as confirmed by 2D TLC, and failure of the product to travel on alumina
using a variety of solvent systems. Approach (3) led to the discharge of
phen-spiro in all column fractions, unfortunately with several reaction impurities
in all cases. Due to the decomposition of the target on silica, approach (4) was
also unsuitable. Approach (5) failed in a similar manner to approach (3) and
approach (6) led to the precipitation of still impure solid. In approach (7), the

crude solid decomposed before pure phen-spiro sublimed.
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Approach (8), the substitution of the carboxylic acid group proton with Na* and
K* cations from NaPFs and KPFes and subsequent aqueous extraction, did not

lead to the formation of pure phen-spiro.

Since purification of the target molecule was extremely difficult, the synthetic aim
shifted to producing a crude material which was as pure as possible. Therefore,
the conditions of synthesis were individually examined in an attempt to reduce

the formation of side products during reaction.

Experiments were carried out to investigate the effects of changing the base
concentration in the synthesis. NEts was employed as the base of choice
throughout these experiments and was varied between 1 and 5 equivalents. In
these experiments, purity of each crude reaction product was analysed via ‘H
NMR spectroscopy. A selection of 1H NMR spectra are shown in Figure 2.41.
These spectra show the effect that varying base concentration in the reaction

had on the purity of the crude material.

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
5 (ppm)

Figure 2.41. 'H NMR spectra in MeOD of phen-spiro reaction mixtures
with varying amounts of NEts, as indicated.
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Inspection of these spectra indicated that 5 equivalents of NEts led to the crude
product with fewest impurities. These reactions were collected using anhydrous

solvents with air sensitive techniques.

To investigate the effect of employing air-sensitive reaction techniques, a second
reaction was performed using 5 equivalents of base using ‘bench’ solvents under

air. The *H NMR spectra of crude reaction mixtures are shown in Figure 2.42.

‘Bench’
Anhydrous
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Figure 2.42. *H NMR spectra in MeOD of phen-spiro reaction mixtures in
'‘bench' vs anhydrous solvent, as indicated.

These spectra indicate that performing phen-spiro synthesis under inert
conditions in anhydrous solvents produces fewer unwanted side products.

To obtain more phen-spiro for additional experiments, phen-spiro synthesis
was repeated under inert conditions, in anhydrous EtOH with 5 equivalents of
anhydrous NEts. The reaction solution was dried under reduced pressure,
redissolved into ‘bench’ EtOH and stirred with activated charcoal (~0.2 g) for 30
minutes in an attempt to remove unknown impurities. The mixture was filtered
and evaporated to dryness to yield a blue viscous oil. Sonication of this oil in Et20
for 15 minutes followed by filtration and washing with cold Et20 yielded dark blue
solid. The solid was dissolved in a 1:1 ratio of 'PrOH:H20, and 'PrOH was
removed under reduced pressure to precipitate blue solid. This solid was

collected by filtration and washed with cold Et20.
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The purity of phen-spiro obtained from these reaction conditions was
inconsistent, even when using the same batches of starting materials and
solvents. None of the phen-spiro batches synthesised were pure, and hence the
batch used for the post-synthetic modification of frameworks (discussed in
Section 2.3.3.5) is not pure. Analysis of the mass fragments in LC-MS traces
(shown in Appendix 1) suggested that the material was contaminated primarily

with the nitrosophenanthrolinol starting material.

2.3.35 Post-synthetic modification with photoswitches

After establishing conditions for the SALE of frameworks with 7-DCCA,
frameworks were modified with two photoswitches; phen-spiro and
m-hydrazone (Figure 2.43). phen-spiro, a spirooxazine-based material, was

synthesised in our laboratory (detailed previously in Section 2.3.3.4) and

m-hydrazone was provided by lvan Aprahamian, a collaborator from Dartmouth
College, USA.

uv

VIS or A

COCH COOH

Spirooxazine Merocyanine

SPO MCN

Figure 2.43. Structures of (top) phen-spiro and (bottom) m-hydrazone,
with their respective photoswitched states.
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There were two main aims of modifying frameworks with photoswitches. Firstly,
to assess whether the modification inhibited guest uptake by blocking access to
the pores of the framework. Secondly, to investigate whether framework-bound
switches were still active in the solid state. If they were, this gives potential for

the phototriggered release of pore-bound guest molecules.

SALE reactions were carried out using 100 mg of MOF and 10 mL of dye solution
to ensure sufficient material was obtained for N2 BET isotherms, discussed later
in Section 2.3.3.6 on pp.100.

Frameworks were initially modified with 0.03 mM solutions of phen-spiro and
m-hydrazone in anhydrous MeOH (except for UiO-67, when anhydrous MeCN
was used) in solvothermal reaction vessels for 24 hours at different temperatures
(NOTT-100, 130 °C; Sc2BDCs, 180 °C, UiO-67, 60 °C). Following incubation,
solids were collected via centrifugation, washed with MeOH (10 x 10 mL) — or
MeCN for UiO-67 — and dried in air. Solids were then analysed by UV-VIS-DRS
and CLSM. Note that UiO-67 modification was attempted in MeOH, however all
samples amorphized, unlike in the presence of 7-DCCA.

In the case of the modification of UiO-67 with phen-spiro, CLSM images
(Figure 2.44) showed no fluorescence in the ranges of 428-508 or 642—695 nm,
despite excitation with both 405 and 633 nm lasers (63.2 and 100.0% power
respectively), indicating that modification with a detectable amount of

phen-spiro had failed.
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Figure 2.44. CLSM images of two separate single crystals of UiO-67
modified with 0.03 mM phen-spiro in MeCN at 60 °C for 24 hours.

As a result of this experiment, all subsequent MOF modifications were performed
with a more concentrated solution of phen-spiro (5 mM) to ensure sufficient dye
was introduced to the framework. CLSM images of phen-spiro modified

materials are shown and discussed below.

2.3.35 Solid-state photoswitch behaviour

2.3.3.5.1 PSM of Sc.BDCz with phen-spiro

Modification of Sc2BDC3s was characterised using CLSM and UV-VIS-DRS. More
conclusions regarding position and extent of modification could be extracted from
CLSM than UV-VIS-DRS. For CLSM experiments, samples were excited
simultaneously with 405 and 633 nm lasers (18.0 and 40.0% power respectively)
and fluorescence was detected in the regions 428-508 and 642—695 nm. Z-stack

images of Sc2BDCsDphen-spiro are shown in Figure 2.45.
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Figure 2.45. CLSM Z-stack images of phen-spiro-modified Sc;BDCs at 22.5 um steps (left to
right). Blue and red shading indicates 428-508 nm and 642—695 nm fluorescence respectively.
Purple shading indicates combined fluorescence.

The above images confirm successful modification of Sc2BDCs single crystals
with phen-spiro. The blue and red fluorescence indicates the open SPO and
closed MCN forms respectively. The difference in the blue and red fluorescence
seems to be that blue emission is observed to a greater depth in the crystal
(although the core is still non-emissive) and qualitatively the surface has more
even red fluorescence than blue. This could be either due to different
penetrations of SPO and MCN forms in the framework upon modification, or
different degrees of photoswitching forming a photostationary equilibrium during
the dual irradiation of the measurement. Figures 2.45 (above) and 2.46 (overleaf)
show that modification is primarily at the surface, as confirmed by several single

crystals, in the same manner as for 7-DCCA modification.
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Figure 2.46. CLSM Z-stack images of phen-spiro-modified Sc;BDCs at 22.5 um steps
(1; top of crystal and 6; bottom of crystal). Purple shading
indicates combined 428-508 nm and 642—-695 nm fluorescence.

UV-VIS-DRS spectra of Sc2BDCs, Sc2BDCsophen-spiro and phen-spiro are
shown in Figure 2.47. The spectrum of Sc2BDCsDphen-spiro (middle) shows
peaks indicative of phen-spiro modification at 430-500 and 520—700 nm, where
the latter indicates the closed MCN form. The higher energy band indicates a
protonated merocyanine form,'® as the region of the open SPO form is
overlapped by Sc2BDCs reflectance bands.
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Figure 2.47. UV-VIS-DR spectra of Sc,BDCs3 (top),
ScoBDCsophen-spiro (middle) and phen-spiro (bottom).
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2.3.3.5.2 Photoswitching of Sc.BDCz>phen-spiro

To investigate the photoswitching capabilities of phen-spiro when covalently
bound to Sc2BDCs, irradiation experiments were carried out in situ during CLSM
and UV-VIS-DRS analysis.

CLSM

Samples of Sc2BDCsDphen-spiro were irradiated in situ on the confocal
microscope with a 633 nm laser (100.0% power) for periods of time ranging from
90-300 sec, and Z-stack images were collected following each irradiation period.
For image collection, samples were excited simultaneously with 405 and 633 nm
lasers (18.0 and 40.0% power respectively) and fluorescence was detected in
the regions 428-508 and 642—-695 nm. Images collected following each timed

irradiation step are shown overleaf in Figure 2.48.

Simultaneous excitation potentially instigates photoconversion in both forward
and reverse directions. This will affect the photostationary equilibrium
established during irradiation with the 633 nm laser, and hence introduces an
additional layer of complexity to the system and associated measurements. Dual
excitation was performed in order to collect measurements of both species
simultaneous, and, for the purpose of these experiments, we were interested in
the proportion of change of each species as opposed to absolute kinetics of

photoconversion between the two states.
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Figure 2.48. CLSM images of Sc.BDCs;Dphen-spiro after varying specified periods of
irradiation with a 633 nm laser. Blue and red shading indicates 428-508 nm and 642—695 nm
fluorescence respectively. Purple shading indicates combined fluorescence.

Figure 2.48 shows reducing blue fluorescence and increasing red fluorescence
with increasing irradiation time. The increase in red MCN fluorescence gives rise
to the observed reddening of the combined fluorescence (Figure 2.48, purple)

from O to 300 seconds of irradiation.
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Dual irradiation with both 405 and 633 nm lasers in this experiment instigates a
shift in the equilibrium of photostationary states, where part of the blue,
closed-form SPO state switches to the red, open-form MCN. The area on the
crystal used to generate fluorescence intensity values is shown below in Figure
2.49. This area covers both core and shell parts of the crystal, and at no point
during the measurement was fluorescence emission saturating the microscope

detector.

100

Figure 2.49. CLSM image of Sc,BDCs;ophen-spiro, with area used (25,893 pixels)
to generate fluorescence intensity values indicated in green.
Purple shading indicates combined 428-508 and 642—695 nm fluorescence.

Figure 2.50 shows a plot of the average fluorescence intensity measured in
ranges of 428-508 and 642—-695 nm within the sampled area with increasing

time of irradiation with a full-power 633 nm laser.
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Figure 2.50. Plot of mean fluorescence intensity with increasing 633 nm irradiation. Blue and
red points indicate fluorescence detected between 428-508 nm and 642—695 nm respectively.
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The above plot confirms the qualitative visual observation of an increase in red
MCN fluorescence and associated decrease in blue SPO fluorescence with
increasing irradiation time. This demonstrates that changes in the ratio of these
species can be detected by this method.

Samples of Sc2BDCszDphen-spiro were irradiated in situ in the UV-VIS-DRS
sample holder using a custom-built 390 nm light source. UV-VIS-DR spectra

were collected before and after irradiation and are shown in Figure 2.51.
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Figure 2.51. Plots of UV-VIS-DR spectra of Sc.BDCszSphen-spiro
(orange) without irradiation and (blue) after 24 hr irradiation (390 nm — red line).

The post-irradiation UV-VIS-DR spectra (Figure 2.51) suggest that the
photoswitch suffered from significant photobleaching during the 24 hr irradiation.
Further work is required to establish the mechanism of photobleaching and

conditions to investigate photoswitchability.
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2.3.3.5.3 PSM of UiO-67 with phen-spiro

Modification of UiO-67 was characterised using CLSM and UV-VIS-DRS. More
conclusions regarding position and extent of modification could be gathered from
CLSM than UV-VIS-DRS. Given the difficulty disentangling the bimodal
excitation employed during photoswitching experiments discussed in
Section 2.2.3.5.2, UiO-67Dophen-spiro  samples were not excited
simultaneously. Samples for CLSM experiments were excited separately with
either 405 or 633 nm lasers (63.2 and 100.0% power respectively) and
fluorescence detected in the regions 428-508 and 642—695 nm. Z-stack images

of UiO-67Dphen-spiro are shown in Figure 2.52.

Figure 2.52. CLSM Z-stack images of phen-spiro-modified UiO-67 at 7.5 um steps (left to
right). Blue and red shading indicates 428-508 nm and 642—695 nm fluorescence respectively.

CLSM images above (Figure 2.52) show that modification of UiO-67 with
phen-spiro occurred throughout the whole crystal, consistent with 7-DCCA
modification. Fluorescence intensity from SPO and MCN forms appeared

comparable across the sample, with no evidence of detector saturation.
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UV-VIS-DRS spectra of UiO-67, UiO-67>ophen-spiro and phen-spiro are
shown in Figure 2.53. The spectrum of UiO-67>phen-spiro (middle) showed
peaks indicative of phen-spiro modification at 320-400 and 520-700 nm,
indicative of the open SPO and closed MCN forms respectively.
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Figure 2.53. UV-VIS-DR spectra of UiO-67 (top),
UiO-67ophen-spiro (middle) and phen-spiro (bottom).
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2.3.3.5.4 Photoswitching of UiO-67>phen-spiro

To investigate the photoswitching capabilities of phen-spiro when covalently
bound to UiO-67, irradiation experiments were carried out as part of CLSM and
UV-VIS-DRS.

CLSM

Samples of UiO-67Dphen-spiro were irradiated in situ on the confocal
microscope, initially using a 405 nm laser (100.0% power), and subsequently
using a 633 nm laser (100.0% power). Z-stack images were collected following
each irradiation period, with separate 405 and 633 nm excitation. Fluorescence
was collected in the ranges 428-508 nm (for 405 nm excitation) and 642—695 nm

(633 nm excitation).

The average fluorescence intensity of each detection range (between 428-508
and 642-695 nm) was extracted from the area illustrated in Figure 2.54. To do
this, Zen Blue 2.3 software is used to plot the intensity histogram of all the pixels
in the chosen region. From this histogram, a mean fluorescence intensity per

pixel is obtained.

Figure 2.54. CLSM image of UiO-67 ophen-spiro, with area used (6,834 pixels)
to generate fluorescence intensity values indicated in green.
Blue shading indicates 428-508 nm fluorescence.
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In the first part of the experiment, after 90 sec irradiation with a 405 nm laser
(100.0% power), blue average fluorescence intensity from the closed SPO form
collected between 428-508 nm (measured with 405 nm excitation) decreased
slightly from 135.0 to 129.6 counts per pixel, consistent with a small degree of
conversion of SPO to MCN form. In comparison, red average fluorescence
intensity from the open MCN form collected between 642—-695 nm (measured
with 633 nm excitation) fell significantly from 176.1 to 77.6. This is surprising, as
we had anticipated that 405 nm irradiation would not induce back conversion of
MCN to SPO form. There are two possible explanations; (i) irradiation at 405 nm
is causing MCN to SPO conversion but the emission at 428-508 is not SPO
emission, or (ii) the sample is experiencing photobleaching due to the high laser
power. The latter possibility is consistent with the photobleaching observed
during UV irradiation of Sc2BDCsDphen-spiro in UV-VIS-DRS experiments.

Photobleaching of UiO-67>phen-spiro is discussed briefly further below.

In the second part of the experiment, irradiation of the material for 90 sec with a
633 nm laser (100.0% power) increased the blue average fluorescence intensity
ascribed to the closed SPO form (collected 428-508 nm and excited at 405 nm)
from 129.6 to 150.7 counts per pixel, where it remained constant following a
further 300 sec of 633 nm irradiation. The red average fluorescence intensity
(collected 642—692 nm and excited at 633 nm) decreased markedly from 176.1
to 14.5 counts per pixel from the beginning to the end of the experiment (390
seconds in total). The overall drop in red fluorescence is consistent with the
anticipated conversion of the MCN form into SPO. The initial rise in blue
fluorescence is also indicative of laser-induced formation of SPO from MCN.
However, the lack of increased blue fluorescence on further irradiation may be
indicating some degree of photobleaching in a similar manner to that potentially

observed on 405 nm irradiation in the first part of this experiment.
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Figure 2.55 shows a wide field of view on another sample of UiO-67>phen-spiro
also subjected to laser photolysis at 633 nm. There is a reduction in overall
fluorescence in both detector channels (428-508 and 642-692 nm) after
extended irradiation, strongly suggesting that again, laser irradiation at full power
is causing photobleaching in these samples. Further work is needed to minimise
photobleaching by measurement using lower laser powers and therefore weaker
irradiation, and clearly more time points are required to understand the

photoconversion process.

8 300 sec

Figure 2.55. CLSM of UiO-67>ophen-spiro after varying spells of irradiation with a 633 nm
laser. Blue and red shading indicates 428-508 nm and 642—-695 nm fluorescence respectively.
Purple shading indicates combined fluorescence.

Data from Sc2BDCsDphen-spiro and UiO-67Dphen-spiro in situ CLSM
irradiation experiments have shown that irradiation with the CLSM systems
excitation lasers can prompt switching between SPO and MCN states.
Unfortunately, the samples can suffer from photobleaching, rendering
guantitative data regarding the amount of each state unreliable. To prevent
photobleaching of phen-spiro in future CLSM experiments, lower laser powers

with longer irradiation times should be used.
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UV-VIS-DRS

Samples of UiO-67Dphen-spiro were irradiated in situ in the UV-VIS-DRS
sample holder using a custom-built 390 nm light source. UV-VIS-DR spectra
were collected before, after 1 hr irradiation and after 24 hr irradiation and are

shown in Figure 2.56.
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Figure 2.56. Plots of UV-VIS-DR spectra of UiO-67 ophen-spiro without
irradiation (orange), after 1 hr (green) and after 24 hr (blue) 390 nm irradiation.

Similarly to Sc2BDCsDphen-spiro, significant photobleaching of phen-spiro
was observed following irradiation, identified by the significant reduction in the
open-form MCN band at ca. 600 nm, with no identifiable increase in F(R) at ca.

360 nm, associated with closed-form SPO.

Photobleaching in both of these experiments with UiO-67>phen-spiro is in
contrast to Sc2BDCsDphen-spiro, in which photobleaching was only observed
during in situ irradiation of the UV-VIV-DRS experiments. Given the duration of
irradiation of both samples was comparable in the CLSM experiments, we
tentatively propose that phen-spiro moiety has become less photostable upon
binding to the Zr-node than when bound to Sc2BDCs.
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2.3.3.5.5 PSM of Sc.BDC3 with m-hydrazone

Sc2BDCs was modified using a solution of m-hydrazone in anhydrous
MeOH (10 mL, 0.03 mM) for 24 hr at 180 °C. Solids were collected by
centrifugation, washed with MeOH (10 x 10 mL) and dried in air. Modification was

confirmed using CLSM and images are shown in Figure 2.57.

CLSM images were excited with a 405 nm laser (10.6%) and fluorescence
detected in the regions 428-508 and 642-695 nm. The Z-isomer of
m-hydrazone fluoresces at 340 nm, and the photoswitched state fluoresces at
370 nm. This unpublished data was provided in communication with our
collaborator, lvan Aprahamian. Due to the relatively narrow window between the
Z-isomer and photoswitched state of m-hydrazone compared to the CLSM
detector settings, it is likely that any fluorescence detected from either state was
being detected in the same detection range (428-508 nm) and hence could not

be separated.

Figure 2.57. CLSM Z-stack images of m-hydrazone-modified Sc.BDC3 at
7.5 um steps. Blue shading indicates 428-508 nm fluorescence.

Similarly to the modification of Sc2BDCs with phen-spiro and 7-DCCA, this
modification was limited to the surface of the crystal and did not occur throughout
the pore, as suggested by Figure 2.57. This is particularly visible in images 4-6,
where the blue fluorescence significantly diminishes in the core of the crystal.
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Figure 2.58. UV-VIS-DR spectra of unmodified Sc.BDCs3 (top),
Sc2BDCszom-hydrazone (middle) and m-hydrazone (bottom).

The reflectance spectra of Sc2BDCs, m-hydrazone and
Sc2BDCsom-hydrazone are shown in Figure 2.58. The framework and
m-hydrazone clearly absorb in the same region of the spectra, making
UV-VIS-DRS unsuitable for confirming the successful modification of the
framework. Given this spectral overlap, photoconversion experiments were not
carried out on this sample, as irradiation in the confocal microscopy equipment

at 405 nm is not selective for the m-hydrazone.
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2.3.3.5.6 PSM of UiO-67 with m-hydrazone

UiO-67 was modified using a solution of m-hydrazone in anhydrous
MeCN (10 mL, 0.03 mM) for 24 hr at 60 °C. Solids were collected by
centrifugation, washed with MeCN (10 x 10 mL) and dried in air. Modification was
confirmed using CLSM and UV-VIS-DRS. CLSM images and UV-VIS-DR spectra

and accompanying discussions are shown in Figures 2.59 and 2.60 respectively.

CLSM images were excited with a 405 nm laser (25.5%) and fluorescence
detected in the regions 428-508 and 642—695 nm. The emission of the sample
in the blue region is approximately 8x greater than the weak emission of
unmodified UiO-67, indicative of the presence of m-hydrazone. The lower laser
power was used for two reasons: avoid photobleaching and m-hydrazone has a
higher quantum yield of emission than the phen-spiro and therefore lower laser
power was needed to avoid saturation of the detector. Due to the narrow window
between the Z-isomer and photoswitched state of m-hydrazone (340 and
370 nm respectively), the large blue fluorescence detection range would have
detected fluorescence from both states cumulatively. Therefore, it would not
have been possible to identify which fluorescence originated from which state.
Similarly to the modification of UiO-67 with phen-spiro and 7-DCCA, this
modification occurred throughout the crystal, as suggested by the Z-stack
images in Figure 2.59.

Figure 2.59. CLSM Z-stack images of m-hydrazone-modified UiO-67 at 2.5 pm steps.
Blue shading indicates 428-508 nm fluorescence.

The UV-VIS-DR spectra of UiO-67Dom-hydrazone (Figure 2.60; overleaf) does
not show evidence of modification with m-hydrazone, but this method analyses
the bulk material, compared to the single crystal analysis available from CLSM.
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Figure 2.60. UV-VIS-DR spectra of unmodified UiO-67 (top),
UiO-67om-hydrazone (middle) and m-hydrazone (bottom).

2.3.3.5.7 Summary of solid-state MOF-bound behaviour of

photoswitches

In situ irradiation during CLSM and UV-VIS-DRS experiments for both
Sc2BDCsDphen-spiro and UiO-67 ophen-spiro resulted in changes in the ratio
of SPO and MCN states of phen-spiro, as discussed through Sections 2.3.3.5.2
and 2.3.3.5.4.
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The spectral overlap of the framework and m-hydrazone absorption
(Sc2BDCso>m-hydrazone) and the low observed uptake of m-hydrazone

(UiO-67om-hydrazone) meant that irradiation experiments of this MOF-bound

photoswitch have not yet been undertaken.

2.3.3.6 Comparison of uptake capabilities of modified MOFs

To assess whether modification of frameworks with 7-DCCA and phen-spiro
affected their uptake capabilities, volumetric N2 adsorption was recorded on
unmodified and modified materials at 77 K. Solvent was removed from samples
prior to the experiments by heating to 423 K under high vacuum. Pore size
distribution and cumulative pore volume were calculated within Micromeritics
3flex software using a two-dimensional non-linear density functional theory
(NLDFT) model (N2 on carbon at 77 K, with a finite slit pore geometry and a
diameter-to-width aspect ratio of 4).52

NOTT-100 vs NOTT-100o57-DCCA

N2 isotherms for NOTT-100 and NOTT-10057-DCCA are shown in Figure 2.61.
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Figure 2.61. Volumetric N2 isotherms of
NOTT-100 (green) and NOTT-10057-DCCA (orange) at 77 K.
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The N2z isotherms in Figure 2.61 suggest that the uptake properties of NOTT-100
did not greatly differ following modification with 7-DCCA, where a small
percentage decrease of only 0.46 mmol g* (2.1% of the uptake of unmodified
NOTT-100) of N2 at 1 bar was observed in the modified materials. Interestingly,
the isotherm of the NOTT-10057-DCCA presents a step at low pressure that is

yet to be explained, and is not observed in the unmodified framework.

ScoBDCs vs ScoBDCsophen-spiro

N2 isotherms for Sc2BDC3 and Sc2BDCs>phen-spiro are shown in Figure 2.62.
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Figure 2.62. Volumetric N isotherms of
(left) Sc.BDC3 and (right) Sc.BDCsophen-spiro at 77 K.

N2 isotherms in Figure 2.62 indicate that modification of Sc2BDCs with
phen-spiro reduces the uptake of N2 into the modified material by 1.2 mmol g*
(10.9% of the total uptake of unmodified Sc2BDC3).
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Figure 2.63. Pore size distribution (left) and cumulative pore volume (right)
of Sc,BDCs and Sc.BDCs>ophen-spiro, as indicated.

NLDFT model calculations (Figure 2.63) suggest that the pore size distribution
remains the same following modification. The pore size distribution appears
much the same, but the cumulative pore volume is reduced by
0.088 cm?® g! (41.7%).
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UiO-67 vs. UiO-67D27-DCCA and UiO-67Dphen-spiro

N2 isotherms for UiO-67, UiO-67257-DCCA and UiO-67>phen-spiro are shown
in Figure 2.64.
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Figure 2.64. Volumetric N isotherms of (top) UiO-67,
(middle) UiO-6757-DCCA and (bottom) UiO-675phen-spiro at 77 K.

The modification of UiO-67 with both 7-DCCA and phen-spiro led to significant
reduction of N2 uptake at 1 bar by 33.5 (71.9%) and 37.0 mmol g (79.5%)
respectively, as indicated by Figure 2.64.
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Figure 2.65. Pore size distribution (left) and cumulative pore volume (right)
of UiO-67, UiO-6757-DCCA and UiO-67phen-spiro, as indicated.

NLDFT model calculations (Figure 2.65) suggest that there are also significant
changes in both pore size distribution and cumulative pore volume following
modification. UiO-67 used throughout this project was synthesised according to
the procedure reported by Forgan and co-workers, and included amino acid
modulators (L-proline) to increase particle size.3! They reported 10 A pores,
however Figure 2.65 indicates pore sizes of 23, 11 and 5 A, which more closely
match the original report by Hupp and Farha and co-workers of 23 and 11.5 A
pores.*® Modification of the framework with 7-DCCA and phen-spiro reduces
pore size to the 23 A pore size to 13-18 A for both materials, and an additional
decrease of the 11 A pore to 7 A for the phen-spiro functionalised materials.

Cumulative pore volume has also been significantly reduced in both cases.
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Comparison of dye-modified MOFs

Table 2.7 shows that modification of NOTT-100, Sc2BDC3 and UiO-67 with either
7-DCCA or phen-spiro reduced the BET surface area. This decrease was most
significant in UiO-67, which could be attributed to modification occurring
throughout the pore structure, as opposed to being confined primarily to the

surface as in Sc2BDCs.

Table 2.7. N, BET isotherm data collected at 77 K.

- BET Surface
MOF Modifier % decrease
Area (m?g?)

- 1238 + 2

NOTT-100
7-DCCA 1224 + 2 1.1%
- 460 + 2

Sc,BDCs .
Phen-spiro 292+0 36.5%
- 2646 + 1

UiO-67 7-DCCA 61+6 97.7%
Phen-spiro 1970 92.6%
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2.4 Conclusions and Outlook

Throughout this chapter, we have successfully tracked fluorescent guest species
in MOF materials, quantifying and studying post-synthetic modification with these

guests using spectro- and microscopic techniques.

This process first involved the manipulation of MOF crystal sizes through
synthetic approach, where cubic single crystals of NOTT-100 were grown up to
200 pm in size. This was achieved through substitution of the modulator from the
initial synthesis (conc. HCI) with conc. HNOs, alteration of the molar ratio of linker
and metal salt and concentration of the reaction solution, and reduction of
reaction temperature and increase of the reaction length. SEM analysis of this
modified material revealed a qualitative correlation between fragmentation of
crystals upon exposure to the vacuum of the SEM chamber and the
Gutmann-Beckett solvent acceptor number and solvent molar volume. This
phenomenon is currently undergoing quantitative assessment by other members
of the research group, where the effect of common laboratory solvents on the
SEM images of several well-studied MOFs is being investigated. A publication is
in preparation.

Manipulation of Sc2BDC3 crystal sizes was also achieved. Synthesis according
to the procedure published by Miller et al. yielded polydisperse crystals of
between 50-200 um.3° A doping method, first reported by Lan et al., involved
heating a small amount of metal salt (in this case, Sc(NO3)2) with the framework
linker prior to solvothermal synthesis. This method produced hexagonal rods of

400 x 200 um with significantly reduced range of particle sizes.

The aforementioned size optimised NOTT-100 and Sc2BDCs, as well as
MIL-68(In) and UiO-67, were post-synthetically modified with carboxylic
acid-functionalised dye molecules; 7-DCCA, phen-spiro and m-hydrazone.
Reaction conditions for SALE were optimised using results from timed reactions,

where materials were modified with coumarin-based 7-DCCA..
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SALE reaction solutions and framework washings were analysed using UV-VIS
spectroscopy and modified framework materials were analysed using both
UV-VIS-DRS and CLSM. From these experiments, 24 hr was deemed sufficient
for linker exchange to take place in NOTT-100, Sc2BDCs and UiO-67. Data
analysed from MIL-68(In)>7-DCCA modification experiments were inconclusive,
and further modification of MIL-68(In) was not carried out. Successful
modification of Sc2BDCs and UiO-67 with phen-spiro and m-hydrazone was
confirmed using CLSM and UV-VIS-DRS.

Following the modification of Sc2BDC3 and UiO-67 with photoswitch phen-spiro,
in situ irradiation experiments were carried out as part of CLSM and UV-VIS-DRS
experiments to instigate photoisomerism of the spirooxazine moiety. Between
90-300 seconds of irradiation of the samples with a 633 nm laser, as part of
CLSM experiments, resulted in switching from the closed SPO form to the open
MCN form. It is worth noting that both 405 and 633 nm lasers were employed for
excitation during the collection of CLSM images of phen-spiro modified
frameworks, and therefore the photostationary equilibrium established during in

situ irradiation experiments may have been further disturbed.

Irradiation of both samples with 390 nm UV LEDs for 24 hours, as part of
UV-VIS-DRS experiments, resulted in a switch of SPO and MCN forms in
Sc2BDCs. Unfortunately, both samples suffered photobleaching as a result of
extended irradiation, but a shift in the amount of states present is clear in all
experiments. The photostability of phen-spiro is highly complicated, and binding
of the moiety to different metal centres further convolutes the system. In order to
understand the photophysics of the system, further experiments, including
extensive luminescence studies, solvent- and temperature-variable UV-VIS and

additional irradiation experiments are required.

The N2 uptake of materials following modification with 7-DCCA and phen-spiro
was investigated via BET isotherm measurements. The modification of materials
with both moieties resulted in reduced N2 uptake in NOTT-100, Sc2BDC3s and
UiO-67.
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The most significant adsorption change was observed in UiO-67, where
modification with 7-DCCA resulted in a reduction of 97.7%. Uptake was hindered
to a greater extent in UiO-67 than Sc2BDC3 and NOTT-100 due to modification
occurring throughout the whole crystal, whereas modification in Sc2BDCs was

confined to the crystal surface.

CLSM images were inconclusive as to the position of modification in NOTT-100,
but the small reduction in N2 uptake suggest that modification only took place on
the crystal surface. Subsequent isotherm experiments should examine the
capabilities of phen-spiro to selectively block access to the framework pores,
either by in situ irradiation of materials during the measurement or ensuring

conversion to either the SPO or MCN form prior to measurement.
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2.5 Experimental

Compounds 6-11 and 16 were synthesised with the assistance of MChem project
student Louisa Davis. Compound 12 was synthesised with the assistance of
MChem project student Christopher Ashling. All 7-DCCA modified materials
were synthesised with the assistance of BSc project student James Bywater.

251 General methods

All starting materials were obtained from commercial sources and used without
further purification. Specialist methods (CLSM, SEM, in situ UV-VIS-DRS) are
detailed further in Section 1.6 on pp.12-14.

'H and 3C NMR were recorded on Bruker DPX spectrometers operating at 300,
400 or 500 MHz. Spectrometer frequencies are indicated with each spectral

assignment.

LC-MS was performed on a Thermo Ultimate 3000 with a Cis column. The
column is held at 40 °C and the gradient is from 95% Ato 5% B over 20
min. Mobile phases are A: H20 (0.1% formic acid) and B: MeCN (0.1% formic
acid). Mass spectrometry analysis was performed by in-house staff at Cardiff
University using Bruker Amazon SL ion trap and Waters SYNAPT-Si G2

spectrometers.

Powder X-ray diffraction patterns were collected between 4° and 40° 26 using an
X'Pert Pro PAN Analytical powder diffractometer employing a Cu-Ka radiation
source operating at 40 keV and 40 mA.

UV-VIS spectra were collected using a modular Ocean Optics
Flame-S-UV-VIS-ES spectrometer and DH-mini deuterium-tungsten light source

connected via fibre optic cables.
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2.5.2 Phen-spiro synthetic route

1-(2-Carboxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (1)

s
5

COOH

3-lodopropionic acid (4.3 g, 21.7 mmol) and 2,3,3-trimethylindolenine (3.4 mL,
21.2 mmol) were dissolved in water (10 mL) and heated to 100 °C for 16 hr under
N2. The solution was cooled to ambient temperature (25 °C), water added
(50 mL), and washed with CHCIsz (6 x 50 mL). Solvent was removed from the
aqueous layer in vacuo. The reddish solid was dissolved into acetone via Soxhlet
extraction for 16 hr. Product 1 precipitated on addition of Et2O and the pale cream
solid filtered under vacuum and washed with Et20. Yield 5.1 g (66.9%). *H NMR
(D20, 400 MHz) 6(ppm) 7.7 (d, 1H, J =9 Hz), 7.6 (d, 1H, J =9 Hz), 7.5 (dd, 1H,
J=23,6Hz), 46 (t, 2H, J = 7 Hz), 3.0 (t, 2H, J = 7 Hz), 1.4 (s, 6H).
MS (ES) m/z 232.13 [M-I]*.

3-(3,3-Dimethyl-2-methyleneindolin-1-yl)propanoic acid (2)

COOH

Compound 1 (10.8 g, 30.1 mmol) in water (50 mL) was added to KOH (8.0 g,
142.9 mmol) in water (150 mL) and stirred at room temperature for 5 days. The
reaction mixture was neutralised with HCI (6 M and 1 M) and extracted into
1:1 'PrOH:DCM (ca. 1.5 L), dried (MgSO4) and solvent removed in vacuo.
Product 2 was collected as purple oil. Yield 4.5 g (64.8%). *H NMR (D20, 400
MHz) &(ppm) 1.1 (d, 1H, J = 6 Hz), 1.5 (s, 6H), 2.8 (t, 2H, J = 7 Hz), 4.6 (t, 2H,
J=7Hz), 7.6 (m, 2H), 7.7 (m, 1H), 7.8 (m, 1H). MS (El) m/z 232.12 [M+H]".
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1,10-Phenanthroline-5,6-dione (3)*3

o 0
R 7 N\
N\ N\ =

1,10-Phenanthroline (20.0 g, 95.2 mmol) was dissolved in conc. H2SO4 (160 mL)
at 0 °C. KBr(40.3 g, 338.7 mmol) was added in ca. 5 g portions.
Conc. HNOs (80 mL) was added in ca. 10 mL aliquots, liberating Brz, and the
solution heated at 100 °C for 40 hr. The reaction was cooled to ambient
temperature, poured into ice and neutralised using NaOH (10 M and 1 M) and
saturated NaHCOs solution, forming yellow solid. The yellow solid was collected
under vacuum and dissolved into EtOH via Soxhlet extraction for 16 hr. The
solution was cooled to 0 °C and product 3 was collected under vacuum as yellow
needle-like crystals. Yield 9.4 g (43.9%). H NMR (CDCIz, 400 MHz) &(ppm)
9.1(dd, 1H, J=5, 2 Hz,), 8.5 (dd, 1H, J =8, 2 Hz), 7.6 (dd, 1H, J = 8, 5 Hz).
MS (El) m/z 210.04 [M+H]*.

6-Nitroso-1,10-phenanthrolin-5-ol (4)>*

ON.  OH
o 7\
N\ \=

NH20H.HCI (0.7 g, 9.5 mmol) in water (5 mL) was added dropwise to
compound 3 (2.0 g, 8.8 mmol) in EtOH (40 mL) and heated to 80 °C for 16 hr.
The reaction mixture was then cooled, filtered under vacuum and washed with
cold EtOH to give 4 as yellow-green powder. Yield 1.9 g (91.7%). 'H NMR
(CDClIs, 400 MHz) 6(ppm) 9.2 (dd, 1H, J =5, 2 Hz), 9.0 (dd, 1H, J =5, 2 Hz), 8.7
(ddd, 2H, J = 16, 8, 2 Hz), 7.6 (dd, 1H, J = 8, 5 Hz), 7.5 (dd, 1H, J = 8, 5 Hz).
MS (ES) m/z 226.04 [M+H]*.
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3-(3,3-Dimethylspiro[indoline-2,2'-[1,4]oxazino[2,3-
f][1,10]phenanthrolin]-1-yl) propanoic acid (5)

COOH
Compound 1 (250.9 mg, 0.7 mmol) and compound 4 (159.4 mg, 0.7 mmol) were
dissolved in EtOH (15 mL) to give an orange solution. NEts (0.1 mL, 0.7 mmol)
was added and the reaction heated at 80 °C for 6 hr, forming a dark blue solution
after 20 minutes. The reaction mixture was filtered whilst hot and washed with
cold water and EtOH, giving compound 5 as pale yellow solid. Yield 82.5 mg
(27.4%). 'H NMR (400 MHz, MeOD) &(ppm) 9.0 (s, 2H), 8.9 (s, 1H), 8.4 (d, 1H,
J=8Hz),8.0 (s, 1H), 7.8-7.7 (m, 1H), 7.8-7.6 (m, 1H), 7.2 (t, 1H, J = 7 Hz, 1H),
7.1(d,1H,J=7Hz),6.8(d, 1H,J =7 Hz), 6.7 (d, 1H, J = 7 Hz), 3.6-3.5 (m, 2H),
2.7-2.4 (m, 2H), 1.3 (s, 3H). MS (ESI) m/z 439.18 [M+H]*.
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2.5.3 MOF linker synthesis

5-Bromoisophthalic acid (6)

COOH
Br

COOH

5-Bromo-m-xylene (7.4 mL, 54.5 mmol) and NaOH (7.7 g, 192.5 mmol) were
dissolved in '‘BuOH (65 mL) and water (200 mL) and heated to 50°C.
KMnO4 (35.2 g, 222.7 mmol) was added in ca. 5 g portions, as the solution turned
from purple to brown. The reaction mixture was then heated to 70 °C and
additional KMnO4 (17.6 g, 111.4 mmol) was added in ca. 5 g portions. The
reaction mixture was heated for 16 hr at 70 °C. When a consistent purple colour
was seen, 'PrOH (32 mL) was added and the reaction mixture heated at 80 °C
for 2 hr. The reaction mixture was filtered whilst hot and washed with boiling
water. The filtrate was reduced in vacuo until precipitate was seen and the
mixture acidified to pH 1 with HCI (12 M) to produce a white precipitate, which
was then filtered under vacuum and washed with water. The sticky white solid
was dissolved into Et20 and dried (MgSOa4) and solvent removed in vacuo to give
product 6 as white solid. Yield 10.8 g (82%). 'H NMR (DMSO-des, 400 MHZz)
o(ppm) 84 (t, 1H, J = 2 Hz), 82 (d, 2H, J = 2 H2z).
MS (ASAP) m/z 327.0060 [M+2MeCN+H]"*.
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5-Bromoisophthalyl ethanoate (7)

COOEt
Br

COOEt

Compound 6 (3.2 g, 130.6 mmol) was dissolved in EtOH (100 mL) before the
addition of conc. H2SO4 (2 mL, 18 M). The reaction was then heated at 80 °C for
12 hr and solvent evaporated in vacuo until precipitation was observed. Water
was added to form a white suspension, which was extracted into Et2O. The
organic layer was dried (MgSOa4) and solvent removed in vacuo to yield a
colourless oil, which solidified upon standing to form product 7 as a white solid.
Yield 2.3 g (63%) H NMR (DMSO-ds, 400 MHz) 5(ppm) 8.4 (t, 1H, J = 2 Hz), 8.3
(d,2H,J=1Hz),4.4(q,4H,J =7 Hz), 1.3 (t, 6H, J =7 Hz). MS (El) m/z 338.18
[M+K]*.

5-Boronoisophthalic acid (8)

COOH
(HO),B

COOH

3,5-Dimethylphenylboronic acid (10.0 g, 666.8 mmol) and NaOH (9.2 g,
230.0 mmol) were stirred in BBuOH (70 mL) and water (220 mL) and heated to
50 °C. KMnOa4 (60.0 g, 379.7 mmol) was added in four portions over 2 days, as
the purple colour subsided. The reaction mixture was heated to 70 °C for 16 hr.
When a consistent purple colour was seen, 'PrOH (35 mL) was added and the
mixture heated for 2 hr at 80 °C. The reaction mixture was filtered whilst hot and
washed with boiling water. The filtrate was reduced in vacuo until precipitate was
seen and the solution acidified to pH 1 with HCI (12 M), yielding a white
precipitate which was filtered under vacuum and washed with water to give
product 8 as white solid. Yield 4.2 g (30%) *H NMR (DMSO-ds, 400 MHZz) &(ppm)
8.6 (d, 2H, J =2 Hz), 8.5 (t, 1H, J = 2 Hz). MS (ESI) m/z 209.01 [M-H]-.
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(3,5-Bis(ethoxycarbonyl)phenyl)boronic acid (9)
COOEt
(HO),B

COOEt

Compound 8 (12.66 g, 0.0604 mol) was dissolved in EtOH (450 mL) and
conc. H2S04 (9 mL). The reaction was heated for 2 days at 80 °C, then solvent
evaporated in vacuo until precipitation occurred. Water was added to yield a
white precipitate which was then filtered under vacuum and washed with water
until the filtrate reached pH 7 to give 9 as white solid. Yield 10.6 g (66%).
!H NMR (DMSO-ds, 400 MHZz) 5(ppm) 8.6 (d, 2H, J =2 Hz), 8.5 (t, 1H, J = 2 Hz),
4.4 (q,4H,J=10Hz), 1.3 (t, 6H, J =9 Hz). MS (ES) m/z 267.10 [M+H]".

Tetraethyl(biphenyl)-3,3',5,5'-tetracarboxylate (10)

EtO0C COOEt
EtOOC COOEt

Compound 7 (1.7 g, 5.6 mmol), compound 9 (1.7 g, 6.4 mmol) and K2COs3 (2.7 g,
19.2 mmol) were dissolved in toluene (250 mL) and water (60 mL) and degassed
with nitrogen for 15 min at 60 °C. P(‘Bu)s (1 M solution in toluene, 1.9 mL,
1.9 mmol) was added followed by Pd2(dba)s (0.6 g, 10 mol%). The reaction was
then heated at 80 °C for 16 hr. The biphasic mixture was filtered and the resulting
solid washed with DCM. The filtrate was added to water and extracted with DCM
(5x 25 mL). The organic phase was dried (MgSOa4) and solvent removed in vacuo
to yield an orange oil, which was recrystallised from DCM and MeOH to produce
compound 10 as a white powder. Yield 1.3 g (52%). 'H NMR (DMSO-ds,
300 MHz) 6(ppm) 8.5 (t, 2H,J =2 Hz), 8.4 (d, 4H,J=2Hz),4.4 (q, 8H, J =7 Hz),
1.4 (t, 12H, J = 7 Hz). MS (ASAP) m/z 460.3315 [M+NHa]*.

1,1'-Biphenyl-3,3',5,5'-tetracarboxylic acid [Esterification
method] (11)
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HOOC COGH
HOOC COOH

Compound 10 (1.1 g, 2.4 mmol) was heated in NaOH (2 M, 100 mL),
THF (100 mL) and EtOH (100 mL) at 80 °C for 16 hr. THF and EtOH were
removed in vacuo. The resulting aqueous solution was acidified to pH 6 with
HCI (2 M and 1 M) to yield a pale brown precipitate which was washed with
acetone and dried to give compound 11 as a cream powder. Yield 0.7 g (82.7%).
'H NMR (DMSO-ds, 400 MHz) O&(ppm) 85 (s, 2H), 8.4 (s, 4H).
MS (ES) m/z 329.02 [M-H]-.

1,1'-Biphenyl-3,3',5,5'-tetracarboxylic acid [Direct coupling
method] (12)

3,5-Dimethylphenylboronic acid (10.0 g, 66.7 mmol), 5-bromo-m-xylene (12.4 g,
66.9 mmol) and Cs2CO3 (23.4 g, 66.8 mmol) were dissolved in EtOH (200 mL)
with sonication and degassed for 2 hr. The mixture was heated to 80 °C and
Pd(PPh3)s (0.77 g, 1 mol%) was added in small portions over 48 hr. Reaction
solvent was removed in vacuo and the solid dissolved in chloroform (100 mL),
washed with water (3 x 150 mL), dried (MgSOa4) and solvent removed in vacuo.
Product was purified by column chromatography (hexane) to produce 12 as white
crystals. Yield 3.5 g (64.1%). *H NMR (CDClz, 400 MHz) &(ppm) 7.2 (s, 4H),
7.0 (s, 2H) and 2.4 (s, 12H). MS (ES) m/z 211.89 [M+H]".

1,1'-Biphenyl-3,3',5,5'-tetracarboxylic acid [Direct oxidation
method] (13)

116



Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

HOOC COOH
HOOC COOH

Compound 11 (186.6 mg, 0.9 mmol) and NaOH (1.4 g, 35.0 mmol) were stirred
in 'BuOH (30 mL) and water (90 mL) and heated to 50 °C. KMnO4 (1.7 g,
10.8 mmol) was added and the reaction mixture heated to 70 °C for 4 days.
iPrOH (40 mL) was added and the mixture heated for 2 hr at 90 °C. The reaction
mixture was filtered whilst hot and washed with boiling water. The filtrate was
reduced in vacuo until precipitate was seen and the solution acidified to pH 1
with HCI (12 M), yielding a white precipitate which was filtered under vacuum and
washed with water to give product 13 as white solid. Yield 262.7 mg (89.7%).
I1H NMR (DMSO-ds, 400 MHz) &(ppm) 13.5 (s, 4H), 8.5 (s, 2H), 8.4 (s, 4H).
MS (ASAP) m/z 329.03 [M-H].

117



Chapter 2 - Tracking fluorescent guests in metal-organic frameworks

254 MOF synthesis

All materials were dried in air and characterised by PXRD, using an X’Pert PRO
PANalytical diffractometer.

MIL-68(In),** In(OH)(O2C-CsH4-CO»)

In(NO3)3 (408.5 mg, 1.4 mmol), terephthalic acid (200.1 mg, 1.2 mmol) and DMF
(5 mL) were heated for 48 hr at 100 °C in a Teflon-lined Parr autoclave. Solids
were collected via centrifugation, washed with DMF (3 x 5 mL) and dried in air to
yield MIL-68(In) as white crystalline powder. Yield 125.0 mg.

NOTT-100 bulk powder,*
[Cu2((02C)2—C12He—(CO2)2)(H20)2(DMF)3(H20)]

Cu(NOs3)2.3H20 (5.1 g, 21.0 mmol) and compound 11 (1.7 g, 5.0 mmol) were
heated without stirring in 2:1 mixture of DMF and water (350 mL) and conc. HCI
(1 mL) at 85 °C for 24 hr. The solution was filtered whilst hot and washed with
warm DMF (15 mL) and Et20 (10 mL) to afford NOTT-100 as a turquoise powder.
The material was solvent exchanged with DMF and MeOH. Yield 2.6 g.

NOTT-100 single crystal,
[Cu2((O2C)2—C12Hs—(CO2)2) (H20)2(DMF)3(H20)]

Cu(NOs3)2.3H20 (20.3 mg, 0.08 mmol) and compound 11 (13.9 mg, 0.04 mmol)
were heated in a Wheaton vial with water (1 mL), DMF (2 mL) and conc. HNO3
(90 L) in an aluminium block at 55 °C for 5 days. Solids were collected via
centrifugation, washed with DMF (3 x 5 mL) and hexane (3 x 5 mL) and dried in

air. NOTT-100 was collected as turquoise cubic crystals. Yield 18.6 mg.
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Sc2BDC3,* [Sc2(02C—-CsHa—COy)3]

Terephthalic acid (166.2 mg, 1.0 mmol) and Sc(NO3)z (340.6 mg, 1.2 mmol) were
combined in water (5 mL) and heated in a Teflon-lined Parr autoclave at 220 °C
for 3 days. Solids were collected via centrifugation, washed with DMF (3 x 5 mL)
and DCM (3 x 5 mL) and dried in air to yield Sc2BDCs as yellow crystals.
Yield 212.9 mg.

Optimised Sc2BDCs3, [Sc2(0O2C—-CeHs—CO2)s]

Terephthalic acid (1.37 g, 8.2 mmol) and Sc(NOs)s (0.22 g, 1.0 mmol) in
water (2.5 mL), and Sc(NOs)s (1.21 g, 5.2 mmol) in water (2.5 mL) were heated
whilst stirring at 70 °C for 2 hr in two separate Wheaton vials. The metal salt
solution was added to the linker slurry in a 23 mL Teflon-lined Parr autoclave and
heated at 220 °C for 48 hr. The solids were collected via centrifugation, washed
with DMF (3 x 5 mL) and THF (3 x 5 mL) and dried in air to yield Sc2BDCs as
yellow hexagonal rods. Yield 619.7 mg.

UiO-67,3! [Zr604(OH)4(02C—C12Hs—CO2)6]n

Biphenyl-4,4’-dicarboxylic acid (126.0 mg, 0.5 mmol) in DMF (5 mL) and ZrCls
(111.8 mg, 0.5 mmol) and L-proline (259.4 mg, 2.3 mmol) in DMF (5 mL) and
conc. HCI (40 pL) were sonicated for ten minutes. The linker slurry and metal salt
solution were transferred to a Teflon-lined Parr autoclave and heated at 100 °C
for 48 hr. The solids were collected via centrifugation, washed with DMF
(3x5mL) and DCM (3 x 5 mL) and dried in air to yield UiO-67 as white solid.
Yield 117.7 mg.
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255 Post-synthetic modification of MOFs

MIL-68(In)>7-DCCA

MIL-68(In) (24.9 mg) was suspended in a solution of 7-DCCA in
MeOH (4 mL, 0.05 mM) and heated in an Ace pressure tube at 110 °C for 5 days.
The resulting yellow crystals were collected via centrifugation and washed with
anhydrous MeOH (10 x 5 mL) to yield MIL-68(In)>7-DCCA as pale yellow

crystalline powder.

NOTT-10057-DCCA

NOTT-100 (25.1 mg) was suspended in a solution of 7-DCCA in
MeOH (4 mL, 0.05 mM) and heated in an Ace pressure tube at 130 °C for 4 days.
The resulting turquoise crystals were collected via centrifugation and washed
with anhydrous MeOH (10 x 5 mL) to yield NOTT-100o57-DCCA as turquoise

crystals.

Sc2BDC3o57-DCCA

Sc2BDCs  (25.1 mg) was suspended in a solution of 7-DCCA in
MeOH (4 mL, 0.05 mM) and heated in a Teflon-lined Parr autoclave at 180 °C
for 3 days. The yellow crystals were collected via centrifugation and washed with
anhydrous MeOH (10 x 5 mL) to yield Sc2BDC327-DCCA as yellow crystals.

UiO-6757-DCCA

Ui0-67 (25.2 mg) was suspended in a solution of 7-DCCA in
MeCN (4 mL, 0.05 mM) and heated in an Ace pressure tube at 60 °C for 24 hr.
The resulting yellow crystals were collected via centrifugation and washed with
anhydrous MeOH (10 x 5 mL) to yield UiO-67>7-DCCA as yellow crystals.
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NOTT-100>phen-spiro

NOTT-100 (100.6 mg) was suspended in a solution of compound 5 in
MeOH (10 mL, 5 mM) and heated in an Ace pressure tube at 130 °C for 24 hr.
The crystals were collected via centrifugation and washed with anhydrous

MeOH (10 x 10 mL) to yield NOTT-100ophen-spiro as turquoise crystals.

Sc2BDCzophen-spiro

Sc2BDCs (102.4 mg) was suspended in a solution of compound 5 in
MeOH (10 mL, 5 mM) and heated in a Teflon-lined Parr autoclave at 180 °C for
24 hr. The turquoise crystals were collected via centrifugation and washed with
anhydrous MeOH (10 x 10 mL) to yield Sc2BDCs>phen-spiro.

UiO-67>phen-spiro

UiO-67 (99.4 mg) was suspended in a solution of compound 5 in
MeCN (10 mL, 5 mM) and heated in an Ace pressure tube at 60 °C for 24 hr. The
crystals were collected via centrifugation and washed with anhydrous
MeOH (10 x 10 mL) to yield UiO-67>phen-spiro as dark blue crystals.

ScoBDCzo>m-hydrazone

Sc2BDCs (100.9 mg) was suspended in a solution of m-hydrazone in
MeOH (10 mL, 0.05 mM) and heated in a Teflon-lined Parr autoclave at 180 °C
for 24 hr. The yellow crystals were collected via centrifugation and washed with
anhydrous MeOH (10 x 5 mL) to yield Sc2BDCs>m-hydrazone.

UiO-67>m-hydrazone

UiO-67 (102.6 mg) was suspended in a solution of m-hydrazone in
MeCN (10 mL, 0.05 mM) and heated in an Ace pressure tube at 60 °C for 24 hr.
The crystals were collected via centrifugation and washed with anhydrous

MeOH (10 x 5 mL) to yield UiO-67>m-hydrazone as cream crystals.
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2.5.6 Irradiation experiments

UV-VIS-DRS irradiation of Sc.BDCs>phen-spiro and
UiO-67ophen-spiro

Sc2BDCsophen-spiro and UiO-67Dphen-spiro were lightly packed into a
custom-built aluminium sample holder and irradiated with seven 40 mW 390 nm
UV LEDs housed in an aluminium holder for 24 hr. UV-VIS-DR spectra were
collected before and after irradiation.

CLSM irradiation of Sc2BDCs>phen-spiro and
UiO-67ophen-spiro

Sc2BDCsophen-spiro and UiO-67Dphen-spiro were loaded from hexane
slurries to glass microscope slides, before being topped with glass cover slips of
0.13-0.16 mm thickness and sealed with colourless fingernail adhesive.
Samples were irradiated with a 630 nm laser line (100.0% power) for between

30-900 seconds. CLSM images were collected before and after irradiation.
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3 Tracking non-fluorescent therapeutic agents

from metal-organic frameworks

3.1 MOFs as Drug Delivery Systems

Since the first example of pharmaceutical adsorption into MOFs in 2006, interest
in MOFs as potential drug delivery systems (DDSs) has grown. Their versatile
and adaptable nature can lead to a variety of potential drug delivery mechanisms.
The two main approaches to drug delivery from MOFs are illustrated in
Figure 3.1, which are via post-synthetic encapsulation as guest molecules
(encapsulation  strategy) or by direct integration into framework
building blocks (direct assembly strategy).

el 5
Melllell W W W

-

Encapsulation strategy Direct assembly strategy

-

Cargo molecules :
- -

Figure 3.1. Two main cargo-loading strategies for MOFs, as indicated.
Adapted from reference 2.

The first example of MOFs being used as hosts for therapeutic agents came from
Horcajada et al. in 2006, where ibuprofen was encapsulated within MIL-100(Cr)
and MIL-101(Cr) at 35 wt% and an impressive 140 wt% respectively. The
difference in uptake was attributable to increased accessibility to larger pores in
MIL-101(Cr). In vitro diffusion experiments into simulated body fluid (SBF) at
37 °C afforded complete ibuprofen loss after 3 and 6 days for MIL-100(Cr) and
MIL-101(Cr) respectively. The increased retention time in MIL-101(Cr) was
attributed to the larger number of aromatic rings present than in MIL-100(Cr),
increasing the number of electrostatic interactions between ibuprofen and the

host, and hence a longer retention time.
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An early example of the direct assembly approach to MOF-therapeutic
composites is from Lin and co-workers,® illustrated in Figure 3.2, who
synthesised a framework consisting of a dicarboxylate bridging linker containing
the anti-cancer drug c,c,t-(diamminedichlorodisuccinato)Pt(lV) (DSCP,
abbreviated for disuccinatocisplatin) and Th3* ions. The resulting amorphous
nanoparticles were post-synthetically coated with a silica shell to increase
stability and functionalised with c(RGDfK), a cyclic peptide sequence which
demonstrates high binding affinity for an integrin upregulated in many angiogenic
cancers. Uptake of the nanoparticles into cells was via receptor-mediated
endocytosis upon surface modification with c(RGDfK), and subsequent reduction
of the DSCP-functionalised linker led to the formation of the biologically active
Pt(Il) species. The thickness of the silica shell can be controlled by the length of
reaction time and amount of tetraethyl orthosilicate (TEOS) starting material,
affording a pharmaceutical-enriched nanoMOF with tuneable degradability.

® '. Poor a) PVP y
/ Solvent b) TEOS
[ BN .

e 4o

NCP-1

' _ (o]
OJI\/\H/OH o= Tb3+
o HSN”"FI’t"“Cl o)
F = ¢(RGDfK)

HsN"" 1 ~Cl
107~

)

Pt(IV)-enriched

Figure 3.2. Schematic of cisplatin-enriched nanoMOFs synthesis.
Taken from reference 3.

A persistent challenge in the design of DDSs is ensuring appropriate release and
dosing of therapeutic to the patient, which can be tackled by triggered release
DDSs. Drug release can be triggered by either intrinsic (e.g. biological pH, redox
state, biomolecule availability) or extrinsic (e.g. irradiation or changes in

magnetic field) stimuli, both with their own advantages and disadvantages.*
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Internal stimuli exploit inherent physiological differences within damaged tissues,
such as the reduced pH in tumour cells, while extrinsic stimuli can allow more

control over the drug release.®

An example of intrinsically stimulated drug release was reported by Rosi and
co-workers in 2009.° The synthesis of novel material bio-MOF-1
([Zns(ad)4(BPDC)s0*2Me2NH2,8DMF,11H20], where ad = adeninate and
BPDC = biphenyldicarboxylate), was followed by post-synthetic exchange of the
Me2NH2* cations with the cationic drug procainamide HCI, a common
antiarrhythmic, to form [Zns(ad)4(BPDC)eO+3.5(proc-H*),1.5CI",16.5H20] (where
proc = procainamide). Procainamide has a short in vivo half-life and requires
dosing every 3—4 h. It was therefore an ideal candidate for a controlled release
study. Introduction of the drug-loaded bio-MOF-1 to phosphate-buffered saline
(PBS) buffer leads to further cation exchange, triggering release of

procainamide-H* as Na* ions are adsorbed into the framework.
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Figure 3.3. Release of procainamide-H* into 0.1 M PBS buffer (blue) and
ultrapure (red) over 140 h. Adapted from reference 6 (highest available resolution).

Figure 3.3 shows the procainamide-H* loss from bio-MOF-1 into PBS buffer
(blue) and ultrapure water (red). Steady release was observed into PBS over
20 h and complete loss after 72 h, proving that encapsulation within a
biocompatible framework delivered the therapeutic more efficiently than through

currently-used intravenous or oral administration.
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In comparison to other popular nanoscale DDSs — such as micelles,’ !
zeolites’?>** and quantum dots*!115-20 — MOFs boast several advantages.
Organic delivery systems, such as micelles, often suffer from poor drug loadings
and inefficient and uncontrolled release of therapeutic agent.?%:?? Inorganic
delivery systems, such as zeolites and quantum dots, are hindered by low
therapeutic loadings, but exhibit more controlled release of treatment due to their
well-ordered structures.?? MOFs can present high drug loadings as well as slow,
controlled release.'623-25 Control of the constituent parts of the framework, via
approaches such as the aforementioned post-synthetic modification of
frameworks with targeting functionality or via inclusion of biocompatible metals,
presents a range of opportunities to exploit the inherent high porosity and
extended order within MOFs. For this work, we exploit the high drug loading
capabilities and controlled release mechanisms reported previously2225 to
examine the kinetics of pharmaceutical guest desorption from single crystals of

MOFs by in situ infrared microspectroscopy.

3.1.1 Therapeutic uses of carbon monoxide

Despite the well-known toxicity and hazardous effects of carbon monoxide, it has
shown promise over the last two decades as a therapeutic agent.?6-28 In
particular, CO is appropriate for use as an anti-inflammatory and to reduce
likelihood of transplant rejection and to prolong the storage of organs in
transplant.

Ferrdndiz et al. reported a significant reduction in manifestation of
collagen-induced arthritis after treatment of mice with a CO-releasing molecule,
tricarbonylchloro(glycinato)ruthenium(ll) (known as CORM-3).2° Reduction of
PGE2 (a fatty acid produced at elevated levels by tissues during inflammation)
and various interleukins (a class of glycoproteins produced to regulate immune
responses) were observed following treatment, suggested diminished response

by the immune system to collagen-induced arthritis.
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The same CO-releasing molecule (CORM-3) was reported by Motterlini and
co-workers to prolong the life of transplanted hearts in mice.*® Untreated mice
saw organ failure after 9 days, whereas 60% of mice receiving CORM-3 did not
show any signs of rejection. The same group also reported how CORM-3 aided
the successful preservation of kidneys ex vivo.3! They stated that kidneys treated
with the CO-releasing compound and stored at 4 °C displayed better blood flow,
sodium and glucose reabsorption rates and glomerular (kidney) filtration rate

than those stored at 4 °C but not treated.

The effect of CO on intimal hyperplasia (the thickening of the innermost layer of
an artery or vein) in a porcine model was investigated by Raman et al. in 2006.%2
Reception of inhaled CO (250 ppm) both before and during balloon angioplasty
led to a 51.7% reduction in scar tissue generally associated with intimal
hyperplasia. Figure 3.4 below shows significantly thicker scar tissue in the

arteries of a pig not treated with CO.

Figure 3.4. Histological analysis of pig arteries 3 weeks after angioplasty. Sections were stained

(C, E) or viewed under autofluorescence (D, F). C & D show surgically injured pig artery from a

pig treated with oxygen. E & F show surgically injured pig artery from a pig treated CO. Arrows
indicate scar tissue. Adapted from reference 32.

131



Chapter 3 - Tracking non-fluorescent therapeutic agents in metal-organic frameworks

Alongside the success MOFs have shown in the drug delivery arena, they are
currently employed internationally as a tool to combat food waste. Decco,
alongside Queens University Belfast spinout company MOF Technologies, have
produced a framework that slowly releases 1-methylcyclopropene (1-MCP) to
combat fruit ripening.33 This keeps fruit fresh for longer and enables it to be stored
for up to nine months. This commercialisation of a slow guest-release
mechanism could also be employed to CO release, enabling the therapeutic

benefits of the gas to be delivered in a slow, controlled manner.
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3.2 Aims and Objectives

In this chapter, we are investigating the intrinsic diffusion of therapeutic agents
in MOFs. This was studied in two scenarios — the diffusion of a pharmaceutical
guest molecule from a MOF into solvent, and the diffusion of a gaseous small
molecule from a MOF. The primary challenge of this chapter, however, was
developing and adapting a methodology to track such diffusion, specifically, of
neutral, coordinatively-innocent non-luminescent guests within single crystals.
To achieve this, rather than optical spectroscopies in the visible region, we have
employed infrared microspectroscopy. The objectives of this chapter are:

Method development for solvent-induced diffusion
Test method with several drug-loaded frameworks
Study guest release from single crystals, validating the method

H w N PR

Compare release from single crystals with data obtained from bulk

crystalline powders to assess the wider applicability of the method

3.3 Choice of materials

A variety of MOFs, guest pharmaceuticals (shown in Figure 3.7 on pp.136) and
diffusion solvents were considered for MOF>guest desorption experiments,
discussed in Section 3.5.1. The FT-IR spectra recorded on an infrared
microscope at DLS B22 MIRIAM for these materials are shown in Figure 3.5.
Samples of each MOF shown in Figure 3.6 were loaded with each analyte shown
in Figure 3.7 and screened for suitability during the first trip to Diamond Light
Source B22 MIRIAM. Key features of these spectra are highlighted in
Figures 3.9-3.11.
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Figure 3.5. In situ infrared spectra of (top) metal-organic frameworks, (middle) guest
pharmaceuticals and (bottom) solvents considered for desorption experiments, as indicated.

* region contains CO; background peaks, removed for clarity.
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The MOFs shown in Figure 3.6 were chosen for several reasons. MIL-68(In) and
Sc2BDCs were investigated in Chapter 2, where we focussed on tracking the
binding of coordinating fluorescent guest species via UV-visible absorption and
emission spectroscopies. Therefore, these two frameworks were also
investigated here. HKUST-1 and MIL-101(Cr) both have literature precedent in
the DDS field,>?>34 and hence were studied in this work. Portions of the crystal
structures showing the pore structure and schematic representations of the metal

nodes are shown in Figure 3.6.
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Figure 3.6. (Top) Crystal structures of (left-to-right) HKUST-1, MIL-68(In), MIL-101(Cr) and
Sc,BDCs. (Bottom) Metal nodes for the frameworks shown above.
Crystal structures (excluding Sc.BDCs) taken from references 35-37.
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The pharmaceutical guest molecules shown in Figure 3.7 were chosen as they
were readily available, uncontrolled substances that had precedent in the drug
delivery arena,»®-40 and characteristic infrared spectra, which are discussed
below. Caffeine, ibuprofen and paracetamol have previously been studied in the
MOF-DDS field.
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o N N
|
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Figure 3.7. ChemDraw structures of (a) caffeine, (b) ibuprofen and (c) paracetamol.

Although the ideal medium for biological applications is obviously water or buffer
solutions, the fundamental diffusion properties are important regardless of
solvent choice. Some guest pharmaceuticals discussed herein have poor water
solubility and are often administered as the HCI salt. To avoid complication of
charged species interactions with the framework (as investigated in Chapter 2),
we are in this chapter focussing on fundamental diffusion from non-aqueous
solvents (shown below in Figure 3.8). Key criteria are therefore guest solubility
and avoiding IR spectral overlap. The solvent IR spectra are shown in
Figure 3.11 (bottom) on pp.139.

- b d
@ = ® N © gy @ A~

Figure 3.8. ChemDraw structures of (a) acetonitrile (MeCN),
(b) dichloromethane (DCM), (c) ethanol (EtOH) and (d) n-hexane.
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3.4 IR spectral features
34.1 MOF IR spectral features
)
—_—
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Figure 3.9. Infrared spectra of single crystals of the MOFs studied in this chapter.

Figure 3.9 shows the IR spectra of the frameworks investigated with the key

features colour-coded and identified below.

All spectra

Multiple peaks from 3200-2800 cm — aromatic C—H
— metal-bound carboxylates,

aromatic ring modes and other low energy vibrations in the fingerprint region

Some spectra

Sharp peak at 3675 cm™ — metal-bound OH groups

Broad peak from 3600-2800 cm™ — water (despite drying procedures). Often
obscures v(C-H)

N.B. Saturation was not uncommon in our experiments in region
1600-1300 cm™, resulting from thick crystals. This phenomenon is detailed
further in Section 1.7.
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3.4.2 Guest pharmaceutical IR spectral features
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Figure 3.10. Infrared spectra of guest pharmaceuticals studied in this chapter.

Figure 3.10 shows the IR spectra of the pharmaceutical guests investigated with

the key features colour-coded and identified below.

All spectra

Multiple peaks from 3200-2700 cm* — from alkyl and aromatic C—H
Multiple peaks from 1750-1600 cmt — from C=0
— from aromatic ring modes,

C-N and other low energy vibrations in the fingerprint region

Some spectra

Broad peak from 3450-3150 cm™ — from N-H
Broad peak from 3400-2450 cm™* — from COOH group and/or water
Sharp peak from 1700-1600 cm* — from C=N
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3.4.3 Solvent IR spectral features
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Figure 3.11. Infrared spectra of diffusion solvents used in this chapter.

Figure 3.11 shows the IR spectra of the diffusion solvents investigated with the
key features colour-coded and identified below.

All spectra

Multiple peaks from 3100-2800 cm™* — from alkyl C-H
— from C-C, C—Cl and other

low energy vibrations in the fingerprint region

Some spectra

Broad peaks from 3700-3400 cm™ — from C=N

Broad peak from 3500-3150 cm™ — from ethanol OH group and residual water

139



Chapter 3 - Tracking non-fluorescent therapeutic agents in metal-organic frameworks

Having identified the key spectral features of each spectrum, Figure 3.12 shows
an example of the considerations applied for the experiments in this chapter
(solvent, MOF, guests). Regions of interest for analytes are indicated for caffeine
(blue), highlighting the lack of spectral overlap of their peaks of interest with
infrared features of the solvent and framework shown. The method development

is discussed in Section 3.5.1.1.

Abs

M‘ * MECN

— MM Caffeine
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Wavenumber (cm™)

Figure 3.12. Example spectral overlap comparison, with
regions of interest indicated for caffeine (blue).
* region contains CO> background peaks, removed for clarity.

Given these considerations, this chapter describes the method development of
experiments using MeCN to track the diffusion of caffeine from single crystal and
bulk crystalline powder forms of MIL-68(In), to investigate the applicability of the
method to both MIL-68(In) morphologies.
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3.5 Results and Discussion

3.5.1 DLS B22 MIRIAM analyte diffusion experiments

The experiments discussed in this section were carried out during two visits to
DLS B22 MIRIAM. The aim of the experiments was to extract data regarding
desorption kinetics of caffeine from metal-organic frameworks. Details of
experimental development associated with this section are described below.

3.5.1.1 Experimental development

3.5.1.1.1 Extrinsically bound analyte removal

Sample preparation of MIL-68(In)>caffeine from saturated caffeine
solution in DCM (0.2 M) led to large amounts of crystallised caffeine present
upon solvent evaporation. The visual similarity of crystalline caffeine and the
framework crystals made locating MIL-68(In)>caffeine crystals on the
microscope difficult, and apparent there would be extrinsic caffeine on the

surface of the framework.

To prevent the kinetics of caffeine loss being convoluted with extrinsic caffeine,
a rapid washing protocol was developed. Samples were collected from the stock
analyte solution via centrifugation, submerged in 0.5 mL of clean, anhydrous
DCM, briefly vortex mixed, the tube centrifuged again, the supernatant decanted,
the Eppendorf tube vortex mixed again (containing just framework and residual
solvent) and the crystals then transferred to the Linkam cell using a 10 pL pipette
tip. This was performed rapidly to minimise extraction of analyte from the
framework. As this experiment measured the diffusion rate of guest from the
framework, and not the total uptake, a small loss of guest from the initial samples
can be tolerated to the point at which the signal becomes too small to reliably

measure.
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3.5.1.1.2 Solvent evaporation during analyte diffusion

The Linkam cell contains a sizeable (relative to the sample size) volume of ‘dead
space’. Figure 3.13 below shows a schematic of the experimental setup within
the Linkam stage for these experiments. Due to the use of solvent in this
experiment, we encountered several problems with evaporation of solvent

around the sample.

Beam path
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| _ |
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Solvent reservoirs /V\\ CaF2 window

Figure 3.13. Schematic of solvent-saturated Linkam cell

To minimise solvent evaporation, solvent reservoirs (2 x 2 mL each) were
positioned in the base of the Linkam cell. A 25 um Teflon spacer was placed
around the sample following solvent addition and an additional CaF2 window was

placed on top of the spacer to create a sub-compartment within the stage.

In situ IR spectroscopic measurements were carried out on the B22 MIRIAM
beamline at the Diamond Light Source, according to the experimental setup

described in Section 1.6.

Samples were loaded on to and topped with a 0.2 x 16 mm CaF2 window and
enclosed within a variable-temperature gas-tight Linkam FTIR600 cell fitted with
0.2 x 22 mm CaF2 top and bottom windows, with the above adaptation to combat

solvent evaporation. Spectra were collected using slit sizes of 15 x 15 pm.
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DCM and MeCN used for washings and diffusion experiments were collected
from Cardiff University’s in-house solvent purification system (SPS) and stored

over molecular sieves under Na.

3.5.1.1.3 Choice of MOF and analyte

The first visit to DLS B22 MIRIAM involved screening different frameworks,
analytes and solvents to find a combination with clear analyte bands to facilitate
spectral processing. Two frameworks taken to B22 (MIL-68(In) and Sc2BDC3)
were investigated in Chapter 2 for post-synthetic modification, whilst the other
two frameworks (HKUST-1 and MIL-101(Cr)) were chosen for their drug delivery

capabilities.123.24

Figure 3.10 on pp.138 shows the infrared spectrum of the pharmaceutical
analytes. The spectra of caffeine and ibuprofen exhibit peaks that are easily
monitored, enabling straightforward tracking of analyte diffusion. The spectrum
of paracetamol does not contain any peaks that are as easily identifiable, and

hence focus was shifted to caffeine and ibuprofen.

Out of the four solvents considered (DCM, EtOH, hexane and MeCN), the low
surface tension of hexane (17.89 mN/m) prevented the positioning of a stable
droplet on top of the sample. Due to the high solubility of caffeine in DCM, it was
avoided to prevent caffeine diffusing from the framework too quickly. For this
reason, EtOH and MeCN were the solvents employed for initial experiments

exploring the unloading of analytes.

Saturated solutions of caffeine, ibuprofen and paracetamol were made up in
DCM, EtOH and EtOH respectively. HKUST-1, MIL-68(In), MIL-101(Cr) and
Sc2BDCs were immersed in each analyte solution and solutions were exchanged
three times a day over the course of a one week to ensure maximum uptake of

each analyte.
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Initial experiments at B22 presented problems with several materials. Crystals of
Sc2BDCs were large enough that insufficient light was able to be detected by the
spectrometer, providing poor quality spectra. The spectrum of MIL-101(Cr)
contained peaks for unreacted terephthalic acid (1621 cm™), and hence was
unsuitable. MIL-68(In) showed no unreacted linker, no saturation in the region of
interest and no sloping baseline. Due to limited time available on the beamline,
only the loss of caffeine from MIL-68(In) was investigated in detail. In future,

ibuprofen would be a suitable candidate for investigation.

3.5.1.2 Spectral analysis

The loss of caffeine from MIL-68 into MeCN was tracked at 10, 15, 20, 25, 30
and 35 °C. Spectra were analysed in OriginPro 2017, by peak integration and
subsequent exponential curve fitting. Masks were applied to all data outside
1716.4-1691.4 cm?' and baseline correction was applied. Three types of
baseline correction were used: constant, no baseline (integral taken from y = 0)

and straight line. These are illustrated below in Figure 3.14.

N

Figure 3.14. Possible baseline corrections; (left) constant, (centre)
no baseline (integral taken from y = 0) and (right) straight line.

Detailed baseline positions for each experimental temperature are shown
overleaf in Figure 3.15. Following baseline correction, the caffeine peak was
integrated between 1710.6-1695.2 cm. These peak integrals were then plotted
against time and fit to exponential curves, where yo was fixed to 0. All fitted curves
can be seen on pp.146-148. Summative curve fitting results are shown in Table
3.1 on pp.149.
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Figure 3.15. Baseline applied to MIL-68(In) >caffeine spectra during peak
integration at indicated temperatures. Baselines are coloured blue.
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10 °C
No baseline was applied to the 10 °C data set and peak integrals were calculated
fromy =0.
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Figure 3.16. Peak integral change of 1700 cm caffeine
carbonyl band during diffusion from MIL-68(In) at 10 °C.
15 °C

A constant baseline was applied to the 15 °C data set.
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Figure 3.17. Peak integral change of 1700 cm caffeine
carbonyl band during diffusion from MIL-68(In) at 15 °C.
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20 °C

A straight line baseline was applied to the 20 °C data set.
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Figure 3.18. Peak integral change of 1700 cm caffeine
carbonyl band during diffusion from MIL-68(In) at 20 °C.

25 °C

A straight line baseline was applied to the 25 °C data set.
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Figure 3.19. Peak integral change of 1700 cm! caffeine
carbonyl band during diffusion from MIL-68(In) at 25 °C.
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30 °C

A constant baseline was applied to the 30 °C data set.
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Figure 3.20. Peak integral change of 1700 cm caffeine
carbonyl band during diffusion from MIL-68(In) at 30 °C.

35 °C
A straight line baseline was applied to the 35 °C data set.
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Figure 3.21. Peak integral change of 1700 cm caffeine
carbonyl band during diffusion from MIL-68(In) at 35 °C.
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Exponential decay curves were fit to the plots shown in Figures 3.16-3.21 in
OriginPro 2017 using the Equation 3.1. The results from these fits are shown in
Table 3.5.

—X

Y=Y + Ae T

Equation 3.1. Exponential curve decay equation.

Table 3.1. Exponential curve fitting results from MIL-68(In) Scaffeine diffusion experiments.

10 °C 15°C 20 °C 25°C 30 °C 35°C

8.36 + 1.190 + 0.503 + 0.296 * 0.490 + 0.89 +

0.03 0.005 0.005 0.008 0.004 0.09
14666 6251 1564 501 336 104
T + 412 + 736 + 55 +20 + 138 +29

Red. x> 1.8x10% 9.7x10° 6.4x10° 3.2x10* 7.8x10° 4.9x10°3

R? 0.925 0.858 0.986 0.951 0.569 0.952

Values for  are given in minutes. As each experiment examined the relative loss
of caffeine from MIL-68(In), and not the complete loss, the exponential fitting
result parameter of most importance was the time component, 7. These values
are given in minutes above in Table 3.5. Use of these values in the next section

is justified as we are examining the relative reduction in characteristic caffeine

bands and not complete loss.

The R? values for all fits are reasonable, although we note peaks within the
10 and 15 °C spectra are still decreasing significantly within the timeframe of the
experiment. Longer experimental runs would provide more reliable data
regarding the diffusion process, but this was not possible due to eventual fogging

of the infrared windows in the sample cell.
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Arrhenius plot

Using the reciprocal of T values given in Table 3.1 to generate k (k = 1/7), an

Arrhenius plot was constructed to calculate the Ea of caffeine diffusion. The

Arrhenius plot is shown below in Figure 3.22.

In(k)

0.0|033 | 0.0634 | 0.0635
/T (K)

Figure 3.22. Arrhenius plot of caffeine diffusion from MIL-68(In) >caffeine.
N.B. Calculated errors are negligible (max. 0.02%) and are therefore not shown.

A linear fit of the Arrhenius plot gave a slope of -17265 + 984. Using the Arrhenius

equation (given below in Equation 3.2);

_Ea

RT

k = Ae
Equation 3.2. Arrhenius equation.

Ea of +144 kJ mol* (Calculated error <1 kJ molt) was calculated for the diffusion
of caffeine from MIL-68(In)Dcaffeine (12.6 wt%). This is larger than the Ea
calculated for the diffusion of ferrocene (FC) in SURMOF Cuz(ndc)2(dabco),

which was +90 + 30 kJ mol1.41
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Note, that the Ea of FC diffusivity was calculated during the uptake of FC into the
SURMOF, as opposed to diffusion out of the framework, as in our experiment.
Furthermore, the guest materials in question (caffeine and ferrocene) are
significantly different. There is currently no literature evidence for the Ea of a
process to be calculated from the infrared peak integrals. Therefore, despite the
difference in framework and guest materials employed in the SURMOFOFC
experiment, calculating a Ea of similar magnitude in our experiments warranted
its mention as a comparable example. It is still slightly surprising that caffeine

diffusion is as slow as it is in our experiments given the high Ea.

3.5.1.3 Diffusion from bulk powder

To compare the diffusion of caffeine from single crystals of MIL-68(In) to the bulk
crystalline powder, experiments were carried out to measure the mass of caffeine
lost from a larger sample of MIL-68(In)Dcaffeine into MeCN. All materials were
subjected to the same extrinsically bound analyte removal washing procedure
(discussed in Section 3.2.1.1.1), where bulk sample was vortex mixed in clean
DCM, pelleted by centrifugation and the supernatant liquor decanted. Solids

were then left to dry in air.

150 mg of washed MIL-68(In)>caffeine was held at 15, 20, 25 or 30 °C, and
1 mL of MeCN was added. 150 mg of material was used to ensure a measurable
mass of caffeine in MeCN after the shortest mixing period. These samples were
vortex mixed at 1,500 rpm for 5, 10, 20, 30, 60 or 90 minutes. Based on the single
crystal data, all caffeine should have desorbed after 90 minutes at room
temperature. In situ experiments indicated that caffeine loss began immediately
following solvent addition, hence the first time point taken was 5 minutes. No
shorter time points were collected. Any shorter time points would exceed five
minutes due to the additional time involved in the experiments (centrifugation,
decanting, etc.). After the vortex mixing, the samples were then pelleted by
centrifugation and the supernatant liquor carefully decanted into individual
pre-weighed sample vials, ensuring that the solid bed of MIL-68(In) was not
disturbed.
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The decanted solvent was then allowed to evaporate in air overnight, before all
traces of solvent were removed by drying under high vacuum for a further 16 hr.
The mass of caffeine desorbed from MIL-68(In)Dcaffeine during vortex mixing
was then calculated by weighing the dried sample vials. A 5 decimal place
analytical balance was used to weigh sample vials pre- and post-experiment to

achieve the best available precision.

Figure 3.23 shows plots of the mass of desorbed caffeine with increasing mixing
time at 15, 20, 25 and 30 °C respectively.
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Figure 3.23. Plots of mass of caffeine desorbed from MIL-68(In) >caffeine
at indicated temperatures. The y-axis is consistent for all plots.

The data shown in Figure 3.23 was surprising. Diffusion of the analyte from the
framework should occur more quickly at higher temperatures, and subsequently

more material should diffuse.
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The plots in Figure 3.23 do not reflect this, where the largest mass of caffeine
diffused from the framework was observed at 15 °C and the lowest amount
diffused was observed at 25 °C, however the total mass of desorbed caffeine is
the same order of magnitude in all cases. There are several possible reasons for

these results.

The MIL-68(In) used for caffeine loading in these experiments came from several
different synthetic batches. The particle size variation between these batches is
not known, and therefore the rate of diffusion from different crystallite sizes would

vary.

The photographs in Figure 3.24 show four supernatant caffeine solutions from
MIL-68(In)Dcaffeine desorption experiments and four solid samples of
MIL-68(In)Dcaffeine after desorption experiments. The volume of the
supernatant solutions and amount of remaining solid both differ significantly.
After centrifugation, despite the supernatant liquor being decanted, there is still
a significant solvent volume present in the bed of solid. This introduces a
significant source of error, as caffeine solution remaining in the solid bed will not

be accounted for in the final mass.

Figure 3.24. (Left) Caffeine solutions in MeCN after MIL-68(In) Scaffeine desorption
experiments. (Right) Four samples of MIL-68(In) Scaffeine post-desorption.

153



Chapter 3 - Tracking non-fluorescent therapeutic agents in metal-organic frameworks

Experiments investigating the diffusion of caffeine from bulk solids were
unsuccessful. Plots of desorbed caffeine at various temperatures
(Figure 3.23, pp.152) suggested that the timescale of caffeine loss was between
minutes and tens of minutes, which are commensurate with the results from the
highly successful single crystal diffusion experiments. A better method of
analysing the diffusion from bulk solids is required for any future experiments.

To prevent the residual solution remaining in the bed of solid, the use of filtered
centrifuge tubes would easily separate the supernatant solution from the
framework solid. Future experiments could also use 'H NMR spectroscopy to

monitor the loss of analyte from the material.

This section examined the diffusion of a large pharmaceutical agent, whereas
the next section of this chapter will focus on the bulk uptake and release of the

much smaller gaseous therapeutic, carbon monoxide.
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3.5.2 CO loss from NOTT-100 DRIFTS experiments

This work was carried out in collaboration with Dr Paul Webb at the University of
St Andrews and alongside two undergraduate project students;
Joseph Paul-Taylor and Cameron Gray. Three visits were made to Dr Webb in
St Andrews; June 2017 (myself and Joseph Paul-Taylor), August 2017
(Joseph Paul-Taylor) and July 2018 (myself and Cameron Gray). Experiments
carried out during visits with Joseph Paul-Taylor focussed on experimental
method development. All data discussed throughout this chapter was collected

in the July 2018 visit. Spectral analysis was carried out alongside Cameron Gray.

For this investigation, we were interested in framework materials that were
capable of retaining CO. NOTT-100 was selected as previous studies have
explored Cu-CO interactions,*?43 as well as high uptake of CH4 and H2.4446 The
framework is synthesised from Cu(NOs)2 and biphenyltetracarboxylic
acid (H4BPTC), and was first reported by Yaghi and co-workers as MOF-505 with
pore dimensions of 8.3 and 10.1 A.%6 The crystal structure of NOTT-100 and the

Cu-paddlewheel metal node are shown below in Figure 3.25.

Figure 3.25. Crystal structures of (left) NOTT-100 and (right) Cu-paddlewheel
metal node. Axial water molecules are circled in blue.

Experiments were carried out to track CO desorption from NOTT-100 at
0, -25, -50, -75 and -100 °C using diffuse reflectance infrared-Fourier transform
spectroscopy (DRIFTS). The experimental setup in St Andrews housed a

VT-DRIFTS spectrometer inside a N2-filled glovebox.
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This allowed the uptake and release of CO to be investigated without interference
from atmospheric water. The DRIFTS chamber is connected to a gas dosing
valve that allows any gas to be controllably flowed through the sample chamber.
In our experiments, a 10 ms CO dose was delivered to the N2 atmosphere. The
chamber was vented of excess CO using a Nz flow. The chamber venting
timescale was determined by dosing the sample chamber with CO (10 ms),
at -100 °C, in the absence of NOTT-100 and observing how long the CO signals
(2170 and 2115 cm™) took to decay completely.

To prevent contamination of the glovebox with water, and to facilitate maximum
uptake of CO into the material, NOTT-100 was activated under vacuum for 11 hr
in a tube furnace at 200 °C. The activation process removed both pore-bound
and node-bound water molecules (indicated in Figure 3.25), introducing
additional CO binding sites throughout the material. The material was transferred
to the glovebox and loaded into a custom-made silver sample holder. NOTT-100
was then activated in situ for 2 hr at 150 °C under N2 (flowrate 50 SCCM). The
material was then cooled to -100 °C (to ensure maximum uptake of gas) and the
sample dosed with CO (10 ms pulse). The sample chamber was isolated for
15 minutes to allow NOTT-100 to adsorb CO. Following adsorption, the chamber
was vented with N2 (50 SCCM) for 5 minutes to remove gaseous CO. CO-loaded
NOTT-100 was then heated from -100 °C to the appropriate temperature and IR
spectra collected every 22 seconds. Figure 3.26 overleaf shows an example of
the change in the spectral region of interest throughout the desorption

experiments.
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Figure 3.26. DRIFT spectra of CO-loaded NOTT-100 CO
region during -100 °C desorption experiments.

During the collection of each spectrum, the IR background spectrum (activated
NOTT-100, at the appropriate experiment temperature) was subtracted from the
collected spectrum. Therefore, the spectra collected and subsequently analysed
can be regarded as difference spectra, where the only peaks visible are CO

interacting with the Cu-paddlewheel.
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3.5.2.1 Spectral analysis

Figure 3.26 shows several overlapped peaks within the 2200-2050 cm-* region
of the IR spectrum. These peaks all decay at vastly different rates. A variety of
methods were employed to deconvolute the spectral region and shed light on the

kinetics of decay of different Cu—CO species.

3.5.2.1.1 COregion integration

To determine kinetic profiles for the loss of CO from NOTT-100, the entire
2267-1975 cm region was integrated in Opus software. A straight baseline was
applied across the entire region and the resulting area integral plotted against
time. These are plotted in Figure 3.27.
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Figure 3.27. Integrated area intensity of CO-loaded NOTT-100 CO
region during -100 °C desorption experiments.
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Figure 3.27 shows that the CO region integral decreased more rapidly with
increasing temperatures. Desorption is clearly a multicomponent process,
comprised of an initial sharp drop in peak area which completes within the first
5 minutes, and a subsequent slower process. This is consistent with the change

in spectral shape over time.

Simple exponential decay curves were fitted to all plots, but no meaningful kinetic
information could be obtained. This is perhaps unsurprising, and suggests that
CO release from NOTT-100 is not an isolated process, and CO binding sites
present in the material are interacting with each other and do not release CO

independently.

3.5.2.1.2 Peak fitting analysis

To extract data on individual peaks in the CO region, spectra were fit with
Gaussian peak shapes in OriginPro 2017. The region was satisfactorily fit with
six peaks; 2172, 2155, 2133, 2123, 2113 and 2096 cm. An example peak fit is
shown below in Figure 3.28. One spectrum was initially fitted, then a fitting
‘theme’ was constructed and then all spectra were fit simultaneously in one
batch.
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Figure 3.28. Peak analysis fit of NOTT-100 CO desorption after 44 seconds at -75 °C.
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As mentioned previously, the peaks decay at vastly different rates. In particular,
the higher energy peaks (2172 and 2155 cm) are lost before the end of the
desolvation experiments. OriginPro is unable to fit peaks when their area falls
below zero, and hence multiple themes were required to fit spectra at stages of
the experiment after peak areas had reduced almost to zero. Therefore, peak
positions and widths were fixed where necessary, and consequently only peak

area data is presented hereatfter.
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Figure 3.29. Peak area fits of indicated peaks during NOTT-100 CO desorption experiments.

Figure 3.29 shows the change in peak areas of CO—Cu bands against time at all
experimental temperatures. Exponential curves were fit successfully to all plots,

however no meaningful trends could be identified within the curve fitting results.
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There is a markedly slower loss of CO at -100 °C than at other temperatures.
Like the CO region integration, the peak area changes shown in Figure 3.29 are
likely to reflect multiple, mutually dependent CO desorption processes. In
particular, the steps in the 2113, 2123 and 2133 cm™ peaks in the -100 °C
dataset are consistent with the idea that CO loss from one site is affecting

adjacent binding sites, and the desorption from each adsorption site is not an

isolated process.

3.5.2.1.3 Composite spectral modelling

The CO desorption process from NOTT-100 was modelled by composite spectral
modelling in OriginPro 2017 (described previously in Section 1.8.3 on pp.21),
using the first and last IR spectrum from each experiment to fit IR spectra
collecting during CO-desorption experiments. Example composite model fit plots
for 0 and -100 °C (the highest and lowest experimental temperatures) are shown

below in Figure 3.30.
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Figure 3.30. Composite model plots for CO desorption from NOTT-100 at indicated
temperatures. Orange indicates CO-saturated NOTT-100 at the beginning of the experiment
and blue indicates the end of the desorption experiment.

The above composite model plots clearly show at least two components to the
desorption process. It is important to note that, in the 0 °C experiments, there is
a two-minute lapse before the first spectrum is recorded, as the sample had to

be warmed from -100 °C.

161



Chapter 3 - Tracking non-fluorescent therapeutic agents in metal-organic frameworks

We are therefore seeing the tail loss of CO, which has not completed by the end
of either experiment. In the -100 °C composition plot, we are seeing only a small
proportion of the CO loss in total, and therefore kinetic information is looking at
the desorption of the most easily lost CO species. These are likely to be in the
pores. Due to the timescale of desorption, the processes we are observing in the
0 and -100 °C spectra are likely to be from different combinations of CO
desorption processes. At the end of both desorption experiments pictured (0 and

-100 °C), it is likely that only node-bound CO remains.

The initial, pore-bound CO desorption process completed after ca. 4.4 minutes
at 0 °C and 7.3 minutes at -100 °C. This is anticipated, as higher temperatures
would prompt more mobility in the pore-bound CO. The end of this process

suggests that only node-bound CO remained in the material.

CO was loaded to the material at -100 °C, and then subsequently heated to O °C.
During the 2-minute heating step, significant pore-bound CO is likely to have
desorbed from the material. As the CO-saturated NOTT-100 model was taken
as the first spectrum recorded in the desorption experiment, it is almost certainly
not representing the loss of the most weakly bound CO species. The 0 °C
CO-saturated model would contain less pore-bound CO than the -100 °C
counterpart. This would account for the lower proportion of CO-saturated model
present in the 0 °C experiment after the proposed desorption of CO from the

pores.

Whilst exponential and biexponential curves were fit to the data, there were no
clear kinetic trends. This is consistent with the observations from CO region
integration and peak fitting analysis, and is likely due to the complex interplay of
CO-bound states evolving over time. Further careful deconvolution of the peaks
and comparison with computational modelling in future should enable this

complex interplay of states to be fully characterised.
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Any therapeutic applications of CO-loaded frameworks will be operated at either
room or physiological temperature, and hence CO-desorption will be
accelerated. The ideal release rate of CO would be on timescale of hours, as
opposed to minutes as observed in these experiments. Therefore, the stimulated

release of CO would be ideal.

The rate of CO desorption from modified NOTT-100Dphen-spiro (the synthesis
and properties of which are explored in Chapter 2), significantly increased upon
irradiation of the sample with a UV laser. The change in peak area of the

2123 cm* peak is shown in Figure 3.31.
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Figure 3.31. Change in peak area of 2123 cm! peak during CO-desorption
from NOTT-100, with UV irradiation in indicated region in blue.

Irradiation of NOTT-100Dphen-spiro clearly affected the release rate of CO,
which is likely due to photoinduced isomerism of the phen-spiro photoswitch.
Future experiments will investigate CO release under UV irradiation using this
DRIFTS method.

163



Chapter 3 - Tracking non-fluorescent therapeutic agents in metal-organic frameworks

3.5.2.1.4 Cu-CO spectral assignment

Based on computational experiments and XPS experiments reported by Petkov
et al., a spectral assignment of the Cu—CO region is shown below in Figure 3.32.
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Figure 3.32. IR spectral assignment of NOTT-100>CO, based on reference 47.

The spectral assignment above is based purely on the experiments conducted
by Petkov et al.. Peaks that should decay at the same rate (such as the two
Cu(ll)—(CO): interactions at 2172 and 2133 cm™) were shown by peak fitting
analysis (detailed in Section 3.5.2.2) to decay independently, further supporting
the suggestion that CO desorption from different binding environments are

complementary processes.
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3.6 Conclusions and Outlook

This chapter has reported the development and implementation of two novel
methodologies for tracking the loss of non-fluorescent guest molecules from

metal-organic frameworks using IR spectroscopy.

The first of these methodologies can be employed to track a variety of analytes
from single crystals of MOFs into surrounding media. An approach was
developed to minimise solvent evaporation, by covering the sample and solvent
droplet with an additional IR window. The decreasing concentration of analyte
was tracked using characteristic IR bands, and an Arrhenius plot constructed. An
Ea of +144 + 5.7x10° kJ mol* was calculated for the diffusion of caffeine from
MIL-68(In). Several examples exist where Ea has been calculated using diffusion
of an analyte into a framework, but, as far as we are aware, this is the first
example where the diffusion of an analyte out of a framework has been used
to calculate Ea. The Ea of the process is quite high, but diffusion is quite slow,

which is desirable in a delivery drug system

Experiments to investigate the diffusion of caffeine from a bulk powder sample
into surrounding media were attempted but did not corroborate the data
calculated using the in situ microspectroscopic approach discussed above.
Experimental adaptations, such as using filtered centrifuge tubes to collect
diffusion solutions, should be employed during future experiments to remove

significant sources of error.

An additional dataset for the diffusion of lidocaine from single crystals of
MIL-68(In)Dlidocaine was also collected at DLS B22 MIRIAM, and will be
analysed in the future using similar approaches detailed herein to further
investigate the behaviour of coordinatively innocent guests within metal-organic

frameworks.
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The CO loss from activated NOTT-100 was investigated using DRIFTS, and
spectra analysed through a combination of peak integration, peak fitting analysis
and composite spectral modelling. Although qualitative trends could be visually
observed in the data extracted from spectral analysis, such as the faster
decrease in the CO region integral at higher temperatures (corresponding to
quicker CO loss from the framework), simple exponential decay curves did not
yield meaningful kinetic information. This is consistent with multiple CO sites
within the framework, interacting with each other as CO is lost and not acting as
independent species. In order to probe the loss of CO not bound to paddlewheel

sites, a less rigorously activated material was examined.

Therapeutic applications of CO-loaded materials would be performed nearer to
room temperature, resulting in significantly quicker CO loss, and so
phototriggered release of CO is the longer-term goal. NOTT-100Dphen-spiro
has shown promise for the phototriggered release of CO, and further study of the
release mechanism with irradiation is required. The ultimate vision for the
application of these materials are treatments such as CO-release bandages to
reduce inflammation, which are stored in the dark and activated by unpackaging

and exposure to sunlight.
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3.7 Experimental

All starting materials were obtained from commercial sources and used without

further purification.

MOF materials were characterised using powder X-ray diffraction. PXRD
patterns were collected between 4° and 40° 20 using an X'Pert Pro PAN
Analytical powder diffractometer employing a Cu-Kq radiation source operating
at 40 keV and 40 mA.

3.7.1 DLS B22 MIRIAM analyte diffusion experiments

Preparation of caffeine-loaded MIL-68(In)

MIL-68(In) was synthesised as described in Section 2.4.4, as initially reported by
Volkringer et al..3¢ MIL-68(In) was immersed in saturated solutions of caffeine in
bench DCM (0.2 M). Solutions were exchanged three times a day over the
course of one week to ensure maximum uptake of analyte by the framework to
give MIL-68(In)>caffeine (12.6 wt%).

DLS B22 MIRIAM experimental protocol

In situ IR spectroscopic measurements were carried out on B22 MIRIAM
beamline at the Diamond Light Source, using a Bruker Vertex 80 V FTIR
interferometer with an internal broadband liquid N2-cooled MCT detector coupled
to a Hyperion 3000 microscope with x15 objective. Spectra were collected using
slit sizes of 15 x 15 pum. N2 gas was dried through zeolite filters between the gas

cylinder and mass flow controller.

DCM and MeCN used for washings and diffusion experiments were collected
from Cardiff University’s in-house solvent purification system (SPS) and stored

over molecular sieves under Na.
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MIL-68(In)>caffeine (1-2 mg) was collected via centrifugation from MIL-68(In) in
analyte stock mixture (0.5 mL) and washed (as described in Section 3.2.1.1) to
remove extrinsically bound analyte. Two MeCN reservoirs (ca. 2 mL each) were
placed in the bottom of a variable-temperature gas-tight Linkam FTIR600 cell fitted
with 0.2 x 22 mm CaF2 top and bottom windows. Washed MIL-68(In)>caffeine
was loaded on to a 0.2 x 16 mm CaF2 window and one drop (ca. 50 pL) MeCN was
added to the sample. The sample was surrounded by a Teflon 25 pm spacer and an
additional 0.2 x 16 mm CaF2 window placed atop the sample and spacer to prevent
solvent evaporation before the cell was sealed. Further details of the Linkam cell
setup are discussed in Section 3.2.1. Analyte diffusion was monitored in separate
experiments at 10, 15, 20, 25 and 30 °C.

Spectral analysis of analyte diffusion experiments

Infrared spectra were analysed by peak integration in OriginPro 2017. Masks
were applied to data outside the region 1716.4-1691.4 cmL. Baseline correction
(constant, straight or y = 0; discussed previously in Section 3.5.1.2) was applied
and a peak indicative of caffeine was integrated between 1710.6-1695.2 cm
and the integral plotted against time. A single spectrum was integrated initially,
before an integration ‘theme’ was constructed and used to integrate all other
spectra in batch. Other characteristic caffeine peaks overlap with nearby
framework bands and were not chosen due to their proximity to saturated bands
and subsequent difficulty obtaining reliable integrals. Exponential curves were
then fit to plots of time-dependent peak integral changes, and these fitting results

used to construct an Arrhenius plot.
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3.7.2 Bulk solid caffeine desorption experiments

MeCN (1 mL) was added to pre-weighed portions of MIL-68(In)>caffeine
(150 £ 1 mg) at 15 °C and the samples vortex mixed at 1,500 rpm for 5, 10, 20,
30, 60 and 90 minutes. Samples were then pelleted by centrifugation (1 min at
4,200 rpm) and the supernatant liquor decanted to a pre-weighed vial. Solvent
was evaporated (in air for 18 hr and then under high vacuum for 18 hr) and the
mass of desorbed caffeine calculated. The experiment was repeated at 20, 25
and 30 °C.

3.7.3 CO release from NOTT-100 DRIFTS experiments

In situ DRIFTS measurements to study the CO release from NOTT-100 were
undertaken in collaboration with Dr Paul Webb at the University of St Andrews.
Measurements were carried out in Sasol laboratories by Dr Webb, using a VT
proprietary instrument housed in a N2-filled glovebox. Gas lines were connected

to the instrument to allow control of the sample environment.

Bulk powder NOTT-100 was synthesised by summer project student
Joseph Paul-Taylor, according to the procedure described in Section 2.4.4

previously reported by Lin et al..*®

Measurements were carried out on NOTT-100 after ex situ activation; where the
sample was heated in a Schlenk flask at 200 °C for 11 hr under vacuum in a tube
furnace, before being transferred to the glovebox and loaded into the
spectrometer. Activated NOTT-100 (ca. 100 mg) was loaded into a custom-made
silver sample holder and heated at 150 °C 2 hr under N2z (flow rate 100 SCCM).
CO and Nz gases were dried through zeolite filters between the gas cylinder and

mass flow controller.

NOTT-100 (ca. 100 mg) was cooled to -100 °C and dosed with CO (10 ms pulse)
in N2 (flow rate 10 SCCM). After 90 seconds, the chamber was isolated from the
inflow and exhaust for 15 minutes to allow for the material to equilibrate CO.
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The chamber was then reopened, N2 flow rate increased (50 SCCM) and the

sample heated (if necessary) to the appropriate temperature to monitor CO loss.

CO loss was monitored at -100, -75, -50, -25 and 0 °C. Cu-bound CO peaks in
the range 2250-2000 cm™* were measured using single beam DRIFTS. A
background spectrum (activated NOTT-100 under N2) was subtracted as part of
the spectral collection process, and hence the spectra collected can be regarded

as IR difference spectra.

Spectral analysis.

Spectral analysis was carried out with summer project student Cameron Gray.

Peak data was deconvoluted using peak fitting analysis in OriginPro 2017. Data
was trimmed to the region 2250-2000 cmt. Peaks were fit to a Gaussian peak
shape, with some peak positions and widths values fixed to enable completion
of the fitting process. Peak positions, widths and areas were initially manually
varied to produce a fit that most closely resembled the spectral profile and then
the fit refined until convergence was reached. One spectrum from the set was fit
initially, before a fitting ‘theme’ was created in OriginPro to enable peak fitting of

multiple spectra.
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4 Solvent-switchable behaviour of SHF-61

4.1 Flexible MOFs

The stimuli-responsivity in frameworks has been explored extensively throughout
the previous chapters, and the inherent responsivity of many frameworks can be
accredited to their flexibility. The topic of flexible frameworks has been
extensively reviewed over recent decades,’~” and these materials are easily
identifiable by their characteristic S-shape gas uptake isotherms.2 Investigations
into the area of flexible frameworks are extensive, and hence only examples that
are conceptually relevant to the work in this chapter will be introduced.

Arguably the most famous flexible framework is MIL-53(Al), reported by Loiseau,
Férey and co-workers in 2005.° The as-synthesised Al-based framework,
MIL-53as was heated between 275 and 420 °C to remove unreacted
benzenedicarboxylic acid (BDC) linker to form MIL-53ht. Cooling of the sample
to room temperature formed MIL-53It, with a significant change in pore size, from
8.5 x 8.5 A2 in MIL-53as/ht, to 2.6 x 13.6 A2 in MIL-53lIt (Figure 4.1). The switch
in pore size was attributed to the formation of hydrogen-bonds between
atmospheric water molecules (adsorbed during cooling to room temperature) and

carboxylate groups of the BDC linkers.
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Figure 4.1. Structures of (left) MIL-53as, (middle) MIL-53ht and (right) MIL-53It.
Altered pore structure is clear in right-hand figure. Adapted from reference 9.

Computational modelling and structure prediction have been used extensively to
probe the behaviour of flexible frameworks, with multiple groups focussing on

this aspect of structural investigation.
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Manion et al. reported the computational design of linkers which could undergo
pressure-induced conformational change,!® identifying topological fragments
most likely to lead to mechanical behaviour. Coudert and co-workers have gone
a step further by including the behaviour of metal nodes in their calculations,
whereby wine-rack flexibility in the structures of NOTT-300 and CAU-13 was
predicted in 2014.%* Flexibility in CAU-13 was not experimentally reported until
later in 2017 by Reinsch, Stock and co-workers,'? despite the initial report of the

structure by the group in 2013.%3

The flexibility exhibited by frameworks is often triggered by uptake of guest
molecules. The guest-induced structural rearrangement of two frameworks,
MIL-101(Cr) and MIL-53(Cr) was studied by Yu and co-workers.'* The adsorption
of carbamazepine into rigid MIL-101(Cr) and flexible MIL-53(Cr) instigated the
opening of the pore in MIL-53(Cr), increasing the cell volume by 33%, as
determined by Rietveld refinement of PXRD patterns. The comparison of the

guest-loaded framework pores is indicated in Figure 4.2.
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Figure 4.2. Proposed structures of (top) MIL-101(Cr) and (bottom) MIL-53(Cr) following
adsorption of carbamazepine. Reproduced from reference 14.
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The effect of gaseous guest uptake was investigated by Kitagawa and
co-workers, who reported the synthesis of a flexible MOF,
[Cu(dhbc)2(4,4’-bpy)]*H20 (where dhbc = 2,5-dihydroxybenzoic acid and
bpy = 4,4’-bipyridine) with a supercritical gas-induced gate-opening
mechanism.'® The gate-opening pressures for N2, Oz, and CO2 were 50, 35 and
0.4 atmospheres (atm), and the gate-closing pressures were 30, 25 and 0.2 atm,

respectively.

Framework flexibility can also impact guest uptake in a number of ways. The
changes in accessible pore volume upon guest uptake in MIL-88 and MCF-15
had been reported previously,>1® but the direct comparison was reported in a

2018 review by Zhang, Chen and co-workers.*
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Figure 4.3. Distortion of the classic Ms(us-O)(ldc)s(LT)s cluster, leading to the reversed
breathing directions for MIL-88 and MCF-18. Idc = linear dicarboxylic acid;
LT = terminating ligand. Reproduced from reference 4.

Both materials adopt the same overall formula, M3z(uz-O)(Idc)3(LT)s. In MIL-88,
the framework shortens along the c-axis and expands in the ab-plane,
accommodating more guests into the pores. In contrast, MCF-18 expands along
the c-axis and contracts in the ab-plane to accommodate more guests, as
illustrated in Figure 4.3. Although the volumetric breathing amplitude of MCF-18
(105%) is significantly smaller than MIL-88 (230%), the axial breathing amplitude
of MCF-18 (121%) is larger than for MIL-88 (100%).%’
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A Zn-based framework, Zn2(BDC)2(DABCO), reported by Kim and co-workers,
originally in 2004 and subsequently in 2016,*%19 exhibited anisotropic thermal
expansion along the a- and b-axes (Figure 4.4). The breathing behaviour was
stabilised by strengthening of the CH---11 interactions between the guest benzene
molecule and neighbouring BDC linkers, caused by closer proximity upon

cooling.

contraction

it
elongation

Figure 4.4. The structure of Zny(BDC)2(DABCQO)Dhenzene
at 298 (left) and 100 K (right). Reproduced from reference 19.

Anisotropic thermal expansion was observed consistently upon cooling in this
framework, when DMF-loaded and when no guests were present. Thermal
expansion triggered by changes in guest molecules is a topic commonly reported

by members of the MOF community.20-21

Carrington et al. reported a solvent-switchable, breathing framework, SHF-61,
which will form the basis of work within this chapter. The framework is introduced

further in Section 4.3.
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4.2 Aims & Objectives

This chapter investigates the behaviour of a flexible framework, SHF-61, in which
solvent environment is the main stimulus to prompt structural change. Previous
reports on the material by the Brammer group at the University of Sheffield have
used single crystal X-ray diffraction (SCXRD) and isotherm experiments to probe
the behaviour of the pore structure. In this work, infrared microspectroscopy was
used to study states of the material derived from the inherent flexible nature of
the framework. All experiments were carried out at Diamond Light Source B22
MIRIAIM, and all experiments and subsequent analysis were carried out in
collaboration with the Brammer group at the University of Sheffield. The insight
into the material gained from SCXRD and IR experiments differs. Although IR
provides real-time monitoring of material behaviour, it does not provide any
structural information, which must be inferred from the IR spectra. The objectives
of this chapter are:

1. Develop experimental method to study solvent-switchability of flexible
frameworks

2. Determine open- and closed-pore structures through desolvation of
materials SHF-61-CHCIs and SHF-61-DMF

3. Examine the effect of resolvation of open- and closed-pore structures
with a variety of solvents

4. Evaluate cyclability of breathing behaviour by repeated desolvation

5. Investigate COz uptake in both pore structures
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4.3 Results and Discussion

This project was carried out in collaboration with the Brammer group at the
University of Sheffield. Two visits (September 2016 and April 2018) to B22
MIRIAM at Diamond Light Source, UK were made with Professor Lee Brammer,
Dr Timothy Easun, Dr Elliot Carrington, Mr Daniel Watkins, Mr Stephen
Dodsworth and Mr Feifan Lang. Data analysis was undertaken in partnership
with Daniel Watkins. We worked together on the processing, analysis and
interpretation of the SHF-61-DMF desolvation/resolvation experiments, and the
cyclopentanone study. | carried out all of the data processing, analysis and
interpretation of the desolvation and resolvation of SHF-61-CHCI3 and analysis

of COz loading of both SHF-61 frameworks myself.

SHF-61-DMF is a framework constructed from an octahedral In-node
(Figure 4.6a, overleaf), 2-aminoterephthalic acid and Me2NH2* cations, first
reported in 2012 by Yuan et al. for highly selective separation of CO2 and CH4.??

. 49
ik | ‘;. ,g_a;,;\m'.

Figure 4.5. Microscope images of desolvated SHF-61-DMF (left) and SHF-61-CHCl;
(centre and right) collected at x15 magnification. Scale bar represents 60 um.

Carrington et al. reported the flexibility and solvent-induced structural shifting of
the material in 2017. They reported the formation of brown octahedron-shaped
crystals from DMF and post-synthetic exchange of DMF solvent molecules with
CHCls to yield SHF-61-CHCIs. The synthesis of this material is further described
in Section 4.5.1. Microscope images of SHF-61 collected during experiments at
B22 MIRIAM are shown in Figure 4.5, which show crystals of various

morphologies.
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The framework has a pseudo wine-rack structure, consisting of two doubly
interpenetrated nets (Figure 4.6b) with one-dimensional channels running
through the material (Figure 4.6d). Hydrogen-bonding interactions are present
between the amino groups of the 2-aminoterephthalic acid linker of the two nets
(Figure 4.6c).

Figure 4.6. a) In(O.CR). tetrahedral network node. b) View down the a-axis that shows
lozenge-shaped channels. ¢) Hydrogen-bonding interaction between the amino groups of
adjacent networks. d) View down the c-axis that shows the helical arrangement of the two
interpenetrated networks along the channel axis (a-axis). Reproduced from reference 23.

Figure 4.7 illustrates the breathing behaviour of SHF-61, where Carrington et al.
observed contraction of the material pores upon desolvation from DMF.

Desolvation from CHCIs resulted in only a small pore contraction.
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Figure 4.7. Overview of guest-related flexibility of SHF-61. Adapted from reference 23.

In situ infrared experiments were carried out at DLS B22 MIRIAM, described in
Section 4.5.2, to monitor the desolvation, resolvation and CO:2 uptake of single
crystals of the material. SHF-61 was desolvated from either CHCIs or DMF, and
resolvated with CHCls, cyclopentanone (CyP) or DMF. CyP was included to
mirror single crystal X-ray diffraction (SCXRD) investigations being carried out
by the Brammer group, but SCXRD data is still being processed by the Brammer
group and is therefore not included in this thesis. IR data collected was analysed

to further corroborate the previously reported ‘continuous breathing’ mechanism.
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The ‘continuous breathing’” mechanism in SHF-61 results ultimately in closed-
and open-pore structures, as illustrated in Figure 4.7. The following discussion
will refer to frameworks desolvated from either DMF or CHCIs as closed-pore or
open-pore structures respectively. Throughout the discussion, any frameworks
desolvated from DMF will be referred to as ‘SHF-61c’ and from
CHClIs as ‘SHF-610".

4.3.1 Approaches to spectral analysis

Several methods of interpreting the peak changes in the IR spectra were
employed. These methods are briefly outlined in this section, before discussion

of the individual experimental results in Sections 4.3.2 — 4.3.5.4.

43.1.1 Peak fitting analysis

In order to deconvolute the overlapping peaks in the IR spectra (identified in

Figure 4.8) of various SHF-61 structures, peak fitting analysis was carried out.

2.5+ '
' B
2.0 1
1.5

ADS

0.0

T T T T T T T T T T T T T .
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 4.8. Example spectrum of SHF-61-CHCIs after desolvation at 120 °C. Regions indicated
in red require deconvolution due to overlapping peaks; region indicated in purple is saturated.
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Peaks were fit to a Lorentzian shape, as standard for infrared peaks.?4-?’

Example fits for the spectra are shown in Figure 4.9.
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Figure 4.9. Example spectral fits for SHF-61-CHCls
at higher energy (top) and lower energy (bottom).

Due to the saturation frequently present in the region indicated in purple in
Figure 4.8 (ca. 1750-1237 cm™) in each spectrum, we focussed on higher
(3865—-2617 cm) and lower energy (1236—700 cm™ for experiments involving
CHCIz and CyP; 1706-700 cm for experiments involving DMF) regions of the
spectra for peak fitting. The region between 2617-1237 cm was omitted due to
an absence of diagnostic peaks between 2617-1830 cm™ and saturation

(described in Section 1.7) between 1830-1237 cm™.
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Baseline correction was applied to all spectra to mitigate scattering effects.
Example baseline corrections for high and low energy regions are shown in
Figure 4.10.

3x10°% 4
2x10°
1x10° 4
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4000 3800 3600 3400 3200 3000 2800 2600 1200 1000 800 600

Figure 4.10. Example baseline corrections for SHF-61-CHCls.

Baseline corrections were kept as simple as possible. Following baseline
subtraction and selecting initial peak positions, peak fit properties (peak position,
areas, width, etc.) refine until convergence. If fits failed to converge, peak widths
and positions can be fixed. Where values were fixed, these parameters were not

used to characterise changes in the crystal.

4.3.1.2 Peak integration

Peak integration was employed when failure to converge during peak fitting
analysis was not solved by fixing peak properties. Peak integration provided the
integral of the peak, but no peak positions, and hence is potentially less
informative than peak fitting analysis. Figure 4.11 shows an example IR spectrum
where peak integration was employed, focussed on the CyP v(CO) bands,

collected during the CyP-resolvation of SHF-610.
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Figure 4.11. Infrared spectra collected during CyP-resolvation
of SHF-610, focussed on CyP v(CO) band region.

Figure 4.12 shows an example of the baseline correction applied during peak
integration of the CyP bands resolvation of SHF-61o. During resolvation
experiments, baseline rises (caused by regions of increasing saturation due to
adjacent solvent bands) made baseline point selection challenging, and therefore

simple, straight line baselines are applied.
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Figure 4.12. Baseline applied to integration process of CyP
v(CO) bands during resolvation of SHF-610 with CyP.

Following baseline subtraction, integration boundaries were selected and the

peak integrals were calculated.
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4.3.1.3 Composite spectral modelling

Composite spectral modelling was employed to identify the various pore
geometry and solvation states present during experiments. As peak fitting
analysis identified the v(NH) regions as being most informative, composite
spectral modelling analysis was confined to the spectral region 3599-3311 cm™.
In order to avoid overfitting the data, the minimum number of spectral models
were used in each case to achieve a satisfactory fit. For the SHF-61 system, we
defined a variety of model spectra, each representing a different solvation and
pore state. A naming protocol was established for the states, describing the pore

structure, parent solvent and solvation state:

Pore structure Solvent present Solvation state
(open/ closed) (CHCI3 / DMF) (solvated / desolvated)

Crystallographic experiments have defined four end states across the SHF-61
CHCIs and DMF structures: solvated (with CHCIs or DMF) and desolvated

(open- or closed-pore):

0oCs — open-pore, CHCI3 solvated
oDs — open-pore, DMF solvated
od — open-pore, desolvated

cd — closed-pore, desolvated

Furthermore, the closed form can be partially solvated, with either CHCls or DMF,

so two additional states have also been defined:

cCs — closed-pore, partially CHCIs solvated

cDs — closed-pore, partially DMF solvated
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Spectra of the final desolvated states and those collected during resolvation
experiments were collected at ambient temperature (27 °C) to ensure that any
spectral differences were not artefacts of temperature. These models can
therefore be directly compared. Spectra collected throughout desolvation time
series were collected at the experimental temperature, and this is indicated
where appropriate. After the collection of time series, the sample was returned
to ambient temperature and a new background and sample spectrum recorded.

The sample was then heated to the next temperature stage.

There is not currently crystallographic data to support conclusions drawn from
CyP experiments, but the same approach to model selection has been used for
this system. The model list above is not exclusive since additional models were

employed in specific cases, highlighted as appropriate in the text below.

4.3.2 Desolvation of SHF-61

Desolvation of single crystals of SHF-61-CHCIs and SHF-61-DMF, to form
SHF-610 and SHF-61c was carried out in a Linkam FTIR600 stage, described
and pictured in Section 1.6 and Figure 1.13 (pp.13) respectively. Samples of
SHF-61-CHCIs and SHF-61-DMF were heated under a constant N2 flow of 100
SCCM sequentially at a variety of temperatures, detailed in Table 4.1 below.
Time series of spectra were collected during the desolvation experiments every
30 seconds for SHF-61-CHCIs and every 60 seconds for SHF-61-DMF at each

temperature.

Following heating for the times indicated in Table 4.1, the stage was returned to
ambient temperature (27 °C) and new background and sample spectra recorded
between each temperature. No spectrum was recorded following heating of
SHF-61-CHCIs at 100 °C due to user error.
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Table 4.1. Times for which SHF-61-DMF and SHF-61-CHCI; were held at specified
temperatures during desolvation experiments. *The detector required a liquid N fill at this stage
and therefore we had to wait for the detector temperature to stabilise before further collection.

Time held at temperature (minutes)

T (°C/K)
CHCl3 DMF

27 /300 30 30
40 /313 20 20
60 / 333 20 20
80 / 353 20 20
100 / 373 *130 20
120/ 393 80 20
150 / 423 - 80

Desolvation was deemed to be complete for SHF-61-CHCIs (to form SHF-610)
and SHF-61-DMF (to form SHF-61c) upon loss of the CHCIs 8(CH) bend at
1220 cm™ and DMF carbonyl v(CO) stretch at 1670 cm™ for each framework

respectively.

Spectra for desolvation experiments were analysed by peak fitting analysis to
extract changes in peak position and area for each peak of interest. Peak position
and area data were extracted via this method for time series collected at each
temperature, as per Table 4.1, and for additional room temperature spectra
collected following each heating stage. Although trends were discernible during
data processing, they were often inconsistent between spectral series collected
at different temperatures. Inconsistencies were observed for several reasons,
including (but not limited to); baseline shifts due to change in experimental
temperature, crystal position shifts during the experiment, and the temperature

sensitivity of IR peaks.
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The largest and most identifiable peak position and area changes are the v(NH)
bands in the region of 3486 and 3370 cm™. The v(NH) stretches of

SHF-61-CHCI3 and SHF-61-DMF, solvated (blue) and desolvated (red), are
shown in Figure 4.13.

Abs
Abs

T T T T T T T T T T T T T T T T
3600 3550 3500 3450 3400 3350 3300 3250 3600 3550 3500 3450 3400 3350 3300 3250

Wavenumber (cm™) Wavenumber (cm™)

Figure 4.13. IR spectra of solvated (blue) and desolvated (red) crystals of
SHF-61-CHCI;s (left) and SHF-61-DMF (right).

Changes in peak area and position observed upon desolvation are shown in
Table 4.2 and Figure 4.14. Greater changes in peak area and position were
observed for desolvation of SHF-61-DMF (forming SHF-61c) than
SHF-61-CHCIs (forming SHF-610), due to the increased strength of interactions
present between DMF molecules and the NHz group of the linker than for CHCls,

as illustrated in Figure 4.15.
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Figure 4.14. Peak area (orange) and position (blue) changes of
SHF-61-CHCI; (top) and SHF-61-DMF (bottom)
higher energy (left)and lower energy (right) NH) following heating.
Table 4.2. Peak area and position changes for SHF-61 upon desolvation.
Viniti i Ay
Framework e Yina ) Ainital  Afinal AA
(cm?*)  (cm™) (cm™)
3465 3480 +15 69.7 40.0 —29.7
SHF-61-DMF(c)
3352 3368 +16 3.6 15.0 +11.4
3475 3485 +10 89.4 79.8 -9.6
SHF-61-CHCls (0)
3363 3371 +8 72.4 54.6 -17.8

As desolvation occurs and the host-guest interactions are reduced/removed, the

N-H bond is strengthened and hence the peak shifts to higher energy.
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Figure 4.15. lllustration of solvent interactions with 2-aminoterephthalate linker in SHF-61.

One patrticular aim of the spectral deconvolution by peak fitting was to identify a
peak which indicated the closure of the pore structure. This would allow the
extent of pore closure to be monitored in real-time at high spatial resolution.
Unfortunately, a single peak could not be identified, and hence alternative

methods of spectral analysis were investigated.

Composite spectral modelling was employed to determine composition of model
states in each desolvation spectrum. The model spectra were taken from the

following points during the experiments;

0Cs — before SHF-61-CHCIs desolvation experiment

oDs — before SHF-61-DMF desolvation experiment

od — after SHF-61-CHCI3 desolvation experiment

cd - after SHF-61-DMF desolvation experiment

cDs — generated by subtraction of cd from oDs at point immediately

prior to pore opening (75 minutes)
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Figure 4.16. Spectral composition plots of SHF-61-CHCIs (left) and SHF-61-DMF (right)
during staged desolvation experiments.

Only two model states were needed to fit the SHF-61-CHCIs desolvation spectra:
open-pore, CHCIs solvated (0Cs) and open-pore, desolvated (od). Figure 4.16

shows a straightforward progression from the oCs form to the od form.

The desolvation process of SHF-61-DMF better fits to more states. Conceptually
the crystal could be comprised of open-pore, DMF solvated (oDs); closed-pore,
DMF solvated (cDs); open-pore desolvated (od) and closed-pore, desolvated
(cd) states. Despite this, the spectra were satisfactorily fit to only three model
spectra (oDs, od and cd) without need for the cDs state (Figure 4.16). Indeed,
Figure 4.17 shows the spectral modelling outcome when the spectra were fit to
four models, where the cDs state dominates from 40 to 120 °C. This
unrealistically suggests that reduction in the pore size occurs during heating at
27 °C, which is inconsistent with crystallographic experiments. The error bars

associated with this model are also very large.
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Figure 4.17. Spectral composition plot of SHF-61-DMF during staged desolvation
experiments, when fit to four models.

The more informative modelling outcome when the spectra are fit to three models
(oDs, cd and od) as shown in Figure 4.16. Since the state omitted from the model
fitting is cDs (closed-pore, DMF-solvated), we can propose that pore closure is
initiated locally by DMF loss; the cDs state is not observed throughout the

desolvation process (shown schematically in Figure 4.18).

oDs > cDd

% M oDd

cDs

Figure 4.18. Transition of DMF model states

194



Chapter 4 — Solvent-switchable behaviour of SHF-61

4.3.3 Resolvation of SHF-610 and SHF-61c

Resolvation of SHF-61 (desolvated as discussed in Section 4.3.2) was carried
out at room temperature in the same Linkam FTIR600 stage detailed previously
(Figure 1.13, pp.13). SHF-61c was resolvated with DMF, since this solvent has
been observed (by crystallography) to reopen the structure, and different
samples of SHF-610 were resolvated individually with CHCls, CyP and DMF. A
bubbler containing CHCIs, CyP or DMF was attached to the stage and pre-dried
N2 gas flowed through the bubbler (rate 5 SCCM) to deliver a solvent-saturated
vapour flow to the desolvated sample in the cell environment. Infrared spectra
were collected every 30 seconds for CHCIs resolvation of SHF-610, every 19
seconds for CyP resolvation of SHF-610, every 19 seconds for DMF resolvation
of SHF-610 and every 60 seconds for DMF resolvation of SHF-61c during

resolvation experiments.

The resolvation processes of SHF-61 were initially deconvoluted using peak
fitting analysis in OriginPro 2017, as described for the analysis of infrared spectra
from desolvation experiments in Section 4.2.1.1. Similarly to desolvation
experiments, spectra were split into a higher energy section (3865-2617 cm™)
and lower energy section (1236—700 cm for experiments involving CHCIz and
CyP; 1706-700 cm for experiments involving DMF) regions of the spectrum and
each band was fitted to a Lorentzian peak shape. Trends in the v(NH) and
respective solvent regions during resolvation experiments were examined and

are discussed hereafter.

To enable direct comparison of the states present in SHF-61 systems during
resolvation, composite spectrum modelling was also carried out on the
resolvation spectra. Composite spectrum modelling has been introduced in more
detail in Section 4.2.1.2.
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4.3.3.1 Resolvation of SHF-61c with DMF

Figure 4.19 shows a photograph of the particular SHF-61c crystal resolvated
during this experiment, which is ca. 80 x 40 um. Note, the black lines are the
glass knife edge aperture. Speckled appearance of apertures is due to dirt, which

is present on the aperture glass and not the sample.

Figure 4.19. Photograph of SHF-61c measured in this experiment (indicated),
collected in situ on the IR microscope. Aperture size is 20 x 20 pm.

The shifts in peak position and area for the v(NH) bands pre- and
post-resolvation of SHF-61c with DMF are shown below in Figure 4.20 and
Table 4.3. Resolvation experiments were stopped once the peak positions of the

v(NH) bands no longer appeared to be shifting.
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Figure 4.20. Peak area and position changes of SHF-61c following resolvation with DMF for

(left) higher energy and (right) lower energy NH) peaks. Data is absent for 199-249 mins
(indicated by *) due to a detector coolant fill on the microscope spectrometer.
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Figure 4.20 and changes in peak absorbance values in Table 4.3 show a clear
change in the peak ratios and positions of the N—H bands following resolvation
with DMF. There is a greater peak shift and area change observed in the higher
energy v(NH) peak, indicating that resolvation with DMF has a larger effect on
the asymmetric N—H stretching mode. The peaks did not return to the original
solvated SHF-61-DMF positions (3465 and 3352 cm™), likely due to the
significantly larger solvent volume present in the original sample. These samples
were originally synthesised in DMF, meaning pores were completely saturated.
Resolvation of the desolvated material with DMF vapour, although effective in
this experiment, clearly does not saturate the framework to the same extent as

during synthesis.

Table 4.3. Changes in v(NH) bands after resolvation of SHF-61c with DMF.

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?)  (cm?)

3484 3467 -17 41.0 55.6 +15.6
3369 3356 -13 21.5 11.8 9.7

SHF-61c-DMF

Composite spectral modelling was used to examine the states present during the
resolvation process. The model spectra were taken from the following points

during the experiments;

oDs — before SHF-61-DMF desolvation experiment

od — after SHF-61-CHCIs desolvation experiment

cd - after SHF-61-DMF desolvation experiment

cDs — subtraction of cd from oDs at point immediately prior to pore

opening
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Figure 4.21. Composition plot of spectra during SHF-61c-DMF resolvation

experiment. Data is absent for 199-249 mins (indicated by *)
due to a detector coolant fill on the microscope spectrometer.

The plot in Figure 4.21 shows that four models are required to fit the spectra, and
the pore structure is clearly dynamic. The changes seen in several models
around 75 minutes indicate a gated pore mechanism. The closed-pore, DMF
solvated (cDs) state increases steadily until reaching approximately 50% of the
total composition at ca. 175 mins, when there is then a sharp decrease. This
decrease is accompanied by a sharp increase of the open-pore, DMF solvated
(oDs) state, indicating that the material is resolvated sufficiently to induce
expansion of the pore structures. There is, at the same time, a small increase in
the amount of open-pore, desolvated (od) state, which subsequently decreases

as the remainder of the pore resolvates.

This is significant, as it suggests that, unlike in desolvation experiments
discussed in Section 4.3.2, local changes in DMF occupancy are influencing the
wider framework structure. Note, that composite spectral modelling only reflects

changes in the v(NH) region of the spectrum, and therefore does not reflect the

uptake and behaviour of DMF in any other parts of the structure.
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Figure 4.22 show the growth of the DMF carbonyl stretch at ca. 1660 cm™ in the

IR spectrum (left), and the change in peak area of the band (right).
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Figure 4.22. (Left) Infrared spectra of DMF v(CO) stretch (1700-1650 cm1) in
SHF-61c (orange) and SHF-61c-DMF (blue). (Right) Change in peak area of 1660 cm't DMF
carbonyl peak during DMF-resolvation of SHF-61c. Data is absent for SHF-61c-DMF
resolvation for the period 199-249 mins (indicated by *) due to a detector
coolant fill on the microscope spectrometer.

The spectral composition plot in Figure 4.21 shows that at ca. 175 minutes,
sufficient DMF—NH: interactions are occurring to instigate pore opening. In
Figure 4.22 (right), at 175 minutes, the DMF v(CO) stretch is approximately a
third of its total intensity. Therefore, approximately one more third of the total
DMF uptake can interact with amine groups as the structure opens, and the final
third is (by inference) occupying pore space but not directly bonding to the amine
groups. These are reasonable assumptions as the amine sites will saturate
before the pore volume saturates, and because the open-pore form has greater

volume than the closed form.

This confirms that the changes in v(NH) are in direct correlation with the
introduction of DMF to the framework amine groups, and hence should be
interpreted together. Note, that following the liquid N2 detector fill (signified by *),
the peak area and position stabilised. The slope of the plots in Figures 4.21 and
4.22 all increase sharply approximately 150 minutes into the resolvation

experiments.
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4.3.3.2 Resolvation of SHF-610 with DMF

Figure 4.23 shows a photograph of the particular SHF-610 crystal resolvated
during this experiment, which is ca. 40 x 30 pm.

Figure 4.23. Photograph of SHF-610 (indicated), collected in situ
on the IR microscope. Aperture size is 20 x 20 pm.

Table 4.4 shows peak position and area changes following resolvation of
SHF-610 with DMF. The resolvation of the material with DMF resulted in a peak
shift of both v(NH) to lower energies. Peaks did not return to the original
SHF-61-DMF v(NH) positions, and, surprisingly, shifted further past them. A
greater peak shift was observed for the asymmetric peak shift, as it was during
the DMF-resolvation of the closed-pore structure. An increase in peak area was
observed for the higher energy asymmetric peak, and a decrease for the lower
energy symmetric peak.

Table 4.4. Changes in vNH) bands after resolvation of SHF-610 with DMF.

Vinitial Vfinal Av
Framework Ainitial Afinal AA
(cm™) (cm?) (cm?)

3472 3458 -14 30.3 38.2 +7.9
3360 3349 -11 26.5 247 -1.8

SHF-610-DMF

To analyse the change in the DMF v(CO) stretch (Figure 4.24 (right),
ca. 1650 cm?), peak integration was used, as peak fitting analysis was unable to

reach convergence.
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Figure 4.24. (Left) Infrared spectra of DMF v(CO) stretch (1700-1650 cm1) in
SHF-610 (orange) and SHF-610-DMF (blue). (Right) Change in peak area of
1660 cm ™ DMF v(CO) band during SHF-610 DMF-resolvation.

Figure 4.24 (left) shows IR spectra of SHF-610 and SHF-610-CHCIs, with a clear
growth of the DMF v(CO) peak at around 1660 cm. Baseline positions were
difficult to determine for the treatment of this series of spectra, due to the growth
of the DMF v(CO) stretch raising the baseline in the region surrounding the peak.
A straight line baseline was therefore applied, and the peak integrated across
the range 1660.5-1668.2 cm-2.

The plot of v(CO) peak area change in Figure 4.24 (right) shows an initial
accelerated increase in peak area in the first 7 minutes of resolvation. The rate
of peak area growth then increases further at ca. 30 minutes. This second
accelerated growth rate could be attributed to a cooperative resolvation effect,
where additional DMF (at ca. 30 minutes) is able to resolvate the framework more
easily following the initial introduction of solvent in the first 7 minutes. The change
in peak area suggests that the resolvation process has two components (pre-
and post-30 minutes). The initial, faster process (until 30 minutes) is likely to be
the initial interaction of DMF with the N—H groups of the aminoterephthalic acid
linker. The slower process is likely to be resolvation of the framework pores after

all interactions with amine groups have been satisfied.

The reason for the first 7 minutes of accelerated uptake are unclear. Although
we have proposed the cooperative resolvation effect seen between 7 — 30

minutes, we have no further evidence to support this.
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To relate the change in carbonyl band with the change specifically in the v(NH)
region, composite spectral modelling was performed on the resolvation spectra.
Resolvation of SHF-610 with DMF required only two model spectra to fit —
open-pore, desolvated (od) and open-pore, DMF-solvated (oDs), as the pore is

already open and hence no closed-pore model components are required.

The model spectra were taken from the following points during the experiments;

oDs — before SHF-61-DMF desolvation experiment
od — after SHF-61-CHCIs desolvation experiment

The spectral composition plot of SHF-61o DMF-resolvation experiments is

shown below in Figure 4.25.
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Figure 4.25. (Left) Composition plot of spectra during SHF-610-DMF resolvation experiment.
(Right) Change in peak area of 1660 cm-* DMF v(CO) band during SHF-610 DMF-resolvation.

Figure 4.25 (left) shows a two-component progression, where the first 30 minutes
occur at a faster rate than the subsequent 40 minutes. This is likely to be DMF
initially interacting with the NHz groups of framework, followed by filling of the

framework pores.
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The peak profiles of the od model and 1660 cm™ peak area change are incredibly
similar, corroborating the assumptions that the first 30 minutes of resolvation are
responsible for saturating the DMF—NH: interaction sites, and the remainder of
the resolvation experiment filling the pore space. While the rise in the od model
appears to be levelling off by the end of this experiment, the peak integral of the
DMF band is still rising, which is consistent with the continued resolvation of the
rest of the pore space after saturation of the amine sites. Quantitative
assessment of the kinetics was attempted, using mono and biexponential curve
fitting, but no satisfactory fits could be achieved. This is perhaps unsurprising, as
the DMF resolvation experiments discussed in Section 4.3.3.1 indicate that the
amine and other pore sites in the framework are not independent of each other

when it comes to solvent binding.

4.3.3.3 Resolvation of SHF-610 with CHCI3

Figure 4.26 shows a photograph of the particular SHF-610 crystal resolvated

during this experiment, which is ca. 80 x 50 pm.

Figure 4.26. Photograph of SHF-610 measured in this experiment (indicated),
collected in situ on the IR microscope. Aperture size is 20 x 20 pum.

Figure 4.27 shows the changes in peak position and area of the v(NH) bands
following resolvation of SHF-610 with CHCls. Changes in peak position and area

for v(NH) bands pre- and post-resolvation are shown below in Table 4.5.
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Figure 4.27. Peak area and position changes of SHF-610 following resolvation
with CHCI; for (left) higher energy and (right) lower energy v{NH) peaks.

As can be seen from both Figure 4.27 above and Table 4.5, the changes in peak
position and area are significantly smaller for resolvation with CHCIs than for the
resolvation with DMF, as discussed previously. This is attributed to the
comparatively lower hydrogen-bonding strength between the amino group and
CHCIs than for DMF. Peak positions did not return to those in pre-desolvated
SHF-61-CHCIs (3475 and 3363 cm), and this is predicted to be due to
resolvation with vapour-phase CHCIs not saturating the material as fully as during

the post-synthetic solvent-exchange procedure.

Table 4.5. Changes in vNH) bands after resolvation of SHF-610 with CHCls.

Vinitial Viinal Av
Framework Ainitial Afinal AA

(cm™) (cm?) (cm?)

3486 3485 -1 110.2 1099 -0.3
3372 3372 0 116.2 1151 -1.1

SHF-610-CHCl3
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Figure 4.28. (Left) Desolvated (green) and CHCls-resolvated (blue) SHF-610.
Peak at 1230-1215 cm™ is indicative of § (CH) bend. (Right) Peak area of 1220 cm™
CHCIs &CH) bend during SHF-61 CHClIs-resolvation fit to a biexponential curve (red).

The peak shown above in Figure 4.28 (left), characteristic of the 6(CH) bend in
CHCls, was fit to a Lorentzian peak shape in OriginPro 2017. The only data used
for fit was up until 12 minutes, due to the crystal moving during the data
collection, affecting the increase of the band. The peak area increased with time,
as shown in Figure 4.28 (right), and a biexponential curve fit to this data appears
to show a two-component process. The first 3 minutes occurred more quickly
than the subsequent 11 minutes, indicating a fast process as CHCIs interacts
with the amine groups of the framework linker. The second process is likely to

be the framework pores filling after interactions all amino groups have been filled.

Composite spectral modelling was employed to investigate changes in the v(NH)
bands. The only states needed to fit during SHF-61-CHCIs resolvation were
open-pore, CHCIs solvated (0Cs) and open-pore, desolvated (od). The model

spectra were taken from the following points during the experiments;

0Cs — before SHF-61-CHCIs desolvation experiment

od — after SHF-61-CHCIs desolvation experiment

The spectral composition plot of SHF-610 DMF-resolvation experiments is
shown below in Figure 4.29.
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Figure 4.29. Composition plot of spectra during SHF-610-CHCI; resolvation experiment.

Figure 4.29 shows a decrease of the initially superior od state and an increase
of the oCs state to maximum with time. Due to repositioning of the crystal at
ca. 15 minutes during this resolvation experiments, the analysis of the spectral
composition plot is less straightforward, however does show a clear changeover

between the od and oCs states.

4.3.3.4 Resolvation of SHF-610 with CyP

Figure 4.30 shows a photograph of the particular SHF-610 crystal resolvated

during this experiment, which is ca. 50 x 40 pm.

Figure 4.30. Photograph of SHF-610 measured in this experiment (indicated),
collected in situ on the IR microscope. Aperture size is 20 x 20 pm.
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The resolvation of SHF-610 with CyP resulted in the peak position and area
changes shown in Table 4.6. These shifts are significantly smaller than those
observed following resolvation with DMF, likely due to weaker hydrogen-bonding

interactions with the NHz group.

Table 4.6. Changes in v(NH) bands after resolvation of SHF-610 with CyP.

Vinitial Viinal Av
Framework Ainitial Asfinal AA
(cm™) (cm?) (cm?)

3485 3481 -4 846 904 +5.8
SHF-610-CyP
3368 3366 -2 286 270 -16
Desolvated
—— CyP-resolvated
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Figure 4.31. (Left) Infrared spectra of CyP 1(CO) stretches (1750-1710 cm™)
in SHF-610 (green) and SHF-610-CyP (blue).

Figure 4.31 shows the IR spectrum of SHF-610 and SHF-610-CyP (green and
blue respectively), showing two peaks growing in intensity with resolvation. Peak
integrals were calculated by peak integration, and not peak area fitting, as the fit
would not converge. Baseline correction was applied to all spectra and is

illustrated in Figure 4.32.
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Figure 4.32. Baseline applied to integration process of CyP
VY(CO) stretches during resolvation of SHF-610 with CyP.

The peak integrals of these bands (1727 and 1744 cm™) are shown in

Figure 4.33, with accompanying biexponential fit curves. These increases

appear to be a two-component process.
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Figure 4.33. (Left) 1727 cm™ and (right) 1744 cm CyP »(CO) stretches fit to
biexponential curve fits (red) during SHF-610 CyP-resolvation.

To investigate the changes in the v(NH) region of the spectrum, composite
spectral modelling was employed. Two model spectra were required to fit the

CyP-resolvation of SHF-610; open-pore, CyP solvated (oCys) and open-pore,

desolvated (od).
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The model spectra were taken from the following points during the experiments;

oCys — after resolvation of SHF-610 with CyP
od — after SHF-61-CHCIs desolvation experiment

Figure 4.34 shows the composition plot for CyP resolvation of SHF-610 spectra.
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Figure 4.34. Composition plot of spectra during SHF-610-CyP resolvation experiment.

The composition plot in Figure 4.34 shows a switch of states between oCys and
od. Biexponential fit curves for the above composition plots are shown in Figure
4.35.
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Figure 4.35. (Left) oCys and (right) od model composition fit to biexponential
curves (red) during SHF-610 CyP-resolvation.
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Although biexponential curves were fit successfully to all plots shown in Figures
4.33 and 4.35, the curves fit to the model composition plots (Figure 4.35) do not
clearly possess two components. In contrast, the biexponential curves fit to the
CyP v(CO) stretches (Figure 4.33) do imply two-component processes, which
would suggest CyP—NH: interaction saturation followed by pore filling. This could
suggest that the interactions between guest CyP and NH2 groups are not as
strong as those observed for DMF and CHCIs, and hence do not instigate as
much of a change in the NH region, or that CyP—NH: interactions and

subsequent pore filling processes are not as strictly defined in this system.
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4.3.3.5 Comparison of results from resolvation experiments

The solvent resolvation experiments carried out as the basis of discussion in
Section 4.3.3 resulted in a variety of peak position and area changes of the v(NH)
bands. These changes depended on the solvent used for resolvation and the
pore structure (open or closed) that was being resolvated. Peak changes for all

resolvation experiments are shown below in Table 4.7.

Table 4.7. Changes in vNH) bands (top) after resolvation experiments (April 2018)
and (bottom) after desolvation experiments (September 2016).

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?) (cm?)

3484 3467 =17 41.0 55.6 +14.6
SHF-61c-DMF

3369 3356 -13 21.5 11.8 9.7

3472 3458 -14 30.3 38.2 +7.9
SHF-610-DMF

3360 3349 -11 26.5 247 -1.8

3486 3485 -1 110.2 1099 -0.3
SHF-610-CHCI;

3372 3372 0 116.2 115.1 -1.1

3485 3481 -4 846 904 +5.8
SHF-610-CyP

3368 3366 -2 286 270 -16
SHF-61-DMF 3465 3480 +15 69.7 40.0 -29.7
desolvation 3352 3368 +16 3.6 150 +11.4
SHF-61-CHCI3 3475 3485 +10 89.4 798 -9.6
desolvation 3363 3371 +8 724 546 -17.8
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The largest peak shifts were observed following resolvation with DMF;
17 and 13 cm shifts to lower energy for the higher and lower energy bands
respectively following resolvation of the closed-pore form, and 14 and 11 cm*
shifts for the open-pore form. This indicates that interactions between DMF and

the NH2 groups are the stronger than for CHCls and CyP.

Larger peak changes are seen in both peak position and area for the closed-pore
structure than the open-pore structure following resolvation of structures with
DMF. This is consistent with the structural reopening of the pore upon DMF
resolvation of the closed form, as the environment surrounding the NH2 groups

changes drastically, which is reflected in the peak properties.

As mentioned earlier, the peak properties following resolvation did not return to
the original, pre-desolvation values. This would indicate that the
solvent-switching behaviour of the SHF-61 pore is not binary, and the degree of
solvation of the material contributes to the position of the v(NH) bands. Note, that
each of the de/resolvation experiments detailed in Table 4.7 were performed
independently, and over two visits to DLS B22 MIRIAM (September 2016 and
April 2018) and hence small variations in peak position and area (specifically
between SHF-61c and SHF-61-DMF, and SHF-61o0 and SHF-61-CHCl;) are
anticipated. An additional factor affecting the extent of positional and area shift
is residual water, present within the framework pre-desolvation and in the solvent
used for resolvation. Trace water will affect the extent of peak change, due to the
strong hydrogen-bonding character of water. The amount of water present in
both scenarios is unknown and hence the impact it has cannot easily be
guantified. This has also been a significant challenge in the crystallographic

experiments on this material.
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434 Desolvation of resolvated SHF-610

After resolvation of SHF-610 with CHCIls, CyP or DMF, samples were
subsequently desolvated at 120 °C to examine the reversibility of these
processes. Spectra were collected every 19 seconds in all desolvation
experiments. All data discussed in this section was collected during the DLS B22
MIRIAM visit in April 2018.

All peak positions and areas for desolvation of resolvation experiments were
deconvoluted using peak area fitting in Origin 2017, as described in
Sections 1.8.1 and 4.3.1.1. Similarly to the previously discussed de/resolvation
experiments, spectra were split into a higher energy (3865—-2617 cm) and lower
energy (1236-700 cm for experiments involving CHCIz and CyP; 1706700 cm-
1 for experiments involving DMF) region of the spectrum and bands was fit to a
Lorentzian peak shape. v(NH) and respective solvent band changes are

discussed hereafter.

434.1 Desolvation of SHF-610-DMF

Table 4.8 shows the peak changes observed following desolvation of
SHF-610-DMF, and the peak changes observed after original desolvation of
SHF-61-DMF. Original desolvation of SHF-61-DMF, carried out in September
2016 at DLS B22 MIRIAM, led to the formation of closed-pore SHF-61c.
Surprisingly, desolvation of SHF-610-DMF, in April 2018, did not reproduce the
same large peak position and area shifts, as highlighted in Table 4.8. Reasoning

for this result is discussed later in this section.
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Table 4.8. Changes in v(NH) bands (top) after desolvation of SHF-610-DMF (April 2018)
and (bottom) after desolvation of SHF-61-DMF (September 2016).

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?) (cm?)

3472 3478 +6 32.9 30.7 -2.2
SHF-610-DMF

3361 3367 +6 24.9 24.4 -0.5
SHE-61-DMF 3465 3480 +15 69.7 40.0 -29.7

3352 3368 +16 3.6 150 +11.4

Figure 4.36 below shows the peak area change of the 1660 cm* DMF v(CO)
carbonyl band during desolvation experiments of SHF-610-DMF, with the

associated biexponential curve fit shown in red.
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Figure 4.36. Peak area of 1660 cm* DMF (CO) stretch fit to a biexponential
curve (red) during SHF-610-DMF desolvation experiments.

The fit curve suggests a two-component process. The first process is likely
desorption of the weakly-bound DMF in the framework pores, whilst the longer,

slower process is likely the cessation of stronger DMF—NH interactions.
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Composite spectral modelling was used to examine the states present during the
desolvation experiments. The model spectra were taken from the following points

during experiments;

oDs — before SHF-610-DMF desolvation experiment
od — end of SHF-610-DMF desolvation experiment

The composite modelling plot is shown below in Figure 4.37.
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Figure 4.37. Composition plot of spectra during desolvation of SHF-610-DMF.

The above plot in Figure 4.37 indicates a switch of state maximum, where the
open-pore, DMF-solvated (oDs) state progresses from maximum to zero, and
vice versa for the open-pore, desolvated (od) state. There is no experimental
reasoning for the small jump in the data at around 175 minutes but it is consistent
with the jumps seen in other examples when the crystal has shifted in the beam.
Biexponential curve fits of the composite modelling plots are shown in
Figure 4.38.
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Figure 4.38. Biexponential curve fits (red) of (left) od and (right) oDs model
composition during desolvation of SHF-610-DMF.
Data marked in green was excluded from the fitting process.

Given the expectation of various states present in systems involving the
desolvation from DMF, the presence of only two states (and small accompanying
error bars) suggests that pore closure does not occur in this experiment. This
observation is concurrent with the small peak position and area shifts, compared
to the initial SHF-61-DMF desolvation data collected in September 2016. The
exponential curve fits do not overwhelmingly suggest a two-component
desolvation process, suggesting that the desolvation process of DMF-resolvated
SHF-61 is not identical to the desolvation of parent SHF-61-DMF. We note that
this measurement was performed on a different crystal to the first, and hence

crystal size effects cannot be ruled out.?®

4.3.4.2 Desolvation of SHF-610-CHCIs

Table 4.9 shows the peak changes observed following desolvation of
SHF-610-CHCIs in April 2018, and the peak changes observed after original
desolvation of SHF-61-CHCIs to form SHF-610 in September 2016. Similarly to
the desolvation of SHF-610-DMF discussed earlier in this section, desolvation of
SHF-610-CHCIs did not reproduce the same peak shift or area change, as
highlighted in Table 4.9.
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Table 4.9. Changes in v(NH) bands (top) after desolvation of SHF-610-DMF (April 2018)
and (bottom) after desolvation of SHF-61-DMF (September 2016).

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?)  (cm?)

3486 3491 +5 75.6 78.4 +2.8
SHF-610-CHCl3

3371 3374 +3 16.2 15.5 -0.7
SHF-61-CHCls 3475 3485 +10 89.4 79.8 -9.6

3363 3371 +8 724 546 -17.8

Figure 4.39 below shows the change in peak area and associated biexponential
fit of the 1220 cm™* CHCIsz 8(CH) bend during the desolvation of SHF-610-CHCla.
The two-component decrease in peak area can be seen throughout the course
of the experiment. The first 15 minutes of the desolvation process is likely
attributable to the CHCIs in the pore, while the second process is the loss of
CHCIs—NH: interactions. Note, that a boundary was applied to prevent any peak
parameters falling below zero, and hence further changes in the peak area were

not observed after ca. 22 minutes.
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Figure 4.39. Biexponential curve fit (red) of 1220 cm* CHCI3 &(CH) bend
peak integral during SHF-610-CHCI; desolvation experiments.
The point marked in red was excluded from fitting.
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Composite spectral modelling was used to examine the states present during the
desolvation experiments. The model spectra were taken from the following points

during experiments;

0Cs — before SHF-610-DMF desolvation experiment
od — end of SHF-610-CHCIs desolvation experiment

The composite modelling plot is shown below in Figure 4.40.
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Figure 4.40. Composition plot of spectra during desolvation of SHF-610-CHCls.

Figure 4.40 shows an exponential increase in the open-pore, desolvated (od)
model as the open-pore, CHCIs-solvated (0Cs) model decreases. The decrease
in oCs matches the loss of CHCIs observed in Figure 4.39. Biexponential curves

are fit to these composition plots in Figure 4.41 overleaf.
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Figure 4.41. Biexponential curve fits (red) of oCs (left) and od (right) model
composition plots during desolvation of SHF-610-CHCls.

The biexponential fit curves for the model composition plots indicate an initial
process, which completes at ca. 25 minutes, and likely corresponds to the loss
of CHCIs from the framework pore. The next component reflects a slower

process, which is likely the loss of CHCls—NH: interactions.

4.3.4.3 Desolvation of SHF-610-CyP

The changes in peak position and peak area for the v(NH) bands following

desolvation of SHF-610-CyP are shown below in Table 4.10.

Table 4.10. Changes in v(NH) bands (top) after desolvation of SHF-610-DMF (April 2018)
and (bottom) after desolvation of SHF-61-DMF (September 2016).

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?) (cm?)

3480.3 3480.6 +0.3 83.1 78.1 -5.0

SHF-610-CyP
3365.1 3366.2 +1.1 26.3 275 +1.2
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On comparison to the changes observed for desolvation of SHF-610-DMF and
SHF-610-CHCls, the changes seen upon desolvation of the CyP structure are
significantly smaller. This would suggest that cyclopentanone is a significantly
weaker H-bond acceptor than CHCIs and DMF; no directly comparable literature
values for this could be found. Figure 4.42 shows the peak area changes of the
1727 and 1740 cm® CyP carbonyl bands during the desolvation of

SHF-610-CyP, with accompanying biexponential curve fits.
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Figure 4.42. Biexponential curve fits (red) of (left) 1727 cm- and
(right) 1744 cm CyP v(CO) stretches during desolvation of SHF-610 CyP.

Figure 4.42 shows decrease of both the 1727 and 1744 cm' CyP v(CO)
stretches during the desolvation experiment, however the curves suggest a

single component process.
Composite spectral modelling was used to examine the states present during the
desolvation experiments. The model spectra were taken from the following points

during experiments;

0Cys — before SHF-610-DMF desolvation experiment
od — end of SHF-610-CHCIs desolvation experiment

The composite modelling plot is shown overleaf in Figure 4.43.
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Figure 4.43. Composition plot of spectra during desolvation of SHF-610-CyP.

Figure 4.43 shows a rise of open-pore, desolvated (od) state, and vice versa for
the open-pore, CyP-solvated (oCys) state. Biexponential curves were fit to these

plots, and are shown in Figure 4.44.
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Figure 4.44. Biexponential curve fits (red) of oCys (left) and
od (right) model composition during desolvation of SHF-610 CyP.

The fit curves for these plots clearly indicate two-component processes. The first
20 minutes of the desolvation process likely indicates the desolvation of CyP
from the pore. This process occurred significantly faster than the second
component of the desolvation process, which likely reflects the loss of CyP—NH:2

interactions throughout the structure.
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4.3.4.4 Comparison of results from desolvation of resolvated

SHF-610 experiments

Peak shifts and area changes following the desolvation of CHCls-, CyP- and
DMF-resolvated SHF-610 were significantly smaller than changes observed
following desolvation of SHF-61-CHCIs in September 2016 (Table 4.11).

Table 4.11. Changes in v(NH) bands after desolvation of resolvated SHF-610 materials.

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?)  (cm?)

3472.0 3478.4 +6.4 32.9 30.7 2.2
SHF-610-DMF

3360.6 3366.6 +6.0 24.9 24.4 -0.5

3486.3 3490.5 +4.2 75.6 78.4 +2.8
SHF-610-CHCl3

3370.7 3374.0 +3.3 16.2 155 -0.7

3480.3 3480.6 +0.3 83.1 781 -5.0
SHF-610-CyP

3365.1 3366.2 +1.1 26.3 275 +1.2
SHF-61-CHCl3 3475 3485 +10 89.4 79.8 -9.6
desolvation 3363 3371 +8 724 546 -17.8

There are two possible explanations for this. Firstly, resolvation of the framework
with DMF or CyP has a sustained effect on the open-pore framework, and
subsequent desolvation of DMF- and CyP-resolvated frameworks did not return
the material to the same state observed in desolvated SHF-61-CHCIs. Secondly,
the framework may not be robust enough to withstand multiple de/resolvations,
and reduced impact of desolvation is reflective of material fatigue. Multiple
solvent cycling of this material was not studied by Carrington et al..?3
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Resolvation experiments, discussed in Section 4.2.2, saw similar biexponential
fitting results from v(NH) band composite spectral modelling and solvent band
areal/integration, clearly corroborating the role solvents play in v(NH) shifts.
Unfortunately, desolvation of resolvated SHF-610 experiments did not

corroborate the solvation mechanism as clearly as the resolvation experiments.

Finally, crystal size effects have been seen to play a significant role in the
changes of other flexible frameworks.?® These have not been controlled here,
which is why quantitative assessments of the rate of change have not been

discussed further.
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4.3.5 CO:2 loading in SHF-61

Our collaborators, Carrington et al., reported interesting pore behaviour upon
COz2 loading of the material. Uptake of CO:2 in the closed-pore structure of
activated SHF-61c did not induce pore opening. This resulted in significantly
lower CO2 uptake for desolvated SHF-61c (298 K, 1.46 mmol g at 4.5 bar;
2.43 mmol g* at 18 bar) than for desolvated SHF-610 (298 K, 4.45 mmol g* at
4.5 bar; 6.5 mmol g at 19.5 bar). CO: isotherm data collected as part of the
initial 2017 study by Carrington et al. is shown in Figure 4.45.
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Figure 4.45. Gravimetric CO; isotherms at 298 K of desolvated
SHF-610 (blue) and SHF-61c (green).

CO2 loading of single crystals of SHF-61-CHCIs and SHF-61-DMF was carried
out in a Linkam FTIR600 stage, described and pictured in Section 1.6 and
Figure 1.13 (pp.13) respectively, and monitored by IR. Pre-dried CO2 and N2
gases were delivered to activated SHF-61 single crystals via separate mass flow
controllers and mixed in a single inlet tube. Specific partial pressures of CO2 (0.2,
0.4, 0.6, 0.8 and 1.0 bar) were delivered and at each partial pressure a new
background and sample spectrum collected after allowing the cell to equilibrate

for 10 minutes.
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4.3.5.1 Spectral analysis by peak fitting

The v(NH) bands shift as CO:2 is adsorbed into the framework, as shown for
SHF-61-CHClIs in Figure 4.46.

— Desolvated
— CO, loaded

Abs

T T T T T T T T T T T T
3550 3500 3450 3400 3350 3300
Wavenumber (cm™)

Figure 4.46. IR spectrum of desolvated SHF-61-CHCls (blue)
and CO;-loaded SHF-61-CHCls.

The effect of CO2 loading on v(NH) was investigated by peak fitting analysis.
Figure 4.47 shows the position of each v(NH) stretch at different partial pressures

of CO2. Table 4.12 contains the peak position and area changes following CO>
loading.
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Figure 4.47. Peak area (orange) and position (blue) changes of
SHF-610 (top) and SHF-61c (bottom) higher energy (left)
and lower energy (right) A NH) following CO> sorption.

The positional shift of both stretches is greater in SHF-610 than SHF-61c, where

total peak shifts (for both higher and lower energy bands) to lower energy of

7.5 and 3.6 cm™ were observed for SHF-610 and SHF-61c respectively. The

initial positions of the desolvated v(NH) bands in SHF-610 are at a higher

wavenumber than in the (closed) SHF-61-DMF desolvated framework.
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Table 4.12. Changes in vwNH) bands in SHF-610 (top)
and SHF-61c (bottom) after CO; loading.

Vinitial Viinal Av
Framework Ainitial Afinal AA
(cm™) (cm?)  (cm?)

3487 3483 -4 110.8 111.5 +0.7
SHF-610

3373 3369 -4 116.9 1234 +6.5

3484 3482 -2 445 43.6 -0.9
SHF-61c

3369 3368 -1 30.0 28.6 -1.4

Crystallographic experiments by the Brammer group highlighted that adsorption
of CO2 up to 1 bar into the closed-pore structure did not induce opening of the
pore. It is therefore surprising that the v(NH) band positions of the CO2-loaded
frameworks are similar in both cases. The greater shift for v(NH) in SHF-610 on
adsorption of CO:2 is therefore a consequence of both the increased amount of
CO:2 adsorbed by this material compared to the closed-pore structure and the

initially higher energy v(NH) band positions.

In both SHF-610 and SHF-61c CO: uptake experiments, the spectra show
increasing CO2 combination bands as the partial pressure rises. These are
highlighted in the infrared spectrum of 1 bar CO2-loaded SHF-610, shown in
Figure 4.48. These combination bands have been observed in other studies and
are visible in these spectra at 3693 and 3589 cm™.2°-31 These bands are
intrinsically weak and, due to overlap with the amine bands and adjacent OH
stretches, peak fitting analysis was difficult. Therefore, they were investigated

using simple peak integration.
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Figure 4.48. Infrared spectrum (3700-2500 cm-t) of CO;-loaded SHF-61-CHCls,
with CO, combination bands indicated (red circle).

4.3.5.2 Spectral analysis by peak integration

Prior to peak integration, the same baseline correction was applied to each
spectrum, shown in Figure 4.49. The combination bands were then integrated
between 3608.3-3567.8 and 3712.5-3672.0 cm%, and the resulting integrals are

shown in Figure 4.50.
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Figure 4.49. Baseline correction applied during peak integration of
CO; combination bands in SHF-61-CHCls.
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Figure 4.50. Plots of CO, combination band integral in SHF-61-CHCI; (left) and
SHF-61-DMF (right) at varying partial pressures of CO-. Note, difference in y-axis scale.

When measured by gas sorption experiments, the uptake of CO:2 in
SHF-61-CHCIs is greater than in SHF-61-DMF due to the open pore structure.
This is also clearly observed in the infrared peak integral plots of Figure 4.50,
where the peak integrals for the CO2 combination bands are significantly larger
in SHF-61-CHCls than for SHF-61-DMF.

Figure 4.50 bears resemblance to the shape of a gas sorption isotherm. In a gas
sorption experiment, in excess of 50 mg of sample is required, whereas in this
experiment, we have successfully recreated the isotherm shape using a single
crystal of material.

4.3.5.3 Spectral analysis by composite modelling

Composite spectral modelling was used to examine the states present during
COz2 loading. The model spectra were taken from the following points during
experiments;

od — before COz2 loading into SHF-610
oC — after 1 bar CO:2 loading into SHF-610
cd — before CO2 loading into SHF-61¢c
cC — after 1 bar COz2 loading into SHF-61c
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Bounds were applied to each composite modelling analysis to prevent
composition values being greater than 1 or less than 0. The composite modelling
plots for SHF-610-CO2 and SHF-61c-CO2 are shown below in Figure 4.51.

1.0+ ° ® ® °
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0.0 e °
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Figure 4.51. Composition plot of spectra during CO- uptake
into (left) SHF-610 and (right) SHF-61c.

The change of spectral composition in SHF-61c was greater until 0.6 bar CO2
than in SHF-610, and the closed-pore, CO2-loaded state (cC) state reached a
maximum at this pressure. The shape of the closed-pore, CO2-loaded state (cC)
composition almost resembles the shape of a gas uptake isotherm. The change
in spectral composition does not reach a plateau in SHF-610 as the patrtial
pressure of COz increases to 1 bar. This indicates that the closed-pore SHF-61c
NHz bands interact with CO2 and saturate at a lower pressure than required in
SHF-610, suggesting that the open-pore structure can accommodate more COz2

at higher pressures up to 1 bar.
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4.3.5.4 Comparison of results from CO. uptake experiments

CO2 uptake experiments in SHF-61 were successfully monitored by IR, where a
similar, but not identical, peak profile was produced by the integration of the
3570 cm™ CO2 combination band (Figure 4.52). This is particularly significant, as
gas isotherms often require ca. 50 mg of material, whereas this isotherm shape

has been reproduced from one single crystal of material.
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Figure 4.52. (Left) Peak integrals of 3570 cm! peak during CO- uptake in
SHF-610 (orange) and SHF-61c (purple). (Right) Volumetric CO;
isotherms of SHF-610 (blue) and SHF-61c (green).

The peak profiles extracted from composite spectral modelling do not exactly
match the gravimetric CO2 uptake curves. These plots, and the small differences
between the calculated peak integrals and gravimetric CO2 uptake curves,
indicate that although CO: is preferentially adsorbing at NH sites at low partial
pressures, other binding sites must be present which contribute to the overall
adsorption isotherm shape. This effect is observed to a greater extent in

SHF-610 than SHF-61c due to the significantly increased CO:z uptake properties

of the open-pore material.
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4.4 Conclusions and Outlook

The desolvation of SHF-61-CHCIls and SHF-61-DMF (to form open-pore
SHF-610 and closed-pore SHF-61c respectively) saw greater position shifts in
the v(NH) peaks on desolvation from DMF than CHCIs. This was attributed to
greater strengthening of the N—H bond after desolvation from DMF than from
CHCls, due to the greater hydrogen-bond acceptor character of DMF. Composite
spectral modelling of the desolvation process of SHF-61-DMF did not require the
closed-pore, DMF-solvated (cDs) model. This suggested that the pore closure is
instigated by localised desolvation of DMF and is not an effect of DMF removal
from the whole system. As such, the removal of solvent from the material results
in localised pore closure, whilst the remainder of DMF-solvated areas remain

open. These experiments corroborate crystallographically observed data.

The investigation into the effect of resolvation of SHF-61c and SHF-610 with a
variety of solvents did not return the materials to their exact pre-desolvated
states. This could be due to two reasons. Firstly, the amount of solvent in the
pre-desolvated materials saturated the structure, due to the sheer excess
present during synthesis or post-synthetic solvent exchange. Alternatively, the
interactions of residual water present in the resolvation solvents are having a
significant impact on the position of the v(NH) bands. The resolvation timescale
also varies significantly, and this could be attributed to the difference in sizes for
the crystals selected for each experiment. Further experiments would examine
the resolvation of both SHF-610 and SHF-61c with other solvents, including
'PrOH and H20. This data will corroborate crystallographic experiments already
undertaken and currently being processed by the Brammer group, and would
expound upon how the pore breathing mechanism is affected by solvents with

different hydrogen bond forming capabilities.

Subsequent desolvation of resolvated SHF-61 did not return peak positions to
the peak positions originally observed following SHF-61-CHCIs desolvation.
There are several possible explanations for this effect. Firstly, resolvation of
SHF-610 with DMF and CyP may have had a sustained effect on the framework

pores. The second reason for inconsistent peak positions could be framework
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instability towards this repeated desolvation and resolvation cycling at elevated
temperatures. Finally, the effects of crystal size variation and the role this plays

is not yet understood.

Evaluation of the composite spectrum modelling following CO2 uptake into SHF-
610 and SHF-61c shows that SHF-61c preferentially adsorbs more CO: at lower
partial pressures than the open-pore structure. Integration of CO2 combination
bands that grow with increasing CO:2 partial pressures nearly recreates an
adsorption isotherm shape. This is particularly notable, as we have been able to
recreate this adsorption isotherm from only one single crystal of material. Hence,
we have obtained from our measurements both the overall CO2 sorption isotherm
and the site-specific adsorption isotherm of the amine-binding site in a single
crystal. In order to examine the binding nature of different gases with the NH
groups present, competitive gas binding experiments will be carried out using

SO:2 as well as CO2, as explored by Savage et al. in 2016.3?

Infrared microspectroscopy has proved a valuable technique to not only
corroborate experimental data from crystallographic measurements, but also to
identify pore and solvation states within the framework that could not be observed
crystallographically. A combination of approaches to IR spectral analysis has
identified changes in different spectral regions that are indicative of pore de- and
resolvation. Collaboration with a computational chemist (currently underway) will
identify particular areas of the infrared spectrum that can provide yet more data

than the current regions that have been examined within the scope of this project.
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4.5 Experimental

All SHF-61 materials were provided by Daniel Watkins, Elliot Carrington and
Stephen Dodsworth of the Brammer Group at the University of Sheffield, with
whom all this work was carried out in collaboration. Syntheses are described
below. All reagents for these syntheses were purchased from Sigma-Aldrich or
Alfa Aesar and were used without further purification. All infrared spectral
analysis was done in partnership with Daniel Watkins. All solvents used for
resolvation experiments (CHCIs, cyclopentanone, DMF, H20 or ‘PrOH) were
anhydrous (except H20) and sourced from Sigma-Aldrich. Elemental analyses
were recorded on a Perkin Elmer 24000 CHNS/O Series Il Elemental Analyser

using combustion in pure oxygen.

In situ IR spectroscopic measurements were carried out on B22 MIRIAM
beamline at the Diamond Light Source, using a Bruker Vertex 80 V FTIR
interferometer with an internal broadband liquid N2-cooled MCT detector coupled
to a Hyperion 3000 microscope with x15 objective. A sample of SHF-61 was
loaded on to a 05x16mm ZnSe window and enclosed within a
variable-temperature gas-tight Linkam FTIR600 cell fitted with 0.5 x 22 mm ZnSe
top and bottom windows. Spectra were collected using aperture sizes of
20 x 20 pum. CO2 and N2 gases were dried through zeolite filters between the gas

cylinder and mass flow controller.

45.1 Synthesis of SHF-61 materials

Synthesis of (Me2NH2)[In(ABDC)2].xDMF.yH20 (SHF-61-DMF).23

DMF (10 mL) was added to a mixture of InCls (0.1106 g, 0.5 mmol) and
2-aminoterephthalic acid (H2ABDC) (0.092 g, 0.5 mmol) and stirred until fully
dissolved. The solution was then transferred to a 125 mL Teflon-lined steel
autoclave and placed inside a temperature-controlled oven. The temperature
was ramped to 130 °C at 1 °C/min and maintained for 24 h before cooling to
room temperature at a rate of 0.1 °C/min. The solvent was decanted off and the

brown crystals of SHF-61-DMF were transferred and stored in fresh DMF.
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Yield: 46 %. Elemental analysis calculated for
(Me2NH2)[In(ABDC)2]-1.75DMF-1.25H20: C, 41.70; H, 4.93; N, 9.94.
Found C, 41.69; H, 4.93; N, 9.92

Solvent Exchange of (Me2NH)[In(ABDC)2].

Single crystals of SHF-61-DMF (50 mg, 0.01 mmol) were placed in anhydrous
CHCIs (1 mL) for 1-2weeks. CHCIs was replaced daily vyielding
CHCls-exchanged MOF SHF-61-CHCIs. Elemental analysis calculated for
(Mez2NH2)[In(ABDC)2]-1.25CHCI3:0.65H20: C, 34.00; H,3.08; N, 6.18.
Found C, 33.73; H, 3.08; N, 5.84

45.2 B22 MIRIAM experiments

Staged desolvation experiments.

Spectra of SHF-61-CHCIs were collected every t(min)  t (min)

30 seconds under 100 SCCM Nz flow at: 27, 40, T CHCls DME
60, 80, 100 and 120 °C, to give SHF-61lo0. >7 0 )
Spectra of SHF-61-DMF were collected every 40 20 20
60 seconds under 100 SCCM Nz flow at: 27, 40, 60 20 20
60, 80, 100, 120 and 150 °C to give SHF-61c. 80 20 20
Time for each heating stage are shown in 100 130 20
Table 4.13. After holding at each temperature, 120 80 20

150 - 80

samples were returned to ambient temperature

o *
(27 C) and a spectrum recorded. Table 4.13. Timescales for staged

heating of SHF-61

*With the exception of SHF-61-CHCIs after heating at 100 °C.
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Resolvation/desolvation experiments.

To monitor resolvation and desolvation of the materials from different solvents, a
bubbler containing the solvent of interest (CHCIs, cyclopentanone (CyP), or
DMF) was incorporated between the N2 mass flow controller and Linkam cell to
deliver a saturated atmosphere of solvent vapour in N2 to the sample
environment. The flow rate was set to 1-2 bubbles per second (5 SCCM), slow

enough to ensure vapour saturation in the gas flow.

Experiments investigated the resolvation of SHF-610 were carried out after
activation of the material at 120 °C. This temperature was chosen to ensure
solvent removal but no interference with the Me2NHz" framework cation. Samples
were activated ex situ, away from the infrared microscope under a steady flow of
house N2 for a minimum of 200 minutes, and the cell was then transferred to the
microscope for resolvation experiments. Spectra were collected every 30
seconds (for data collected in 2016) or every 19 seconds (for data collected in
2018) during resolvation until no further change in solvent peak intensity was

observed.

Subsequent desolvation of the resolvated materials was carried out at 120 °C for
all solvents. Spectra were collected every 19 seconds during re-desolvation at
elevated temperatures until solvent peaks were no longer observable. An

additional spectrum was collected following return of the sample to 27 °C.

CO2 uptake experiments.

CO:2 adsorption in activated open- and closed-pore structure materials was
measured by delivery of a mixture of N2 and CO:2 gases via separate mass flow
controllers mixed into a single inlet pipe. The partial pressure of CO2 delivered
was controlled by varying the volumetric flow of the two gases. Partial pressures
of 200 (20% CO:2 in N2), 400, 600, 800 and 1000 mbar of CO2 were delivered
and SHF-61 allowed to equilibrate in each case for 10 minutes. Spectra were

recorded at 27 °C at each equilibrated partial pressure of COo-.
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45.3 Spectral analysis

Infrared spectra were analysed by a combination of peak fitting, peak integration
and composite spectral regression modelling in OriginPro 2017. Spectral

analysis procedure is described more throughout Sections 1.8 and 4.3.

For peak fitting, data were trimmed to a range of 3865—700 cm and split into
regions of 3865-2619, 1236—903 (1706-903 for experiments involving DMF
de/resolvation) and 903-700 cm™. Due to peak saturation, masks were applied
to data in the ranges 957-925 and 843-792 cm™ to exclude these regions from
peak fitting and 2617-1236 cm! was excluded for experiments involving CHCI3
and CyP. Experiments involving DMF had an additional mask applied to data in
the range 1637-1180 cm™ due to saturation. Baseline points were manually
selected and baseline subtraction applied to the spectrum. Peaks were fit to a
Lorentzian peak shape, with some peak positions and widths values fixed to
enable completion of the fitting process (see Section 4.3). Peak positions, widths
and areas were initially manually varied to produce a fit that most closely
resembled the spectral profile and then the fit refined until convergence was
reached. One spectrum from the set was fit initially, before a fitting ‘theme’ was

created in OriginPro to enable peak fitting of multiple spectra.

Peak integration was used in place of peak fitting when fits would not converge,
particularly to determine the integrals of solvent bands. Baseline correction was
applied, if appropriate, after assessing peak shape and nearby spectral overlap
by eye. A summary of the approach used (peak area fitting vs peak integration)

to deconvolute peaks for specific solvent bands is shown in Appendix 2.

Composite spectral regression modelling allows a spectrum to be fit with multiple
spectral models, yielding each spectrum as a percentage composition of the
chosen models. The model spectra chosen for each state of the system can be
found throughout Section 4.3. A non-linear curve fit function was constructed in
OriginPro, which dictated the number of spectral models to fit each spectrum to.
On fitting the models to each spectrum, bounds were applied that prevented any

model being a negative component of the fit.
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Composite models and some peak areas were fit to biexponential curves in
OriginPro. These were carried out in order to investigate whether timescales and
line shapes were similar across composite modelling and peak fitting analysis,
and corroborate results extracted from the two different analysis methods in

different regions of the infrared spectrum.
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5 Concluding remarks

As a result of work described in this thesis, we are now able to collect IR spectra
of MOF single crystals during desolvation and resolvation, and in the presence
of gases. We have even developed the capability to perform these
measurements within droplets of solvent. We have successfully monitored both
guest uptake and release, as well as binding interactions between guests and
the frameworks, and monitored structural change in the frameworks during guest
interactions. These guests are not just small molecule gases, but include larger

molecules, including caffeine and cyclopentanone.

Complementary to IR microspectroscopy experiments, CLSM has been used to
spatially map guest diffusion within MOF single crystals. While the work
described in this thesis has focussed on known materials, the novel post-
synthetic modification of materials with photoswitches has also been discussed.
The solid-state behaviour of these photoswitches has been probed, integrating
photolysis with more routine characterisation and imaging techniques to examine

the changes in our systems.

Our work examining the diffusion of therapeutic guests from MOFs has enabled
us to study the loss of caffeine from single crystals into a single drop of solvent
at several temperatures. From these studies, we calculated an Ea for this
diffusion process. The investigation into the loss of Cu-bound CO from a
framework has shed light on the multiple CO binding sites and the co-

dependency of each of these sites.

IR microspectroscopic experiments investigating the solvent-induced breathing
of SHF-61 have identified the gated resolvation of the material in real-time, which
was unobservable by single crystal X-ray diffraction. CO2 loading into the
desolvated frameworks has enabled us to recreate the shape of a gas isotherm,
both throughout the material and exclusively at amine binding sites.
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The investigation into the MOF-bound photoswitches explored in this thesis
clearly has scope for further study. The inclusion of other techniques, such as
Raman spectroscopy, will enable full characterisation and understanding of the
photophysical behaviour of these functional materials. The work detailed herein
has paved the way for further studies into the phototriggered release of guest
molecules from MOFs. By combining our newly developed method of tracking
guest diffusion within MOFs using IR microspectroscopy, and the proven
photoswitching of MOF-bound spirooxazine moieties, the promising avenues into

the design of truly functional materials can now be explored.
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Appendix

6.1

Appendix 1 (Chapter 2)

Table A2.1. Attempted combinations for NOTT-100 single crystal synthesis

Tz s s § 2|8 5 &

5 €= > 5 % T S ® 5 T -
aB | B o o | ¥y £ g o m R
<4 | I = g - 2T/ 0o 2 2 0o 0
T8 I e e e

13.87 20.29 | Benzoic | 10 1 2 0 0 0 0 55
13.87 | 20.29 | Benzoic | 30 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | Benzoic | 50 | 1 2 0 0 0 0 | 55
13.87 20.29 Formic 10 1 2 0 0 0 0 55
13.87 | 20.29 | Formic | 30 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | Formic | 50 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | H.SOs4 | 8 1 2 0 0 0 0 | 55
13.87 | 20.29 | H.SOs4 | 14 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | H.SOs4 | 20 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | H.SOs | 30 | 1 2 0 0 0 0 | 65
13.87 | 20.29 | H.SOs | 30 | 1 2 0 0 0 0 | 55
13.87 | 20.29 | H.SO4 | 30 | © 0 0 3 0 0 | 55
13.87 | 20.29 | H.SOs | 30 | 1 0 0 2 0 0 | 55
13.87 | 20.29 | H.SOs | 30 | 1 1 0 1 0 0 | 55
13.87 | 20.29 | H.SOs | 30 | 1 2 0 0 0 |311] 55
13.87 | 20.29 | H.SOs4 | 30 | 1 2 0 0 0 |311] 80
13.87 | 20.29 | H.SOs4 | 30 | 1 2 0 0 0 | 311] 120
13.87 | 20.29 | H.SOs | 30 | © 3 0 0 0 |311] 55
13.87 | 20.29 | H.SOs | 30 | © 3 0 0 0 |311] 80
13.87 | 20.29 | H.SOs | 30 | © 3 0 0 0 | 311] 120
13.87 | 20.29 | H.SOs4 | 30 | 1 1 0 0 1 0 | 55
13.87 | 20.29 | H.SOs4 | 30 | 1 0 0 0 2 0 | 55
13.87 | 20.29 | H.SO4 | 30 | O 0 0 0 3 0 | 55
13.87 | 20.29 | H.SO4 | 30 | © 3 0 0 0 0 | 55
13.87 | 20.29 | H.SOs4 | 40 | 1 2 0 0 0 0 | 65
13.87 | 20.29 | H.SOs4 | 40 | 1 2 0 0 0 0 | 55
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Figure A2.1. Solution-phase UV-VIS spectra of metal salt—, solvent— and
modulator—linker combinations of indicated MOF constituents in MeOH.
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Figure A2.2. Solution-phase UV-VIS spectra of linker—, solvent— and

modulator—metal salt combinations of indicated MOF constituents in MeOH.
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Figure A2.3. Solution-phase UV-VIS spectra of metal salt—, linker—,
solvent—modulator combinations of indicated MOF constituents in MeOH.

Table A2.2. Peak positions for Amax of 7-DCCA peaks in
UV-VIS-DR spectra during timed modification experiments.

Time (h) A (nm)
1 418.3

4 430.9

8 418.9

16 (a) 4143
16 (b) 420.7
32 414.3

48 420.6

56 422.5
72(a) 4174
72 (b) 389.9
80 418.7
96 (a) 416.1
96 (b) 430
104 452.7
120 413.2
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Time (h) A (nm)
1 429.2

4 4374

8 436.3

16 432.6

24 429.5

48 426.8

72 426.8
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Figure A2.4. PXRD patterns of MIL-68(In) collected from
(orange) control and (blue) 7-DCCA SALE experiments.
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Figure A2.5. PXRD patterns of NOTT-100 collected from
(orange) control and (blue) 7-DCCA SALE experiments.
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Figure A2.6. PXRD patterns of Sc,BDC3; collected from
(orange) control and (blue) 7-DCCA SALE experiments.
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Figure A2.7. LC-MS trace of crude phen-spiro.
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Figure A2.8. MS fragments of crude phen-spiro LC trace.
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Table A2.3. Assignment of MS fragments in crude phen-spiro.

LC-MS  Fragment

peak (min) (m/z) Adduct
6.555 483.22 PS+2Na-H
6.355 439.17 PS+H
685.22 PPC + 3H (3+)
6.226 246.11 PPC + Na
439.17 PS+H
693.22 PPC+2H+H
6.046 455.17 PS + NH4
5.872 439.18 PS+H
5.752 455.17 PS + NH4
5.657 439.17 PS+H
6.2 Appendix 2 (Chapter 4)

Table A4.1. Peak analysis approach used for solvent
bands during SHF-61 re/desolvation experiments.

Band Peak analysis

Framework Solvent Experiment

(cm™?) approach
SHF-61c DMF Resolvation 1660 Fitting
SHF-610 CHClIs Resolvation 1220 Fitting
SHF-610 CyP Resolvation 1730 Integration
SHF-610 DMF Resolvation 1660 Integration
SHF-610-CHCl; Desolvation 1220 Fitting
SHF-610-CyP Desolvation 1730 Fitting
SHF-610-DMF Desolvation 1660 Fitting
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