The University of

Nottingham

s

Synchrotron Powder Diffraction
Studies of MetalOrganic Frameworks

Christopher Morris

Thesis submitted to the University of Nottingham for
the degree of Doctor of Philosophy

September 2016



Declaration

Except where specific reference is made to other sources, the work presented in this
thesis is the original work of the author. It has not been submitted, in whole or in

part, for any other degree.

Signed: Christopher Morris

Date:



Abstract

This thesis describea variety of high resolution synchrotron powder diffraction
studies of guedbaded metabrganic framework§MOFs). These studies have been

used to provide insight into the binding mechanisms of the guest molecules.

Chapter 1 contains an introduction to MOFs, highlighting some potential
applications that were investigated in this work. A description of the powde

diffraction analysis techniques is also included.

Chapter 2 describes the design and implementation of a remote control gas dosing
system for use on the powder diffraction beamline (111) at Diamond Light Source.
To assess the precision of this systent tngain an insight into the high G-
selectivity of the V(Il) MOF, MFM300(V), an in situ powder diffraction
experiment was performed, firstly using pure «Cé&hd then with an equimolar

mixture of CQ/N2. Two CQ sites were found in all cases, with €8 forming a

dipoled i pol e i nteraction wi t h t he -B ame wor

interacting with CQ-A via further dipoledipole interaction. In the presence of, N
particularly at low loadings, the positions of the L@olecules vary quite
significantly due to the presence of disorderegwithin the pore. Further to this
investigation, the long term SGadsorption stability of the Al(lI) MOF, MFM

300(Al), was studied by powder diffraction. The S@aded MOF was found to

remain stable over a pedof 37 weeks.

In Chapter 3, an investigation into the I&/drocarbon vapour adsorption and liquid
phase separation properties of MRA0O(M) (M=Al, V, In) is described, with
supporting structural information obtained from high resolution powder diffraction

In the vapour phase, MFHZ00(Al) was the only MOF of the three studied to show



any discrimination betweeihe 4 isomers, whereas in the liquid phase, it showed no
significant separation. Conversely, MFB00(In) showed the highest degree of
separation ofm-xylene from ethylbenzene arad, andp-xylene, however this was
accompanied by poor separation of ethylbenzene @mgllene. MFM300(V)

showed a lesser degree of separatiomodylene from ethylbenzene armd, andp-

xylene, but with a much better separation of ethylbenzene caxygdene. The

structural studies revealéd’ stacking i nt ergadydtocabons bet w
and the phenyl ring of the framework, and in the case of MSBR(INn)({-xylene),
tetragonall422 Y o r t h o 12[2@ nphasecchange was observed. To further
investigate the apparent flexible nature of MBBIO(In), high pressure powder

diffraction was used, and a similar phase change was observed at 0.584 GPa.

Chapter 4 describes the synthesis aratatterisation of &r(IV) MOF, MFM-450.

The CQ and N adsorption properties of this MOF were investigated, and it was
found to adsori2.32 mmol/gCO; at 273 K, followed by 1.97 mmol/GO; at 283 K,

and 1.48 mmol/gCO, at 298 K. The N adsorption at thes&emperatures was
negligible, resulting in high selectivities. To investigate the nature efb@@ing in
MFM-450, in situ powder diffraction was used. Two G@dsorption sites were
found. The site in cage A was found to interact with the phenyl ringhef t
frameworkvia “-" interactions, and the site in cage B interacts with the carboxylate

group of the phenyl ringia a dipoledipole interaction.
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Chapter 1

Introduction



1.1 Porous Materials

Porous materials are a bulk matesialhich contains pores that are typically
occupied by gas or liquid. The International Union of Pure and Applied Chemistry
(IUPAC) states that there are 3 different types of pores: micropores (pore width < 2
nm), mesopores (pore width-B0 nm) and macropes (pore width> 50 nn)This

thesiscontains examples of a class of porous materials known as MOFs.

1.2 MetalOrganic Frameworks

1.2.1 Introduction

Figure 1.1 - the formation of a MOF (HKUSTL)? from inorganic ad organic

building blocks Atom colours: copper (blue), oxygen (red), carbon (grey).

MOFs are a class of porous crystalline compounds consisting of metal ions, often in
the form of clustersand organic linkerghat often form a threedimensional
structure? The structure of a MOFand therefore its properties and porosity, can be

7
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advantage over other porous materials such as zeolites and activated ¢aguvas.
1.1 demonstratethe way in whichthe extended framework of a MOF (HKUS})*

can be built up b u(ll) nodes and trimesic acid

MOFs have existed for several decatibst it was only in the 1990s that substantial
research into their synthesis and properties b&fdimwards the end ohe decade,
interest in the field was sparked by the development of HKW/Sand MOF5.°

There has been an enormous growth in the number of MOF publications since this

time (Figurel.2).
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Figure 1.2- number of publications of "MOFs", "metalganic frameworks" and
"porous coordination polymers" between 1998 ancb2Dhta from Web of
SciencekE

The porous nature of MOFs lends itself to numerous potential applications, in fields
such ascatalysis’? gas storagé:’*, molecular separatiort*® drug delivery*® and

chemical sensing

1.2.2 Synthesis of MOFs

MOFs are most commonly symtsised under solvothermal conditions, at high
temperatures (up to 22@C) in a sealed vessel, such as a PTFE lined stainless steel
autoclave or pressure tube. The syntheses typically involve a readily soluble metal

salt, such as chlorides and nitrates apohigh boiling point, solvents such as DMF,



H>O and DEF,linker, and acid, used to promote crystalliniMOFs formvia a
reversible selassembly mechanism, with the organic linkers reversibly binding to
the metal nodes, until the most thermodynamicatible product is formednd
precipitates out of solution as a microcrystalline powder or single cry$ta¢sacid
plays anmportant role in MOF synthesis as it facilitates the breaking of riekar
bonds by reprotonating the binding site of the éinlOther synthetic methids, such

as microwave heating;?*?and ball milling?® have also been demonstrated.

Once synthesised, MOFs are generally stored in a low boiling point solvent such as
acetone, methanol or ethanalhichis frequently refreshedgsulting in a solvent
exchanged MOF. The reastow boiling point solvents are used for this process is
that it enables desolvation of the MOF at much lower temperatures than would be

required for the asynthesised MOF.



1.3 Carbon Capture and Sequestation
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Figure 1.37 a schematic of the amine scrubbing process currently used in CCS

With increasing levels of anthropogenic £@missions contributing to climate
change, there is growing interest in the field@ES?* The main source of these
emissions,contributing around 80% of the total, is from the combustion of fossil

fuels?® and as such, pesbmbustion carbon capture is an essential requirement.

The method most widely used in CCS currently is amine scrutfbiigure 1.3),
however this process employs the use of highly toxic and corrosive amines, such as
monoethanolamine, whicthemsorbs the C®to form carbamates. As a result of

this chemsorption, there is a large amount of energy required to regenerate the
adsorbentto produce pure C®for sequestrationMOFs are seen as a promising
alternative adsorbent, due to their high internal surface areas, functionalisability, and

comparatively lower dsorbent regeneration energtés.

In addition to a high C@®uptake, a suitable ®MF must also exhibit excellent

selectivity of CQ/N2, as N is the main component of flue gaBue to the



quadrupole of Cg methods for enhancing the e@teraction over Ninclude the
incorporation of polar functional groups into the MQhanget al?’ investigated
the effects of incorporating linker functionality on the Ogptake of a MOF, and
found that the inclusion of polar functional groups within the MOF led to both an
increase in C@uptake and an increase in &Ry selectivity, compared with &

nonfunctionalised MOF.

Functional groups bound to the metal have also been found to enhanté CO
selectivity. Schroderet al!® also reported the significance of the presence of
hydroxyl functionality in the metabxygen chain of MFM300(Al), whichresults in
an high selectivity of C@&N.. Long et alll investigated the effect opost
synthetically functionalising the Mg?* ions of Mgx(4 , -diagxido-3 , -Bighenyl
dicarboxylate) with N,N-dimethylethylenediamine, which resulted in a G@take

15 timeshigher than in the unfunctionalised MOF.

1.4 Molecular Separation

An issueof significant importance industrially is the separation of hydrocarbons for
the production of fuels and chemical feedstocks. One particular field of interest is the
separation ofCg hydrocarbonsXylenes and ethylbenzene are generated as mixtures
and as such must be separated for use on an industrial Baedeisomers have a
high commercial value gsxylene pX) is used as a precursor to terephthalic acid,
which is used in the production of the polymer poly(ethylene) terephthalate, also
known as PETO-xylene ©X) is also used in the polymer industry, as a precursor to
plasticisers, and metgylene (mX) is a pecursor to isophthalic acid which is used as

a comonomer in certain polymers. However, separation is difficult as the isomers

have very similar properties so usual methods of separation, such asiaetemgive



distillation, are only appropriate for tlseparation 0bX (b.p 144 °C) frommX, pX

and ethylbenzeng.p 139 °G 138 °C andL36 °C respectively§®

lon-exchanged zeolites are currently one of the best adsorptive tiapanadia for
this separatiod? however in recent years there has been densble interest in

studying the potential of MOFs for this purpd$é*

1.5 X-Ray Diffraction

X-ray radiation was first discovered in 1895 by German physicist W. C. Rontgen but
it was not until 1912 that the first instance ofa§ diffraction was showhy M. von

Laue using a single crystal of hydrated copper sulphate. This sparked much interest
in the field and work by W.H. Bragg and W. L. Bragg demonstrated in 1913 that the

diffraction pattern could be related to the posii@f atoms within the cryd&a®

Ia——o—a—o-—o-

0 [ . |

*
® @
dsind

Figurel14ii |l l ustration of Braggbds | a

W. L. Bragg viewed diffraction as ttspeculareflections of Xrays by
crystalographicplanes(Figurel.4), defined by the Milleindices hkl. Parallel

planes (planes with the same Miller indices) are equally spaced a distance of d
When the path difference of two beamddid) is equal to an integer number of
wavelengths, then the diffracted beams will constructively interfere, resulting in an

intense Bragg peak. This equatiome& 2dsindi s known as Braggds |



1.5.1 XRay Sources

1.5.1.1 XRay Tube

In the laboratory, Xays are typically generated by-ray tubes.High energy
electrons are accelerated towards a metal target, often Cu ,orebtdting in the
ejection of an electron from the inner shell. An outer shell electron moves to the
i nner shell to fildl t he 6 hmy & an eheegly t
characteristiof the metal targe® For Cu, a3p Y 1srelaxation results in Kp peak

ata wavelength 01.392 A and a2p Y 1srelaxation results itKm andK peaks at
1.54056A and1.54439A respectively(Figure1.5).33 Monochromators are typically
placed between the-Kay source and sample to enable sledection of a specific

wavelength for the experiment.

Ko

Kp

Rel. intensity

Ma |

] 1 |

0.5 1.0 1.5
A {ﬁ.}

Figure 157 distribution of wavelengths generated by bombardment of a Cu target
and a Mo targeKgandKp shown. Figure taken from reference 33.



1.5.1.2 Synchrotron Sources

Another method of gerating Xrays is using synchrotron sourcéstypical layout

of a synchrotron is shown fRigure1.63* Electrons, generated by an electron gun,
are accelerated along a linear accelerator into a booster ring which further accelerates
the electronsto rehtivistic speedsOnce at the target energy, the electrons are
injected into the storage ririga polygonal ringcontaining strong magnetic fields.
On the corners of this polygonal ring, the electron beam iskyeatbending magnet

(or in the case of thir generation Synchrotrons, undulators and wiggleesulting

in the emission of synchrotron radiation tangential to the electron paibs.
radiation is then filtered and focussed by a series of monochromators, slits and
mirrors in the optics hutch of ¢h beamline before passing through to the

experimental hutch to probe the sample.

Figure 167 illustration d a typical synchrotroii a) electron gun; b) linear
accelerator; c) booster ring; d) storage ring; e) optics hutch; f) experimental hutch.
Figure taken from reference 34.



X-rays produced by synchrotrons have a much higher photon flux and brilliance than
those produced by lab sources, allowing for much faster data collections times. The
wavelength of the Xay beam can also be tuned to avaidsorption edges of

elements.

1.5.2Powder Diffraction

d, diffracted
beam

d, diffracted
beam

incident 020 ol >
beam e:rg*gﬂ{}&
2 o L i =
Oo &

Figure 167 illustration of X-rays interacting with powder. Figure taken from
reference 35.

In single crystal diffraction, the crystal must be rotated in order for the Bragg
condition to be metor all of the crystallographic planes within the crystal. An ideal
powderspecimenhowever, consists of millions of randomly orientated crystallites,
with sufficient crystallites in the correct orientation relative to thea)X beam for
Braggos |satisfiedtand aldiéfraction event to ocofffigure 1.6).>° By

scanning @, a diffractogram of intensity vsd2 i s  Figurali7)’% d
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Figure 1.7 7 example of a powder diffractogram. Figure taken from reference 36.

In some situations, however, ralt orientations of crystallite are occupied. This can
occur when the sample aligns along a specific plane, known as preferred orientation,
which could result in the potential omission of peaks from the diffractogram, or
incorrect relative intensities. Theffect of this phenomenon can be minimised by
grinding the sample prior to data collection, and mechanically movegample

during data collection using spinnéfs.

Extraction of structural information from powder diffraction data is much more
challengng than from single crystal data, as the three dimensions of the
crystallographic data have been condensed into the one dimension of the
diffractogram. However, due to the development of wApotdile fittings such as the
Pawley and Le Bail methods allavg for peak intensities to be better extracted, and
everincreasing computing power, a growing number of structures are being

determined wittab initio methods from powder diffraction data.
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1.52.1 High Pressure Powder Diffraction

e Allen screw

- 4—— Upper plate “ i/
Backing seat with anvil '\-!-...-’

s Tungsten gasket
Backing seat with amvil Bpecitan

Guide pin

N Lewer plate T

Figure 187 schematic of a DAC with components labelled. Figure taken from
reference 37.

In order to probe powder specimens in response to high mechanical pressure, DACs
areused (Figurel..8).3” Generallythe pressure is generated by tightening the screws
holdingthe cell together, however membrane driven cells also exist. By forcing the
two diamonds together towards the specimen space, pressure is transferred onto the
sample. To ensure that this pressure is equally (hydrostatically) distributed on the
sample, a mssure transmitting medium is also contained in the cell, as well as an
internal pressure sensor. The pressure sensor used is often ruby, as the pressure
dependence of ruby luminescence is widely known, and can be easily meaasured
situ. It is importantthat the PTM used does not react with the sample, and in the case
of high pressure PXRD of MOFBTMswhich aretoo large to enter the pores, such

as FluorinefE FC-70, are frequently used.

Due to the small sample area, the number of crystallites avaftabtkffraction is

less than in an ideal powder. To compensate for this, however, powders are

12



extensively ground before loading, and the sample cell is oscillated during

collection.

1.5.3.2 Rietveld\nalysis

The Rietveld method, deviseby Hugo Rietveld in 196% is a least squares
minimisation technique fathe structural refinement glowder diffractiondata. The
guantity that is minimised is shown Equation 1 whereY(obs) andY(calc) are the
observed and calculated intensitedsndividual points in the diffraction data, ang

is the reciprocal of the square of the standard uncertainffobs).

0 WE Wi DOWwa w (Equation 1)

As this method is a refinement technique as opposed to solution technique, the
structure must be known or at least partially known. Once input into the refinement
software, a diffraction profile is calculated, with the intensity of epoimt, i,
calculaed by Equation 2wheresis a scale factok is theBraggreflection, Lk is the
Lorentz polarisation factpFxis thestructure factqgrdk is theposition of the Bragg

peak G dis the profile function, angy is the intensity of the background.

w { 4a0sxEOO— w (Equation 2)

To judge the quality of fit of a Rietveld refinemettie GOF (Equation 3)can be
used.GOF is derived fromRyp and Rexp, sShown in Equation4 and Srespectively,
whereYomandYemare the observed and calculated data points respectively at point
m, Wm is equal to the reciprocal of the square of the errdbin M is the number of

data points, an® is the number of parameters.
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GOF =chi = By (Equation 3)
R

exp

o z w (y _ y;,m)? (Equation 4)
wp 2
I Z wm Y;),m
R - | M-P (Equation 5)
exp 2
w Y

m-— o,m

A low GOF can be indicative of a good quality refinement, however agrttog in
the observed intensity is a factor in the equations, often very high quality data with
low error can decread&x, resulting in a highGOF. Because of this, an equally

important factor in judging the quality of a fit is the actual graphical fit of the data.
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Chapter 2

In SituStudies of Gas.oaded MetalOrganic

Frameworks
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2.1 Introduction

Within the field of gas adsorptiorhe identification of prefieed binding sites within

the MOF structure provides important insightor understanding theMOF-gas
binding interactions and selectivitieSuch studies however, are often very
challenging because most porous adsorbentg @ctivated carbons, porous silica,
and large pore zeolites) lack order in their structures. The highly crystalline nature of
MOFs, by contrast, makes them particularly advantagieotliss perspective since it
enables theinterrogation of preferred binding sitesvia advancedin situ
crystallographic investigatiorts-2

Although single crystal diffraction is the most powerful technique to study the
location of guests within a paréVlOF single crystals often decompose during
desolvationat elevatedemperaturgsandas a resultsequential guest loading under
pressure is only achieved in exceptional c48é3n the other hand, techniques such
as powder Xray diffraction (suitable for O,, SQ etg and neutron powder
diffraction (suitable for H and small hydrocarbohsare also being employed to

probe theskostguest structureis situ.1-21612

/“ -\
N

E
’ g'
'

* *
o i N PX) 1 . O ;
<,

N

\ ¥ -

Figure 2.17 (left) Structure of C@loaded MFM300(AI); (right) Structure of S&
loadedMFM-300(Al). Figure taken from reference 1.
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Work previously reported by the Schrodgral. has shown the potential of usiing

situ techniques. A publication oklFM-300(Al),t an Al(lll)-BPTC MOF, used the
Rietveld refinements oin situ powder diffractiondata, combined with inelastic
neutron scattering, to visualise €énd SQ molecules within the porg§igure2.1).

This led to a much greater understanding of the way in which these gases interact
with the MOF, and provided a rationale for the much lovesteric adsorption
enthalpy observed with this MOF, compared with anfumectionalised MOF
materials.This was due to theingledipole-dipole interaction between this MOF and

the CQ, compared with thehreeinteractions present in amine functionalised MOFs.

Current gas dosing systems, howeserffer from two limitations. Firstly, precise
control of gas loading is very problematic in operation, and reswt, most of the
studies rly on the characterisatoof the bare and gdsaded structures under one or

two pressures (typically atmospheric pressure) and thus much information on the gas
uptake process over a wide pressure range is lost. Secpnetysedosing with
mixturesof gaseswith desirable ratidghat more closglreflect real world conditions

is difficult to achieveand as a result molecular details on the competitive binding

between two different gas species in the same pore environment are.unclear
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2.1.1 Beamline 111 Manual Gas Dosing System

Figure 2.27 photo of manual gas dosing system on beamline 111 at DLS. Figure
taken from reference 12.

The previous gas dasg system on the PXRD beamline 111 at Bf igure 2.2)
allows users at the beamline to perfdmsitu gas absorption/desorptigrowder X
ray diffractionstudieson s ampl es at either a | ow pre
pressure (P O 100 bar), despdeFigur2®)giheon t he

system is manually operated and is limitedismg only onegas at a time.

Figure 2.37 (left) low pressure sample holdeith glass capillary(right) high
pressure sample holdeith sapphire capillaryFigure taken from reference 12.
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B1 500ml buffer cylinder
P1 Pressure Gauge, 250bar
b o R1 Reliefvalve (max 210bar)
T1 Transducer, 250 bar
B2 500ml Buffer Cylinder
PR p2 P2 Pressure Gauge, -1 +1.5 bar
L , T2 R2 Relief Valve (max 1.55 bar)
P?;Vssure : T | T2 Transducer-1+1.5 bar
Gas IN PR Pressure Regulator
High o]
Pressure m —0
GasIN
(1) ’
. R2
High
Pressure in (o] O (o}
GasIN
(2)
To
Vacuum < }—O O—{ > To Sample
Pump

O - o IT1

Figure 2.47 schematic of manual gas dosing system on bearilinat DLS. Figure
taken from reference 12.

The schematic for the current system is showRigure2.4 and it can be seen that

boththe low pressure and high pressure sections are implemented on the same panel.

A major drawbackof this system, howevers that precise control of pressure is
extremely difficult to achieve, and relies heavily on the skill of the operator. The
system may also potentially be unsafe, for exampla i€ak occurred during

operation.

2.2 Aims of this Work

The aims of this workvere to design and commission a remote control gas dosing
system for use on beamline 111 at DB8d to use this system to performsitu
studies of gasoaded MOFs Of particular interest was the behaviour of hydrexyl

functionalised MOF MFM300(V), which has been shown to exhibit a high
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selectivity for CQ over N i a property with significant importance in CCS.
Understanding the how this MOF behaves in response to these two gases is central to
exploiting its potential on an industrial scaléis in-depthin situ study also seeks to

determine the precision of the gas dosing system.

Another part of this work was to uge situ PXRD to assess the stability of MFM

300(Al) as a long term SGtorage medium.

2.3 Remote Control Gas Dosing System

The design andmplementatiorof a remote control gas dosing system waasiority

of this work. As an upgrade over the manual system, it was important that the new
system offered high precision, chemical compatibility, and a higher degree of

operational flexibility.

2.3.1 Initial Design and Specifications

~—
)

./ .’ ﬁ
Gas In §<} >'<} ffer |

Y

Bu 5
Vi N N Modbus

1 T2 Controller

PR1 i
a v3 Q Q Computer

U
o V6 D Qv
'l’-" g = N
Vacuum va VS Sample

Figure 2.57 schematic of initial gas dosing system desigixWb: needle valves;
V6 and V7: plug valves; PR1: pressure release yadl¥elow precision corrosion
resistant pressure transducer; T2: high precigiessure transducdred
components represent the mechanical actuator controls.
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The design proposed initiallfFigure2.5) took the approach of mounting computer
controlled mechanical actuators onto needle valves. The wetted parts of the system
would be nade from PFA, which would ensure exceptional chemical resistivity.
Two transducers would be requiremhe high precision, and one corrosresistant,

as a high precision corrosigasistant pressure transistor was not availabegning

that when using goosive gases, a compromise on precision would be necessary. A
major drawback of this design, however, was the potential difficulties in interfacing
the Modbus controller with EPICS and GDA. For this reason, an alternative

approach was considered.

2.3.2 Final Design and Specifications

GaSs 1 Inlet el  MFC-1 f==

Y

Gas 2 Inlet wppum—t  NFC-2

Buffer
L

Gas 3 Inlet wpum{  MEC-3 |

BPR =

e V/ICUUM
Outlet

Sample 4= pypc
Outlet

Figure 2.67 schematic of final design of remote control gas dosing system-NFC
mass flow controllers which control the flow of gas into the system; BPR: back
pressure regulator which regulates overall system pressurRCDdUalvalve
pressure controller which regulates sample pressure.
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Thefinal designof the system(Figure 2.6)consists of three Alicat MGSSLPM-D

MFCs an Alicat PCSLOOPSIAD pressure controller functioning as a
programmablBPR, and an Alicat PCD300PSIAD DVPC connected with 6nm

stainless steel Swagelok tubing and connectors. A pressure relief valve (5.5 bar
absolute) is in place to protect the system components frorrpoeesurisation. Two
Swagelok pneumatically activated bellogmsaled valvesre usedon the vacuum

side of the systeth 0 contr ol the systembs venting
vacuum pumpBoth the BPR and DVPC have a standard accuraey0o25% of the

full scale, which results in pressure accuracy @.017bar. The system habeen

fully integrated intothe GDA softwareenvironmentand EPICS at DS, and can be

controlled either via EPICS GUI or GDA command line.

Sample dosing occurs in two stagésgstly, the main portionof the system, which

acts as a reservoir of gas fravhich the sample can be dosed, must be pressurised to

a pressure which exceeds the highest desired sample pre&sudhés point the

sample can be dosed. The DVPC ensures that the sample pressure remains constant

by opening/closing each of its valviescorrect any deviatiofFigure2.7).

Supply Pressure > Exhaust

Decrease Pressure

Increase Pressure

Closed Volume

Figure 2.77 illustration of DVPC method of operation.
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Figure 2.87 photo of fully constructed remote control gas dosing system.

The fully constructed system is shown in Figure 2.8.
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2.3.3 GDA Commands
Commands have been written for filling the system, flushing the system, and setting

the sample pressuréhese commands are outlined below.

2.3.3.1 System Pressurisation
To pressurise the system, gas flows through a chosen MFC into the main body and
the huffer. System pressure is controlled by the BPR. The command to control this is

shown below, and the logic of this command is showFigare 2.9.

Commandugasrig.gasin(mfc=mfcX, pressuretarget=y)

This command sets system pressure tmar using MFEx with flow rate of 0.1

SCCM.

SETP Flow gas
ENTER P;prcer P SSIEM > through mfcxat
mfcx t0 Pragger 0.15CCM

READ

PCURRENT

P ‘CURRENT
2P TARGET

Yes

Turn off flow of
gas through
mfex

Figure 2.97 flow diagram of the logic used to dose the system.
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2.3.3.2 Sample Dosing

Incremental pressurisation/depressurisation of the sample is necéssawmpid
sample movement within the capillary. The command used to dose the sample is
shown below and the logic used to achieve incremental changes is shbigarms

2.10.

CommandsampleP(x)

READ

PCURRENT

PCURRENT YES

= Pragcer

ENTER Prareer

PCURRENT

No

< Prarcer

Yes

A 4

SET Pyew SET Pyew
(Pcurrent - 0-01) (Pcurgent +0.01)

READ

PCURRENT

READ

PCURRENT

PCURRENT PCURRENT

- No - No

= Prarcer = Pragcer

Yes Yes

Figure 2.1071 flow diagram of the logic used to dose dample.
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2.3.3.3 System Flushing
To avoid contamination of the vacuum pump with corrosive gases, a flushing
method was deviseffFigure2.11). The system must be flushed with an inert gas at

least 4 times using the command below.

Commandgasrig.flushSystem(n, mfc=mfcx, duration=t)

This commandgerformsn cycles offlowing inert gas from MF& with flow rate of
0.5 SCCM to a pressure of 4 bawaiting for t secondsand then ventingo the

COSHH extract.

ENTER 1, 1, Close Isolation Open Vent
mfex Valve Valve

Cycle
Number
<n

SET PS‘!STEM

[ Yes
to 4 bar

Flow gas
through mfcx at
0.5 5CCM

READ

PCURRENT

Wait t SET Poysrem
seconds To 0 bar

PCURRENT

~No

Figure 2.1171 flow diagram of the logic used to flushe system.

29



2.4 Results and Discussion

24.1 MFM-300(V) Structure

The powder diffraction data for the activated MR@0(V) was indexed to a
tetragonal cell o = b = 15.13549(4) Ac = 12.06324(4) A in space group22,
isostructural to the publisheMFM-300(Al).1? The structure was obtained by
Rietveld refinement of the MFMBOO(AI) structure against the data for the activated
MFM-300(V), resulting in an excellent fit. The structure consists of biphenyl
3, 3 otetmcarbdxylate ligands bridging [M@@H).] chains which run along the
axisdownthe 4 screw axis The unit cell comprises two channels decorated with

OH groups.

2.4.2 Single Component Structural Refinements

Difference Fourier analysis of the @@@aded structures revealed two weadfined
regions of electron density within the pore of ME@0(V) i one region situated
above the hydroxyl group of the framework and the other located adjacent to this

region(Figure 212).

Due to the particularly high quality of the data, the standpptoach of modelling

the guest molecule as a rigid body was not necessary. Instéckstrained CQ@
molecules(penalty functions for both © distances and -O distance)vere added

to the model obtained from the activated MBEIO(V) refinement, and &
positions refined, revealing 2 distinct binding sités dnd B) across the entire
pressure rangdFigure 212). The softrestrained framework was then refined,
resulting in excellent fits and satisfactory structural models across the entire pressure

range.
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750 mbar 1000 mbar

Figure 2.12- (top) Views of difference Fourier maps of g®aded MFM300(\V")
viewed along €xis, from 1001000 mbar. (middle) Crystal structures of £lGaded
MFM-300(V") viewed along @xis, from 1061000 mbar. (bottom) Detailed view
of theinteraction of CQ-A with the M-OH and the intermolecular dipole
interactions with C@B. In the case of the GH*O=C=0 interaction, 6-*0=C=0
distances are shown in brackets; Note: for clarity, only half of the positionally
disordered C@molecules hag been shown.
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MFM-300(V) Solid CO,

A3
*
l' k:
‘
L4
P L

¢ “®

Figure 2.13i (left) closeup view of interactions between @8 and CQ-A in
MFM-300(V'") x€0y; (right) closeup view of the structure of solid GO

The manner in which the two sites interact is shawRigure 213 CO-A forms a
dipoledipole interaction with the-OH group of the framewor&nd CO;-B interacts
with CO-A via two separate dipoldipole interactions resulting in distorted T
shapes, similar to that found in the structursafd CQ. The combination othese
interactions forms an infinite chiral network of &® and CQ-B that propagates
along the porgFigure2.14). Similar forms of interaction was found for each dataset
of MFM-3 0 0 (xGO» &nd excellent graphical fits coupled withoodnessf-fit
valuesranging fron 1.67 to 1.80 are aindication of the accuracy of the structural

models.
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Figure 2.14 - view downa axis of MFM-300(V") x€0;, showing the infinite chiral
network that propagates through the pore.

When comparing these interactions witbgh found in solid C@at 150 K2 (Figure

2.13) there are many similarities, the most striking of which is the manner in which
CO-B O0sandwi chesd it s elx-A mbhxeniswetemumives bfe c ul e
dipole-dipole interactions between the molecules. The E€Dangle of interaction

across the entire pressure range (12839°) is also similar to C=G-C angle

(132.35°) in solidCO,. Thedistances of the interactions in sb{C®, however, are

much shorter than the interactions in MR@O(V), with a O=C=0--C(=0),

distance of 3.1066 A, which is likely due to the solid:GBucture being obtained at

a much lower temperature than the &@aded MFM300(V).

These structures warsignificantly from the published MFM 0 0 (32CQ.'A
Although there are similarities in tli@H---O=C=0 interactionin MFM-300(Al) the

2 CO sites align to create discreteshapedO=C=0--C(=O), units above each
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hydroxyl. These differences can be expdal by the much narrower pore of MFM
300(Al) having more of a confinement effect than MBRO(V) on the CQ

molecules.

Throughout the 5 different loadings of g@he position and orientation of G@
relative to the hydroxyl moiety remains consistéDH{--O=C=0= 2.471 2.48R).

The position of C@B, however, changes slightly over the pressure range. In-MFM
300(V}, CO.-B interacts with two molecules of G@ with distances of 3.69(7)

and 3.87(6) A. In MFM3OO(V)II, there is a slight shift of C&B, resulting in
interactions at distances of 3.63(5) and 3.8%5)he conformation of C®B in
MFM-300(V}HII remains similar to MFM300(V I, with distances of 3.62(5) and
3.89(4) A. In MFM300(V)IV, however, there is apparehshift in the orientation

of COx-B resulting in interaction distances of 3.72(4) and 3.85(4) A. Finally in
MFM-300(V)}V, the orientation of C&B changes once more to give interaction
distances of 3.66(4) and 3.88(3) A. These results highlight the dynamic nature of the
gases witm the pore as the pressure changes, and suggest that the lowest energy
crystallographic position for the guest molecules is affected by their crystallographic

occupancy. The distances for these interactions are summaricaiolé2. 1
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Table 2.1- Distances of interactions present in MBVD 0 ( V| b $trucureC O
obtained from both single and dual component experiments. Distance 1 = distance

fromOatomof CQA t o O

atom

of framewor kods

are distances between C atonC@,-A and O atom of C®B.

Structure | COzPressure | d1 (A) d2 (A) d3 (A)
(mbar)

I 100 3.33(1) 3.69(7) 3.88(6)
[l 300 3.36(1) 3.63(6 3.905)
1 500 3.3711) 3.63(6) 3.90(5)
\Y 750 3.37(9) 3.73(4 3.85(9
\% 1000 3.3528) 3.67(9 3.84)
VI 300 3.35(2 3.6(2 4.0(2

Vi 500 3.34(2) 3.73(4 3.90(9
VI 1000 3.37()) 3.72(3 3.93(3
0.50 -
] i
0.45 - . 3
] L]
[ ]
0.40 -
| L 3
0.35 - s
- | L |
% 0.30 -
% ] *
3 0.254
O ]
0.20 -
0157 = Site A
1 . ¢ SiteB
0.10 -
0 200 00 600 800 1000
Pressure (mbar)

Figure 2.15 - Plot of individual CQ occupancies from single componentLLO
adsorption experiment, as a function of pressure.

hydr

Inspection of the crystallographic occupancies of each site with respect to pressure

(Figure 2.15 shows that each site populates concurrently, with Site A having a

higher occupancy than Site B at each pressihis. suggestsooperativitybetween

35



each si¢, and implies a dependency of Site B on the presence of S{imbined
occupancies of the two sites of €&toms from these refinements were plotted as a
function of pressure and compared to a gravimetrie¢ S@&herm of MFM300(V)
collected at 273 K(Figure 2.16. The plot showsvery goodagreement with the
isotherm, further validating the accuracy of the structural models, whilst also

confirming the accuracy of the remote control gas dosing system.

2.0 4 \Y
v
Y L
I E
_ I ?
15 ; .
c *
S
S 10 I
S 1.0
% I
o
ON
@)
0.5 S
L 2
L 2
*
004 &
T T T T T T T T T T
0 200 400 600 800 1000
Pressure (mbar)

Figure 2.16 - Plot of combined C@®occupancies &m single component GO
adsorption experiment, as a function of pressure (blue square) overlaid on
gravimetric CQ isotherm of MFM300(V") (red diamond)
Difference Fourier analysisf N>-loaded MFM300(V) revealedho specific regions
of electrondensity, and refinement of the empty framework against thimaded

data revealedo significant contributiofrom N to the structure, which is likely due

to the MouptakeatRP7@ . N
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2.4.3 Dual Component Structural Refinements

300 mbar 500 mbar 1000 mbar

s
A

<
L}

372 )
..L §4— 3.93

i ™2.45 i%2.47 %247

? (3.35) i (3.34) * (3.37)

Y| VIl VIII

Figure 2.17 - (top) Views of difference Fourier maps of &@8.-loaded MFM
300(V" viewed along xis, from 3061000 mbar. (middle) Structures of @N,-
loaded MFM300(V) from dual component experiment, viewed alotaxis, from
300-1000 mbar; (bottom) closap view d the respective interaction of G@ with
the frameworkés hydr oxyl>Balmtde casé of thd wo
OH---A0=C=0 interaction, 6-*0=C=0 distances are shown in brackets; Note: for
clarity, only half of the positionally disordered e@olecules have been shown.

Similarly to the single componer@0O; refinements, difference Fourier analysis
revealed two regions of high electron density, which were attributed to CO
molecules due to the similarity in position to those in the single coemg€O;

refinements The refinement of two soefestrained C@molecules in these positions
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confirmed the presence of the same two binding sites found in the single component
COe structures (Sites A and)BFigure 2.17). The softrestrained framework was
then refined, resulting in excellent fits for #gtreeloadings.Similarly to the single

component Nrefinements, no adsorption sites could be found for N

Again, the position of C®A remains somewhat consistent across the range of
loadings, in a simdr range to those in the single component. G@uctures. In
MFM-300(V)VI, CO.-B forms two interactions with two molecules of &M, at
distances of 3.@) and 3.9(1) A. The position of G in MFM-300(V)-VII,
however, has shifted slightly comparedM&M-300(V)-VI, resulting in interaction
distances of 3.72(4) and 3.90@) The position of C@B in MFM-300(V)-VIII is

not significantly different to that of MFABOO(V)-VII, with interaction distances of
3.71(3) and 3.92(34. Once again this confirms therystallographic occupancy can
play a role in the preferred position of the guest molecules. These interaction

distances are summarisedTiable 21.

Comparing MFM300(V)}VI to MFM-300(V)}Il, two structures loaded with 300
mbar of CQ, the distances ofteraction of C@B to CO-A are quite different.
MFM-300(V'")-11 exhibits O,C---O=C=0 distances of 83(6) and 3.9(5) A
whereas the respective distancesMEFM-300(V'")-VI are 3.6(2) and 4.02) A.
MFM-300(V)-VIl and MFM-300(V )}l are slightly moresimilar to each other than
MFM-300(V)VI and MFEM-300(V)}1I, and MFM-300(V)-VIIl and MEM-300(V)V
are even more similar. The reason for these differences is likely due to the presence
of N2 within the pore affecting the position of GB. As the CQ occupagy
increases, there is less space for themdlecules to reside in the poress it is
displaced by CgQ and therefore lessaNresulting in the position of GEB becoming
more similar to its position in the single component equivalent.
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Figure 2.18 - Plot of combined C®occupancies from dual componer{GlO;
adsorption experiment as a function of pressure (blue square) overlaid on gravimetric

CO; isotherm of MFM300(V") (red diamond).

The CQ occupancy plot from these refineme(fsgure2.18 again show very good

agreement with both the gravimetric isotherm and the occupancy plot from the single

component experiment, which shows that the extent to which #860{V) adsorbs

CO» does not change significantly in the presence pBid is direct eiddence of

CO: over N selectivity
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2.4.4 Unit Cell Analysis
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Figure 2.19- (left) Plot ofa parameter vs. pressure from single component CO
adsorption experiment; (right) Plot oparameter vgressure from single
component C@adsorption experimeniote: error bars are smaller than symbol.

Plots of thea and c parameters deved from Pawley refinement®f the single

component C@experimentsas a function of pressure are showrFigure2.19 A

general decrease in length is observed for each paariéhenalsoconsidering the

results from theRietveld refinements, this trend can be explained by gh@H---

O=C=0 interaction and the two O=C=&C (=0} interactionsdorming a network of
interactionsi ncrease the amount fporedvaichtausect i v e o

the framework to contract along both axes.
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Figure 2.20- (left) Plot ofa parameter vs. pressure from dual componefC G
adsorption experiment; (right) Plot oparameter vs. pressure from dual component
N2/CO, adsorption experimeniote: error bars are smaller than symbol.

Conversely, in the dual component experiments show a general increase in length of
the a and c parameters with increasing pressifégure 2.20), likely due to the
presence of disordered minteracting N inside the pore causing the channel to
expand as a result of repulsion. This is supported by the fact that the expansion of the
a axis, an axis very much dependent on the pore width, is much greater than the

expansion of the axis.

2.5 MFM -300(Al) 7 Long Duration SO Stability

MFM-300(Al) has previously been reported to have exceptional tfpfake at 1

bar! The suitability of this MOF as a long term S€orage medium, however, was
unknown. To investigate the long term stability of $@aded MFM300(AI),
synchrotron PXRD data were collected over a period of 37 wdeksn initial
inspection of the data it can be confirmed that the MOF remains crystalline over this

period(Figure2.21).
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260 / degrees

Figure 2.21 1 background subtracted plots of ¥ scans of S§loaded MFM
300(Al) collected over 37 weeks.

Rietveld refinements were then performed on the daiféerence Fourier analysis

revealed 2 regions of electron density, in similar positions to thddg@ions in the

published MFM300(ANASC:. Two rigid bodies of Sewere included in the model

and their positions refined. The sofstrained framework &s then refined, resulting

in a very good graphical fit.Similarly to the published structure of MFM
300(ANASOy, one SQ@ molecule forms a hydrogen bonding interaction with the
frameworkds hydroxyl > mpleale forms a diphldippla e ot h
interaction with the firstSimilar structures were obtainéor all 24 structuresThe

resulting model is shown ikigure 2.22 and the corresponding occupancies and

distances tabulated imable2.2
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Figure 2.217 structure S@loaded MFM300(Al).
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Table 2.21 table of occupancies,-O distances, and-S distances from the 24

refined structures of SQoadedVIFM-300(Al)

Week| SOl Occ. SOl Occ. | O-O DistancgA) | S-O DistancgA)
1 0.500(3) 0.500(2) 3.08(6) 3.31(9)
2 0.500(5) 0.5000) 3.13(6) 3.35(9)
3 0.500(5) 0.5006) 3.09(6) 3.3(9)
4 0.500(5) 0.5006) 3.096) 3.348)
10 0.500(4) 0.5000) 3.11(6) 3.338)
11 0.500(5) 0.5000) 3.126) 3.348)
12 0.500(5) 0.5006) 3.11(6) 3.33(9)
13 0.4975) 0.5006) 3.11(6) 3.30(10)
14 0.4985) 0.5004) 3.11(6) 3.339)
15 0.500(5) 0.5006) 3.11(6) 3.31(8)
16 0.4965) 0.5006) 3.11(6) 3.329)
20 0.500(7) 0.5006) 3.068) 3.4510)
21 0.500(11) 0.49909) 3.07111) 3.4217)
22 0.4997) 0.4985) 3.096) 3.4709)
23 0.500(6) 0.4996) 3.046) 3.5610)
24 0.4997) 0.4987) 3.066) 3.8§13)
25 0.500(10) 0.49911) 3.0709) 3.6318)
26 0.500(8) 0.4998) 3.096) 3.7214)
32 | 0.500(11) 0.500(11) 3.049) 3.9221)
33 0.49811) 0.49711) 3.059) 3.99(21)
34 0.49813) 0.49§13) 3.0911) 3.7722)
35 | 0.49411) 0.49q11) 3.0712) 3.9019)
36 0.4948) 0.4978) 3.076) 4.07(15)
37 0.49q11) 0.49§11) 3.049) 3.9720)
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Figure 2.2271 plots of crystallographic occupancy of each,Site.

From the plot of the occupancies of each Site (Figure 2.22, it can be seen that

each site remains at around 0.5 (within error) over the duration of the experiment,

meaning that the framework has not lost any adsorbed @D this time.
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Figure 2.2371 (top) plot of GO distances; (bottom) plot of@ distances.
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From the plot of @O distances (which is related to the position ob-§Dand SO
distances (which relates to the positions and orientations efl @d SQ-II)
(Figure2.23), it appears that the position of ZOremains somewhat consistent over
the whole experiment wi th a slight drift towards t
beginning at around 20 weekshereas the gradual increase of th® 8istance after

20 weeks suggestsaore drastigositional or orientational change of S

Coel @ T
: i
P— :

Week 1 Week 37

Figure 2.241 illustration of the shifts in positions of S@olecules from week 1 to
week 37.

When comparing the structure obtained from data in week 1 to that of week 37
(Figure2.24), a slight rotation of S@I is observed, with a minor decrease in-OH
O=SO0 distance, as well as a more apparent shift in the position and orientation of

SO-Il. This guest reordering phenomenon may be the beginning of framework

decomposition.
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2.6 Conclusions

In summary, anew remote control gas dosing system has basressfully
implemented onthe powder diffractionBeamline 111 at Diamond, capable of
millibar precision andully automated operatioriThis systerrhas shown uniquan

situ structural characterisation dfiIFM-300(V"") as a function ofCO,, N2, and
CO/N2 equmolar mixture loading. Rietveld structural analysis confirmedthe
presence otwo distinct CO, sites within the MOF pore with Aydrogen bond

i nteraction bet wee®H ahdh EGA[f and nteow funth&ro s
intermolecular dipolenteractions between G&B and CQ-A. The position of C@

A was found to remain consistentrass the entire pressure ranpewever, the
position of CQ-B was found to be dynamas a function of pressurgpon dosing

of the CQ/N2 equimolar mixture,a similar network of C@A and CQ-B was
observedn MFM-300(V"). At higher loading of the mixturéhe presence of Nn

gas phasevas not found to have notable impact on the positions of ads@®ed
However at lower loadings, the position of £B®was found to be slightlgifferent

to its single component equivalent. Occupancy plots from both the single and dual
component experiments show excellent agreement withadiserptionisotherns,

confirming the precision of the gas dosing system.

2.7 Experimental

2.7.1In Situ PXRD Collection of MFM -300(V)

High resolution synchrotron PXRD experiments were performed on beamline 111 at
DLS (0.825633A). A sample ofacetoneexchangedVFM-300(V) was loaded

into a 0.7 mm borosilicate capillary which was secured into the sampl&@leetell

was pressurised to 1.5 bar with,N t he DVPC switched to
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pressure monitored. The pressure remained at 1.5 bar indicating that the cell was

sealedThe system was then evacuated eNd dosed with C&xo 2 bar.

The sample washen activated at 373 K under vacuum (1 x®Bar) for 1 hour

cooled to 273K and data was collected for 1 hour vitha ml i ne | 110 s
resolution MAC detector¥. The sample was then dosed with 100, 300, 500, 750,

and 1000 mbar of COwith 1 hour data collgion, at 273K, 30 minutes after each

dosing, allowingfor sample equilibrationThe sample was subsequently reactivated

at 373K under vacuurfl x 10° bar) for 30 minutesind the system fully evacuated

of CQ..

The system was dosed with bd 2 bar, andhe sample dosed ®00, 500 and 1000
mbar with 15 minute data collectisrusing MAC detectorsat 273 K, 30 minutes
after each dosingrhe sample was then reactivated at 373K under va¢tuml0®

bar) for 30 minuteand the system fully evacuated of N

To prepare a C&N> mixture (1:1, v/v), the system was first dosed with 1.5 bag, CO
followed by 1.5 bar i resulting in an overall system pressure of 3 bar. The sample
was then dosed with the mixture 60, 1000 and 2000 mbar with 1 hour data

collection, at 273 K, 30 minutes after each dosing

2.7.2 Long Duration PXRD Collection of MFM-300(Al)

Synchrotron PXRD data were calle ed on beamline 1 1186s LI
weekly, for a period of 37 weekssing aPixium area detectofe- = 0.49420-

0.49481A). A sample of acetorexchanged MFMBOO(AI) was loaded into a 0.7

mm borosilicate capillary and secured into the sample cell. It was then activated at

373 K for 1 hour, cooled to room temperature, and dosed to 1 bar withrB&end

of the capillary was then submerged in liquid nitrogen, removed from the sample
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cell, andits open end was flame sealed using a butane torch. The sealed capillary

was then mounted in the LDE holder.

2.73 PXRD Refinement Details

Structures and unit cells of MRBIO0O(W") for the entire range of loadings were
refined, using the Rietveld and Pawley methods respectively, with TOPAS
Academic 5The backgrounds of the profiles were fit using a Chebyshev polynomial
with 13 coefficients, and the Stephens anisotropic peadtium® used to account

for the slight anisotropic line broadening observed. Two well defined regions of
electron density in the pore were revealed by difference Fourier analysis. In the pure
COz experiment, these regions were assigned as @@l in theequimolar CQ/N2
mixture experiments, these regions were also assigned asat®@r than N due to

both the similarity in position to the pure €&xperiments, and also the shape of the
electron density being more suited to a linear triatomic moleculgpssed to a
small, more spherical, diatomic molecule. In all cases, thernulecules were soft
restrained, rather than modelled as rigid bodgest restraints involve-1 and 12
distances refined in a weighted penalty function which is minimisechgluhe
refinement.The positions of these soft restrained atoms were refined, followed by a
final refinement of the soft restrained framework, resulting in excellent fits and
satisfactory structural models for the entire pressure range. Individual oceaspanc
and isotropic temperature factors of the atoms in each r@@ecule were made

equal, and the values for each molecule were refined simultaneously.
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Chapter 3

Separation of €Aromatic Hydrocarbons in MFAB00O
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3.1 Introduction

The first study into separation ofg@romatic hydrocarbons using a MOF was
reported by Denayeat al.in 2008 using the MOF MH471 From competitive batch
adsorption in the liquid phase, it was found that the MOF did show selectivity in
adsorption ofp-xylene overeither mxylene and ethylenzene. The selectivity
increased with the concentration of adsorbate. As more of the xylene molecules

entered the pore, their stacking within the confined space became more important.

Similar work performed by Cheet al. in 2009 using a Zn based MOF it
intersecting alimensional pore$This study saw preferential adsorptionoatylene
over mxylene andp-xylene which was ascribed to thexylene--MOF interactions
being stronger than that of-xylene andp-xylene. This conclusion enforces the

notion that studies of guekbst interactions are important in this field.

A study by Millangeet al® investigated the liquid phase separation of xylene
isomers in MIL:53(Fe), and found that the matenehs successful at separatipg
xylene, o-xylene andm-xylene. These results were coupled with high resolution
PXRD studies of xylendpaded MIL-53(Fe), in which the-xylene structure was

found to undergo a monoclink¥ orthorhombic phase change.

More re@ntly, Stoddartet al* demonstrated the separation ekylene, m-xylene

and p-xylene in a carbohydrateased MOF. In this study they found that a large
range of particle sizes can result in poorly resolved peaks, and proposed a method for
the control ofthe particle size of their MOF, which greatly improved peak
resolution. Using GCMC simulations they revealed taylene could stack in a

preferred paralletlisplaced” - - stacking arrangement wi th
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MOF whereaanxylene andp-xylene ould not. This explained the much higher

retention time observed for thisxylene.

3.2 Aims of this Work

The aims of this work were to use high resolution PXRD to investigate the nature of
the binding interactions between the isostructural MOFs MIBII(AI),> MFM-

300(V), and MFM300(In)¢ andm-xylene,o-xylene,p-xylene and ethylbenzene.

Further to this, both the vapour phase adsorption behaviour and liquid phase
separation properties of these 3 materials were investigated, the latter using HPLC

typemethods and binary breakthrough experiments.

3.3 Results and Discussion

3.3.1MFM -300(M) (M = Al, V, In) and Cs Hydrocarbon Properties

s

ok -+

Figure 3.17 square channel of MFN800(M) as viewed dowo-axis.
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Structurally, the MOFs comprise M@H). (M = Al, V, In) chains bridged by
biphenyl tetracarboxylate ions, in tetragonal space gréi?, resulting in athree
dimensional framework witlone dimensional square channels along thexis, as
shown in Figure3.1 Due to the variation in MD bond lengths betweethe three
metals, the size of this channel var{@able3.1), resulting in different properties for

each MO

Table 3.1i properties of MFM300(M) (M=Al, V, In)

Channel Size Surface Area Pore Volume
(A) (m? gt) (cc g
MFM-300(Al) 7.08 1,37¢ 0.37%
MFM-300(V) 7.30 1,892 0.490
MFM-300(In) 7.55 1,07F 0.41¢

2Measured from crystal structuaeross the pore, parallel to taendb axes using
the same position in each MOF

bCalculated by DFT from Cgsotherm at 273K

‘Calculated by BET

dDetermined from Nisotherm at 77K

Due to the differences in size and dipole moment of ethylbenrene- and p-

xylene (Table3.2), it was hypothesised that the differences in properties of MFM

300(M) (M = Al, V, In) could be used to achieve separatibthe hydrocarbons.
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Table 3.2- Properties of ghydrocarbonsObtained from references9z

Boiling | Dipole 02 Kinetic XP yb z°
Point | Moment | (nm?) | Diametef |(A) |(A) | (A
(K) (D) (A)
m-xylene 412 0.30 0.379 | 6.80 8.994 | 3.949 | 7.315
o-xylene 417 0.45 0.375 | 6.80 7.269 | 3.834 | 7.826
p-xylene 411 0.02 0.380 | 5.85 6.618 | 3.810 | 9.146
Ethylbenzeng 409 0.37 0.368 | 6.00 6.625 | 5.285 | 9.361

#Molecule crosssectional area
bX, Y and Z are molecular width, thickness and length respectively

3.3.2High Resolution PXRD Study

To understand how the each of the I§drocarbons interagtwith the different
frameworks, high resolution PXRD data was colleaiacdbeamline 111 at DLSTo
prepare the samples for PXRD, MFBOO(Al), MFM-300(V), and MFM300(In)
were each activated at 1ZD under vacuum for 48 hours and submerged in in 2 ml
of each of the ghydrocarbons for 4 weeks. This duration was deemed sufficient to
account for the potentially slow kinetics of diffusion into the pores of the MOFs, in
partiaular the smaller pores of MHZB00(AI). Worth noting is that in the MFM
300(Al) and MFM300(In) structures, hydroxydound water molecules are still
present. In the MFMOO(V) structures, however, there are no water molecules

present due to the lack of hydyl as a result of the Wto V!V oxidation.

3.3.2.1Cg Hydrocarbonloaded MFM-300(Al)
Rietveld refinements were performed on the data, in which guest molecules were

treated as rigid bodies with refined bond lengths and the framework was soft
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restrainedo allow a degree of flexibility. The positions of the guest molecules was
initially found usinga simulated annealinglobal optimisationfollowed by Rietveld

refinement. Finally, the framework was refined, resulting in excellent fits

3.3.2.1.1 Metaxylene loaded MFM300(AI)

Figure 3.271 (left) square channel of MFNBOO(Al)-m-xylene as viewed dowt

axis; (right) top view of hosgjuest interaction.

The structure of MFMB0OO(Al)(m-xylene) is showrin Figure3.2 Thereare eight

positionally disorderedtxylene molecules in the channel with an occupancy of 0.45

for each molecule, however only half of the molecules are shown here for clarity,

due to steric clashes. Thexylene molecules sit almost parallel to the phenyl ring of

the framework at a distancé 3.42A, indicative of a-~ st acking intera
the methyl substituents pointing along the channel, away from the framework. Also
present iarteer'actions between the guest mo
paralletdisplaced arrangemenThere appear to be no further interactions present

between the framework and threxylene molecules.
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3.3.2.1.2 Orthexylene loaded MFM300(AI)

Figure 3.371 (left) square channel of MFN0O(AI)-o-xylene as viewed downraxis;

(right) top view of hosguest interaction.

The structure of MFMBOO0(Al)(o-xylene) (Figure 3.3), similarly to MFM-
300(Al)(m-xylene), comprisesightpositionally disordered-xylene moleculeat an

occupancy of 0.42. The maximum possible occupancy for these molecules is 0.5 due

to steric clashesThe guest molecules exhibit parallel displaced stacking

interaction at a distance of 3.82from the phenyl ring of the framework, with the

methyl substituents pointing away from the framework. Ggeste st i nt er act i

are alsresent at a distance of 3.65 A.
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3.3.2.1.3 Paraxylene loaded MFM300(AI)

Figure 3.471 (left) square channel of MFNB0OO(AI)-p-xylene as viewed dowaraxis;

(right) top view of hosguest interaction.

The structure of MFMBOO(Al)(p-xylene (Figure 3.4) again haseight postionally
disordered guest molecules in the channel at an occupancy of 0.47, forhing
interactions with the phenyl ring of the framework at a distance of 3.47 A with the
methyl substituents pointing along the channel. There are no-guesit interactions
present, a direct result of the methyl groups prohibiting a molecule further along the

pore ceexisting with the molecule occupying this site.
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3.3.2.1.4 Ethylbenzene loaded MFBDO(AI)

Figure 3.5 (left) square channel of MFN0O(Al)-ethylbenzene as viewed down

axis; (right) top view of hosguest interaction.

The structure of MFMB0O0(Al)(ethylbenzene) (Figure 3.5 comprises eight
positionally disordered ethylbenzene molecules at half occupancy. Each molecule
forms an offsef -~ aeking interactior8.61 A with the methyl group of the ethyl
substituent pointing to the centre of the channel. Similarly tMmM-300(Al)(p-

xylene), the position of the substituents prevéats st acki ng of the gu

3.3.2.1Cg Hydrocarbonloaded MFM-300(V)

The structures of £ hydrocarbodoaded MFM300(V) were determined using
similar methods to those used for MEMO(AIl). Worth noting, however, is that
during the activation procedure, MFB00(V) oxidised from W to VV. This was
apparat from a green to brown colour change and also a significant reduction in

crystallinity.
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3.3.2.1.1 Metaxylene loaded MFM300(V)

a7
P

Figure 3.61 (left) square channel of MFM00(V)-m-xylene as viewed doweraxis;

(right) top view of hosguest interaction.

Figure 3.6 shows the structure of MHE00(V)(m-xylene). The structure comprises

eight positionally disorderean-xylene molecules at half occupancy. Timexylene

molecules sit almost parallel to the phenyl ring of the framework and form an offset

-~ s ihgaintekaction at a distance of 3.54 A. Unlike MEM-300(Al)(m-xylene)

whi ch

structure, there is no guegtu e st st acking present,

larger pore of MFM300(V) having less of a confinement effect.
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3.3.2.1.2 Orthexylene loaded MFM300(V)

+ +

£ £

Figure 3.6 (left) square channel of MFN0O(V)-0-xylene as viewed dowtraxis;

(right) top view of hosguest interaction.

The structure of MFMB0O(V)(0-xylene) is showrn Figure3.7. The guest molecule

sits parallel to the fr 88beAymdicktibgsa-pheny |
stacking interaction. Again, there are no gustst’ -~ i nt er acti ons pre
the structure oMFM-300(Al)(o-xylene), due to the larger pores FM-300(V)

causing less confinement.
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3.3.2.1.3 Paraxylene loaded MFM300(V)

Figure 3.71 (top-left) square channel of MFA300(V)-p-xylene as viewed dowt
axis; top-right) topview of hostguest interaction; (bottom) proximity of C atom of

xylene toO atoms of V@ octahedron.

Figure 3.7 shows the structure of MHA00(V)(p-xylene). Thep-xylene molecule
sits 3.87Af rom the phenyl ring of the {framewo
interaction, however it is somewhat skewed from the central positithre channel.

This may be due to a-8 interaction with the oxygen atoms of the 8/@xtahedron.
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A carbon at om p o ithneeoxygdan atones with E-@ plistanges df 6 o f

around 3 A.

3.3.2.1.4 Ethylbenzene loaded MFBDO(V)

£ +
=

/4

L L

Figure 3.8 (left) square channel of MFAB0O(V)-ethylbenzene as viewed down

axis; (right) top view of hosfjuest interaction.

The structure of MFMB00(V)(ethylbenzene)Figure 3.8) agai n shows a

stacking interaction between t heulefatamewo

a distance of 3.75 A.

3.3.2.1Cg Hydrocarbonloaded MFM-300(In)

Rietveld refinements were carried out on the data in similar ways to those done for
MFM-300(Al) and MFM300(V). One main difference in the MFBDO(In) results,
however, is a tetragal 14122 to orthorhombicl2:2:2; phase change in MFM

300(In)(-xylene). Asl212:2; is a maximal subgroup of:2 2 , the framew



1212121 structure was generated from thé.22 phase using the TRANSTRU
structure utility on the Bilbao Crystallograpterverand the transformation matrix

(P, p):ab,c; 0,1/4,3/8

3.3.2.1.1 Metaxylene loaded MFM300(In)

Figure 3.9 (left) square channel of MFN0O(In}m-xylene as viewed dowtraxis;

(right) top view of hosguest interaction.

The structure oMFM-300(In)(-xylene (Figure 3.9 compriseseight positionally
disorderedn-xylene molecules at an occupancy of 0.48. Half of the molecules were
deleted for clarity. The guest interacts at a distance ofi3.74f r om t he f r ame
phenyl ring in an offset -’ interaction. Simila¥fly to
300(V)(mxylene), there is not enough of a confinement effect to cause-guestt

i nteractions.
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3.3.2.1.2 Orthexylene loaded MFM300(In)

o

<

e L

Figure 3.1Q (left) square channel of MFA800(In)}o-xylene as viewed dowe

axis; (right) top view of hosguest interaction.

The structure of MFMBOO(In)(-xylene) is shown irFigure 3.10 There are eight
positionally disordered-xylene molecules at an occupandéyat7 which sit parallel
to the framewor kos ph eA. AkhoughifrongtheRigurea di st
3.10it appears that there may be gugst e st i 'nt er acti ons prese

parallelity between the guests suggests that this is not the case
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3.3.2.1.3 Paraxylene loaded MFM300(In)
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change in MFM300(In).

showi

ng

The most noteworthy observation in the structure of MEO@(In){-xylene) is a

tetragonall4:22 to orthorhombid2:2:2; phase changéFigure3.11). This 14,22 Y

1212121 phase change for the MFBDO structure was predicted by Coudetrtal°

tetr

who computationally demonstrated that applying a tetragonal shear would result in

framework deformation, hwntil now, the flexible nature of this structure has not

been demonstrated experimentally.

The structures of the two phases are showkigure 3.12 The phase change is

accompanied by a reduction in the torsion angle of the phenyl rings in theilinker
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14(2° in this case, compared to 264Y in the MFM-300(In)(-xylene) structuré
and a slight distortion in the In®@ctahedron, which combine to cause a contraction
of thea-axis and an elongation of theaxis. These subtle changes caulse square

shape of the 1D channeldstortslightly into a lozenge shape.

Figure 3.12 (top left) 2x2 supercell of tetragonal MFBDO(In); (top right) 2x2
supercell of orthorhombic MFA300(In); (bottom left) view of channel of tetragonal

MFM-300(In); (bottom right) view of channel of orthorhombic MFBOO(In).
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It should be noted that the phase chadgkenot go to completignas the PXRD

pattern indicates the presence of around 4% of the origit2#2 phas€Figure3.14).

This suggests that the kinet of thisp-xylene induced transition are slow.
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Figure 3.141 powder diffractogram showing presencel®é tetragonal phase (black

line)
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Figure 3157 (left) lonzenge shaped channel of MRA0(In)p-xylene as viewed

downc-axis; (right) top view ohostguest interaction.

The structure ofp-xylene loaded MFM300(In) is shownin Figure 3.15 The
structure comprisefour p-xylene molecules at 0.74 occupancy. These molecules
exhibit a GH---"-system interaction with the frameworg-Xylene to framewdc
phenyl ring), with the closest distance from the C atom optkg@ene to the centre

of the frameworkod phenyl ring being 3.2
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3.3.2.1.4 Ethylbenzene loaded MFBDO(In)

W ES

Figure 3.1671 (left) square channel of MFN0O(In)-ethylbenzene as viewed down

c-axis; (right) top view of hosguest interaction.

The structure of MFNMB0O(In)(ethylbenzene) is shovim Figure3.16 The structure
comprises eightpositionally disordered ethylbenzene moleculssming a “-’

interaction with the phenyl ring of the framework at a distance of 3.97 A,

3.3.2.4 Summary of Hydrocarbotoaded MFM-300(M) Structures
Occupancies and-’ di stances from e &8@(M) sirdictureshe r e |
are summarised ifable3.3 Al | st r uc t-stacking betveeh thd phenyl -

ring of the framework and the hydrocarbon molecule.
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Table 3.3- Summary of hosg u e s t

di stances and

occupanc.

of hydrocarbodoaded MFM300(M). mX = m-xylene; oX =o-xylene; X = p-

xylene; Eb = ethylbenzene.

Metal | Hydrocarbon| HostGuest'-" di st & Occupancy
Al mX 3.42 0.45
oX 3.52 0.42
pX 3.47 0.47
Eb 3.61 0.5
\% mX 3.54 0.5
oX 3.85 0.5
pX 3.87 0.5
Eb 3.75 0.5
In mX 3.74 0.48
oX 3.67 0.47
pX 3.27 0.74
Eb 3.97 0.5

Maximum occupancy in this case is 1.0 as opposed to 0.5 in other structures

3.3.2.5 High Pressure PXRD of MFM300

According to Coudertet al,'° the MFM-300(Al) undergoes continuous phase

transition between -Q@ GPa of shear stress with saynificant change observed

beyond 1 GP#&Figure3.17). The study also simulated applying an isotropic pressure

to the system and found that a pressure of 0.7 GPa brings about the same phase

changgFigure 3.18).
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Figure 3.171 Plot of unit cellparameters of MFMBOO(AI) as a function of

computational shear stress. Figure taken from reference 10.
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Figure 3.181 Plot of cell volume of MFM30O0(AI) as a function of simulation time.

Figure taken from reference 10.
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To experimentally validate thesemulations and tdurther investigate the apparent
flexible nature of MFM300(In), a high pressure PXRD study was conduciéx

MOF was pressurised in a DAC to 8 different pressures fror8.23 GPa inclusive,

and then depressurised to ambier@ssure. The MOF was activated prior to loading,
and the PTM chosen was FluoririerFC-70 (too large to enter the pore), to ensure
that the pressure was acting on the MOF from outside the crystallites. The resulting

PXRD data are shown Figure3.19

\ |
I | 1| | I I | AT
JJLJLJ e ool oo~ Mo GPa

... —1131GPa
0.584 GPa

0.230 GPa
0 GPa

2 3 4 5 6 7 8 9 10

2q /degrees

Figure 3.19 powder diffractograms of MFMB0OO(In) as a function of pressure.

The diffractograms were indexed, and it was found that the structure retained its
tetragonal symmetry up to 0.584 GPa, where there was a tetraiga®al Y
orthorhombicl2:2:2; phase change. On depressurisation of the cell, the original
tetragonal symmetry returned, confirming the reversible nature of this transition. The
cell parameters from this experiment are plotted as a function of presdtigire

3.20 The cell compresseBom 0 to 0.230 GPa, and then upon increasing the

pressure to 0.584 GPa, thexis decreases significantly, almost linearly, until 1.543

74



GPa is reached, at which point further changes are much more gradual. Conversely,
the b-axis elongates as a functioh ressure from 0.584 GPa. Unlike theaxis,
however, the change in tleparameter is not as severe, and begins to plateau from
1.131 GPa as opposed to 1.534 GPa.craris, however, changes very little across

the entire pressure range.
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Figure 3.201 unit cell parameter@op) and cell volume (bottonof MFM-300(In)

as a function of pressure.
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The data of the high pressure phase was not of sufficient quality to obtain any further
structural informatiorvia Rietveld refinement. However, based on the phase change
in MFM-300(In)(-xylene) and the results from the study by Coudert, coupled with
the cell parameter variations, it is reasonable to suggest that the pore transitions from
a square shape in the tetoagl system, to a lozenge shapaasdb diverge, until a

relatively stable orthorhombic structure is reached at 1.543 GPa.

3.3.3Vapour Adsorption

To investigate the £hydrocarbon vapour adsorption properties of MBBO(M)
(M=Al, V, In), isotherms at \wre measured at £& for each solvent in the different
MOFs. After an initial trial run ofp-xylene in MFM:300(In) at 30°C revealed
incredible slow kinetics ofdsorption the higher temperature of 48 was deemed
sufficient. Each isotherm was performaftier activation of the MOF under vacuum

at 150°C for 24 hours, to ensure complete removal of solvent from the pores.
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3.3.3.1 MFM-300(Al) Isotherms
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Figure 3.211 Cg hydrocarbon isotherms with MF@00(AIl) recorded at 4%°.

Figure3.21shows the adsorpn isotherms of ethylbenzens;xylene,o-xylene and
p-xylene in MFM:300(Al) at 45°C. The MOF exhibits an extremely low uptake of
ethylbenzene.073mmol/g at 26 mbar) and the adsorption of botlRylene ando-
xylene is almost identical (0.449 mmol/g and 0.455 mmol/g respectively at 30 mbar)
and both exhibit a similar isotherm shape. The uptake>gflene (0.82 mmol/g at

30 mbar), however, is almost double thatrefando- xylene and ovetentimes that

of ethylbenzene.

The adsorption profiles aft, o-, andp-xylene correspond to a type IV isotherm, a
phenomenon that has previously been observed in the adsorptpnytne in
silicalite,'* where it was found that the similarity in size between the adsodvat

pore channel resulted in this behaviour.
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The similarity in uptake ofm-xylene andd-xylene is likely due to their similar sizes,
however, the large differences in uptake betwpetylene and ethylbenzene was
unforeseen. The two molecules hasaenilar kinetic diameters, and the high
resolution PXRD study confirmed ligugghase adsorption of each molecule. As the
PXRD experiment involved storing the MOF una@¢hylbenzene for a period of four
weeks, it is possible that the differences betweepll®thzene in the liquid phase
and vapour phase is due to the kinetics of diffusibrethylbenzene entering the
pore This may also explaiwhy the overall uptakes of all fowf the adsorbates is
much higher in the PXRD experiment, ranging from @830 molecules per Al(III)

as opposed to 0.6217 molecules per Al(lll) from the isotherms.

3.3.3.2 MFM-300(V) Isotherms
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Figure 3.221 Cg hydrocarbon isotherms with MH@00(V) recorded at 4%.
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Figure3.22 shows the adsorption isotherms of ethylbenzemeylene,o-xylene and
p-xylene in MFM300(V) at 45°C. Unlike in MFM-300(Al), theuptake of all four
compounds is fairly similar, with an ethylbenzene uptake of 3.47 mmol/g at 30 mbar,
a mxylene uptake of 3.88 mmol/g at 30 mba-aylene uptake of 3.6/mol/g at

25 mbar, and @-xylene uptake of 3.45 mmol/g at 30 mbar. In this case the

adsorption profile of each adsorbate exhibits type | behaviour.

The number of molecules per metal is in much better agreement with the high
resolution PXRD results than ithe case of MFMBOO(AI), due to the reduced

effects of diffusion kinetics as a result of the larger pore of VEEM(V).

3.3.3.3 MFM-300(In) Isotherms
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Figure 3.231 Cg hydrocarbon isotherms with MFH@00(In) recorded at 4%

Figure3.23shows the adsorpn isotherms of ethylbenzerns;xylene,o-xylene and

p-xylene in MFM300(In) at 48C. All four adsorbates exhibit incredibly similar

79



uptakes, with an ethylbenzene uptake of 2.97 mmol/g at 26 mbaxykene uptake
of 2.81 mmol/g at 30 mbar, axylene upake of 2.75 mmol/g at 23 mbar, ang-a
xylene uptake of 2.87 mmol/g at 30 mbar. Similarly to MB8O(V), each isotherm

exhibits type | behaviour.

MFM-300(In) exhibits a higher uptake of adsorbates per metal atom compared both
MFM-300(V) ard MFM-300(Al) as a result of & larger pore size, and similarly to
MFM-300(V), the agreement between the PXRD results and isotherms is much

better than with MFM300(AI).

3.3.4Liquid -Phase Separation

Injector Valve

MOF Column
pump —.———:

..
—'—h T
Syringe

|

Eluent Sample collection vials

Figure 3.241 Schematic of liquid phase separation rig

Figure 3.24 shows a schematic of the liquid phase separation rig used in these
experiments. The syringe was used to prime the pump and to remove any air bubbles
from the inlet tubing. A &vay injector valve with %l sample loop was used to
inject the ethylbenzene/lgne mixture into to ensure a reproducible amount of

analyte entered the system.
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3.3.4.1 Separations with MFMBOO(AI)

Based on the promising vapour phase results, the first MOF studied was MFM
300(Al). The initial conditions trialled were using a quateynamixture of
ethylbenzenem, o-, andp-xylene,with heptane as the eluent at a flow rate of 0.5

ml/min, with sample collection every minute. Results are shovigure3.25

16

i —=—eB
14 — —— pX

] ',!\ —A—mX
12 4 /" \ —w— OX

Concentration (mM)

Eluted volume / mL

Figure 3.2517 Chromatogram of quaternary mixture aftydrocarbons in MFM

300(Al). Flow rate: 0.5 ml/min. Eluent: Heptane

A very minor degree of separation is observed, in the qragtene, ethylbenzene,

o-xylene and themxylene, but there is a large amount of peak overlap and tailing

present.

Using the same conditions, anftkea flushing the column with hexane for 60 minutes
at 0.5 ml/min, hexane was then explored as an eluent. The results are shown in

Figure3.26
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Concentration (mM)

Eluted volume / mL

Figure 3.2617 Chromatogram of quaternary mixture of I§ydrocarbons in MFM

300(Al). Flow rate: 0.5 ml/min. Eknt: Hexane
These conditions, however, show no improvement over the separation with heptane.

The effect of conditioning of the column with DCM prior to performing the
separation was then explored, as this has been shown to incepasatient? The
column was conditioned for 80 minutes at a flow rate of 0.5 ml/min, followed by a

separation experiment using a ternary mixturergfo-, andp-xylene and heptane as

the eluent at a flow rate of 0.5 ml/m{iRigure3.27).
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Figure 3.271 Chromatogranof ternary mixture of €hydrocarbons in MFM

300(Al) after DCM conditioning. Flow rate: 0.5 ml/min. Eluent: Heptane

In this case, however, conditioning had an adverse effect on the separation, with each
of the 3 components eluting more quickly and at ghme time. The peak shape,

however, is much more symmetrical and narrower than in the heptane conditioned

experiment.

Due to this improved peak shape with the presence of DCM, mixtures of heptane and
DCM were considered as the eluent. Firstly a 95:5 (véptane:DCM mixture was

used as the eluent, at a flow rate of 0.5 ml/min, using a ternary mixtaore @f and
p-xylene. The column was conditioned with heptane prior to the separation

experiment. Results are showrFigure3.28
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Figure 3.281 Chromabgram of ternary mixture ofdhydrocarbons in MFM

300(Al). Flow rate: 0.5 ml/min. Eluen&5:5 (v/v) heptane:DCM

There is a clear improvement on both the separation and the peak shape using these
conditions compared to the pure heptane experiment,paxtiene eluting slightly

earlier tharm- ando-xylene, which ceelute.
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Figure 3.291 Chromatogram of ternary mixture og 8ydrocarbons in MFM
300(Al) after conditioning witt®5:5 (v/v) heptane:DCMFlow rate: 0.5 ml/min.

Eluent:95:5 (v/v) heptane:DCM

The column was then conditioned for 60 minutes using the same 95:5 solvent
mixture, and the separation experiment repeated using the same cor(tjume

3.29. Again, the conditioning resulted in-@wution of allthreexylenes.

Using a 9:1 (v/v) heptee:DCM mixture as the eluent, at a flow rate of 0.5 ml/min,
on a heptane conditioned column worsens the separatgmydéne fromm- ando-
xylene (Figure 3.30 whencompared to the 95:5 solvent mixture, with separation

only slightly better than the DCM conditioned experiment.
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Figure 3.3071 Chromatogram of ternary mixture o 8ydrocarbons in MFM

300(Al). Flow rate: 0.5 ml/min. Eluen®:1 (v/v) heptane:DCM

The exgriment was then repeated after conditioning the column with the 9:1 solvent
mixture for 60 minutes. The resulting chromatogram is shiowfigure3.31 Again,

conditioning led to the celution of all threeanalytes.
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Figure 3.31 Chromatogram of ternaryixture of G hydrocarbons in MFM

300(Al) after conditioning witt9:1 (v/v) heptane:DCMFlow rate: 0.5 ml/min.

Eluent:9:1 (v/v) heptane:DCM
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3.3.4.2 Separations with MFMB0OO(In)

After the separations in MFNOO(Al) proved unsuccessful, separationgre
attempted in MFM300(In). Again, the initial conditions used heptane as the eluent
at a flow rate of 0.5 ml/min, however in this case a quaternary mixture of

ethylbenzenem-, o- andp-xylene (1:1:1:1, v/v) was injected.
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Figure 3.32 Chromatogranof quaternary mixture of £hydrocarbons in MFM

300(In). Flow rate: 0.5 ml/min. Eluertieptane.

Figure 3.32 confirms that separation does occur under these conditions. The first
analyte to elute ip-xylene, followed byo-xylene, which elutes almost jolptwith
ethylbenzene, and finaliyrxylene elutes last. Separation factors for this experiment
(Table3.4) confirm that the only significant separation occurs betweeatylene and

the other compounds.
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Table 3.47 Separation factors calculated from MR®@0(In) chromatogram at 0.5

ml/min using heptane as the eluent.

mxylene | Ethylbenzeng o-xylene p-xylene
m-xylene - 3.0 3.1 4.2
ethylbenzene - - 11 1.4
o-xylene - - - 1.3
p-xylene - - - -

There is a muclgreater degree of separation with these conditions in NMB®(In)

than there is in MFMBOO(AI), which is the opposite of what was observed in the

vapour phase experiments. This is likely due to the larger pore size of the In(lll)

MOF permitting diffusion bthe hydrocarbon molecules, whereas in the case of the

Al (1 11)

anal ogue,

suitable alignment to enter the pore.

ther e

i snot

sufficient

To improve the separation, the experiment was repeated using hexane as the eluent.

The resulting chromatogram is shown kigure 3.33 and the corresponding

separation factors shown Trable3.5.
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Figure 3.33 Chromatogram of quaternary mixture of lg§ydracarbons in MFM

300(In). Flow rate: 0.5 ml/min. Eluertiexane.

Similarly to the results using heptane, the first compound to elpt&ykene. This is
followed by the ceelution of o-xylene and ethylbenzene, and then finathxylene

elutes. As a result of the slightly longer retention time-gilene, theo-xylenep-

xylene separation factor is slightly larger than in the heptane experiment (1.4
compared to 1.3). Aside from this slight improvement, the separation is generally
worse when using hexane as the eluent, however there is still baseline separation of

m-xylene from ethylbenzene;xylene ando-xylene.
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Table 3571 Separation factors calculated from MR®@0(In) chromatogram at 0.5

ml/min using hexane as the eluent.

m-xylene | ethylbenzeng o-xylene p-xylene
m-xylene - 24 2.4 3.4
ethylbenzene - - 1.0 1.4
o-xylene - - - 1.4
p-xylene - - - -

The experiment was then repeated using pentane as the eluent. The results are shown

in Figure3.34and the corresponding separation factors showiaie3.6.

Concentration (mM)

T T T T T T 1

10 20 30 40
Eluted volume / mL

Figure 3.34 Chromatogram of quaternary mixture of I§ydrocarbons in MFM

300(In). Flow rate: 0.5 ml/min. Eluergentane.
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Table 361 Separation factors calculated from MR®@0(In) chromatogram at 0.5

ml/min using pentane as the eluent.

m-xylene | ethylbenzeng o-xylene p-xylene
m-xylene - 2.7 3.0 4.0
ethylbenzene - - 1.1 1.5
o-xylene - - - 1.3
p-xylene - - - -

Again, the order in which the compounds elute starts pritlflene, followed byo-
xylene, which is closely followed by ethylbenzene, and finaidlyylene elutes. The
separation factors indicate that aside froxylenep-xylene, the separation of each

compound is better than with hexane, and only marginally worse than with heptane.
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3.3.4.4 Separations with MFMBOO(V)

Using similar conditions to those proven successful in MFM(In), separations

with MFM-300(V) were then investigated. The first condition tried was using
heptane as the eluent. Due to the higher ipmeksures exhibited when using this
column, however, the highest possible flow rate when using heptane was 0.32
ml/min. The results are shown kigure3.35and separatiofactors shown in Table

3.7. It should be noted that due to a minimum sample volume requirement of the GC,

the fractions were diluted with heptane to bring the overall volume of each fraction

to 0.5 ml.
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Figure 3.35 Chromatogram of caternary mixture of €hydrocarbons in MFM

300(V). Flow rate: 0.32 ml/min. Elueriieptane.
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Table 371 Separation factors calculated from MR®@0(V) chromatogram at 0.32

ml/min using heptane as the eluent.

m-xylene o-xylene ethylbenzeng p-xylene
m-xylene - 22 25 3.9
o-xylene - - 12 1.8
ethylbenzene - - - 16
p-xylene - - - -

Compared to the equivalent MFBDO(In) experiment, the order of elution of the

four compounds appears to change. Firgthxylene elutes, but this is followed by
ethylbenzene which elutes closely wiixylene, and finallyn-xylene elutes. Based

on the separation factors alone, the separation seems fairly good in comparison the
MFM-300(In), however the broadness and tailifgtlee peaks means that the
separation ofm-xylene over the othethree components is actually considerably

worse.

Hexane was then used as the eluent, at a flow rate of 0.32 ml/min, after flushing the
column with hexane for 2 hours. The results are showFigure 3.36 Again, the

fractions were diluted to increase the volume to 0.5 ml for GC analysis.
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Figure 3.36 Chromatogram of quaternary mixture of liydrocarbons in MFM

300(V). Flow rate: 0.32 ml/min. Eluerttexane.

The order of elution remains the same as with heptane,paitiiene eluting first,
followed by ethylbenzendpllowed by o-xylene and then finallyn-xylene. The
separation factors (Tablg.8) show slight improvements over the heptane
experiment for all bum-xyleneb-xylene, due to the comparatively longer retention
time of o-xylene in this instance. Once again though, the peaks exhibit trailing which

leads to a large amount of peak overlap. The only two compounds to show baseline

separation argrxylenefp-xylene.
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Table 381 Separation factors calculated from MR®@0(V) chromatogram at 0.32

ml/min using hexane as the eluent.

m-xylene o-xylene ethylbenzeng p-xylene
m-xylene - 2.0 26 45
o-xylene - - 13 2.1
ethylbenzene - - - 1.7
p-xylene - - - -

Finally pentane was used as the eluent, at 0.32 ml/min, after flushing the column

with pentane for 2 hours. Results are shawhigure3.37.

Concentration (mM)

Eluted Volume / mL

Figure 3.37 Chromatogram of quaternary mixture of I§ydrocarbons in MFM

300(V). Flow rate: 0.32 ml/min. Elmé& pentne.
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Again the order of elution remains @sxylene, ethylbenzenay-xylene thenm-

xylene. The separatiofactors (Table3.9) show equal separation afn-xyleneb-

xylene and ethylbenzemexylene (1.5), which also corresponds to the highest
degreeof ethylbenzen@‘xylene separation observed in these experiments. The
separation op-xylene fromo-xylene and ethylbenzene is also the best observed in
these experiments, although the tailing of the peaks results in a considerable amount

of peak overlap.

Table 3971 Separation factors calculated from MFR@0(V) chromatogram at 0.32

ml/min using pentane as the eluent.

m-xylene o-xylene ethylbenzeng p-xylene
m-xylene - 15 2.2 4.3
o-xylene - - 15 29
ethylbenzene - - - 1.9
p-xylene - - - -
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3.3.4.5Binary Breakthrough Experiments
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Figure 3.381 binarybreakthrough experiments usid@ mM binary mixtures.

After the promising results from the MFBDO(V) experiments with pentane, binary
breakthrough experiments were performed with 40 mM 1:1 mixturpsxgleneh+
xylene,p-xyleneb-xylene,p-xylenegthylbenzengandm-xyleneb-xylenein pentane
(Figure3.38. The separation aitxylene fromp-xylene is excellent, with 14 ml of
elution p-xylene before the elution off-xylene. Unsurprisingly, the separations
follow the same trend as shown in the HPLC experiments, pyleneb-xylene
separation being slighthess thamp-xylenem-xylene, ethylbenzeng/xylene slightly
less tharp-xyleneb-xylene, andn-xyleneb-xylene showing very little separation at

all.
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3.4 Conclusions

To summarise, investigations into thguid phase separation atxylene,o-xylene,
p-xylene and ethylbenzene in MFBDO(M) (M=Al, V, In) have been conducted.
MFM-300(V) shows the most promise at separating all 4 compounds when using
pentane as an eluent, however the broad peak shapes of the chromatogram affect the
resolution. MFM300(In) shows baseline separationmdxylene from the othethree
compounds, however there is a large degree of coelobgtene and ethylbenzene.
MFM-300(Al) shows virtually no separation of tfieur compounds, which is in
contrast to the vapour phase adsamp&xperiments, where it showed a much higher
uptake of p-xylene than o-xylene and m-xylene, and almost no uptake of
ethylbenzene. High resolution PXRD was performed @nh@rocarbon loaded
MFM-300(M), confirming that the guest molecules intesaith the phenyl ring of

the framework. Omp-xylene loading, MFM300(In) undergoes a tetragondi?22 to
orthorhombicl2:2:2; phase transition. This transition was further investigated using

high pressure PXRD, where the same transition was observed at 0.584 GPa.

3.5 Experimental

3.5.1 High Resolution PXRD of Hydrocarborloaded MFM-300(M)

Samples of acetorexchanged MFMB00(AI), MFM-300(V), and MFM300(In)

were activated at 1280C under vacuum (IDbar) for 48 hours, each MOF diled

into four portions, and 2 ml of eithen-xylene, o-xylene, p-xylene or ethylbenzene
added to each portion. The vials were then sealed for a period of 4 weeks. The
samples were ground and loaded into 0.7 mm borosilicate capillaries. High

resolution PXRD data wereollected using monochromatic-pays e-= 0.825633
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0.8257060.8258680r 0.826162A) and MAC detectors, with the sample spinning to
ensure better powder averagifidne backgrounds of the profiles werdddusing a
Chebyshev polynomial with 13 coeffictsn and the Stephens anisotropic peak

function used to account for the slight anisotropic line broadening observed.

3.5.2High Pressure PXRDCollection of MFM-300(In)

A sample of acetonexchanged MFMB00(In) was activated for 5 days at 18D
under vacuum(10? bar), ground, and then loaded in an inert atmosphere into a
membranalriven DAC, with quartz included to act as an internal pressure marker
and Fluorineff FC-70 used as the PTMn situ high pressure PXRD data were
collected using monochromatic-dys 6= 0.4246A) and a MAR345image plate
detector. The cell was pressurised froiin 8123 GPa, followed by decompression to
ambient pressure. The raw image data was processed usiBD Bitd Pawley
refinements of the integrated data were performedORAS Academic 5The peak
profile of the low pressure tetragonal phase was modelled usifidhtmpsorCox-
Hastingspeak function, whereas the more asymmetric peaks present in the high

pressure orthorhombic phase were modelled using a split pS&uglot function.

3.5.3 Vapour Adsorption Experiments

Isotherms were recorded at 318.15 K using a temperature controlled water bath on a
Hiden IGA under ultrahigh vacuum. Both-xylene @ 9 %, Extra Dry, Ac
ando-xylene @ 9 %, Extr a Dmwsrepurchaseddr@erCRES Organics.
Ethylbenzenegnhydrous, 99.8%andp-xylene @ n h'y d r o ) were p@haséed

from Sigma Aldrich. The solvents were degassed in the vdpading chamber of

the IGA. In each case around 80 mg of MBRIO(M) (M=Al, V, In) wasloaded into

the IGA and activated under ultrahigh vacuum at 423.15 K for 24 h. Between runs

the samples were reactivated at 423.15 K for 24 h.
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3.5.4 Liquid Phase Experiments

Liquid phase experiments were performed using a Gilson 307 HPLC pump equipped
with a 10 ml pump head. The columns used were Supelco column blanks (ID x OD
x L 4.6 mm x 1/4 in. x 15 cjnpurchased from Sigma Aldrich. Parts were connected
by Swagelok 1/16 in. stainless steel tubing. Quantitative analysis of fractions was
performed on a Simadzu GC2014 gas chromatograph fitted with Agilent J&W

HP-INNOWax GC Column(ID x L x F 20 mx 0.18 mmx 0.18 um).

3.5.4.1 Column Packing

Acetoneexchanged MFMB0OO(M) (M=Al, V, In) were each ground thoroughly and
loaded as a slurry in heptane intolank column which was then connected to the
pump. The pressure limit on the pump was set to 220 bar and heptane flowed
through the column a set flow rate of 4 ml/min for 15 minutes, maintaining a
pressure of 220 bar throughout. More of the MOF slurry was tadded to the
column and the process repeated until the column was fully packed, at which point

the column was flushed with heptane at 220 bar for 60 minutes.

3.5.4.2 HPLC Separations

A quaternary mixture of ethylbenzene ame, o- and p-xylene (1:1:11, v/v) was
injected into the injector port of Rheodyne Model 7125 Injectditted with a 5¢l
sample loop. The eluent fed through the pump into the Rheodyne injector and then
into the column. The analyte mixture was injected when the system was htea sta

operating pressure.

3.5.4.3Breakthrough Experiments
Breakthrough experiments were performed using equimolar binary mixtures of

xyleneb-xylene, m-xylenep-xylene, o-xylenep-xylene, andp-xylene/ethylbenzene
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in pentane atoncentrations of 40 mM. Bhpump fed fronthis mixture at aetflow

rate for the duration of the experiment.
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Chapter 4

A Stable Zirconium MOF for C&Separation
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4.1 Introduction
The general appeal of Zr(IMWIOFs is their excellent hydrothermal and thermal
stability}? This opens up avenues of research not possible with other, less stable

MOFs, such as copper and zinc, for example water adsorption.

Figure 4.17 ZrsO4(OH)sL12Cluster present in Ui®6. Figure taken from reference

2.

The first zirconium MOFs were demonstrated in 2008 by Lillestidl? with the
publication of the series UiB6 1 UiO-68. The series comprisesZasOs(OH)aL 12
cluster (kgure 41), with linear dicarboxylatelinkers 1,4benzenedicarboxylate,

4 | -diphenyld i c ar b o x y Btarphenydicardoxylate 4n@ exhibits excellent
hydrothermal, mechanical stability, and gas adsorption propeR&sponsible for
this observedigh stability is the highly connected octahedral @uster, in which
alternate triangular faces are capped wi® andes-OH. Thestability of this series
has led to considerable research into this series, particularly into ligand

functionalisatiod*and postsynthetic modificatior?

Work by Yaghiet al® exploited the water stability of the Zeluster to investigate

the water adsorption properties of several Zr(IV) MOFs. The frameworks each
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showed a retention of crystallinity after water adsorptiand almost no Iss of

uptake was observed over figgcles.

I ‘ x5
| B YT R PR ST
a)

i

JJL N IR TS
b)

I/au.

I/au

L.

40 45 50

—
5 10 15 20 25 30 35
201°

T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50
20/°

Figure 4.271 (left) resulting powder diffractogram from synthesis without modulator;
(right) resulting powder diffractogram from synthesis using modulator. Figure taken

from reference 7.

A common approach in AVIOF chemistry is the use of a monocarboxylic acid
modulator during the MOF synthesis. The modulator is often used in large excess,

and acts as a competitive binder to the zirconium cluster, greatly reducing the rate of

nucleation ofthe MOF, thereby significantly increasing the crystallinity of the final

product. Behrenst al.” investigated this effect and successfully showed how the use

of benzoic acid greatly increased the

in Figure4.2
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DUT-68, cluster 1 DUT-68, cluster 2

Figure 4.37 Zr(IV) clusters present in DU67, DUT-68 and DUT69. Figure taken

from reference 8.

In 2013, Kaskel et al® demonstrated a series of -BIOFs using 2,5
thiophenedicarboxylic acid as a linker. They found that due to ¢émé linker, a

series of polymorphic MOFs could be made (D&, DUT-68 and DUT69) by
varying solvents and the amount of acetic acid used as modulator, suggesting that
modulators may have another role in the formation of zirconium MOFs, in addition
to merdy increasing crystallinity. The different zirconium clusters from this
polymorphic series can be seen kigure 4.3, They are very similar to the
ZreO4(OH)sL 12 clusters present in the Ui66 series, differing only by the number of

linkers coodinated.

Figure 4.471 Zirconium oxide chains found in the Mi140 series. Figure taken from

reference 9.
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Work by Serreet al? has shown a completely different type of zirconium cluster to
thosein the previouslydiscussed cases. The M1l40 series consists of zirconium
oxide chains, shown in Figuréd.4, bridged by dicarboxylic acids. The group
compared the stability of this series to their respective polymorphs in th&&iO
UiO-68 series and found that, espégiavhen comparing the polymorphs of the

longer linkers, the MIL140 series was much more stable.

4.2 Aims of this Work

The aims of this chapter were to synthesises a highly stable Zr(IV) fdiQkse in
CCS, and to use synchrotron PXRD to gain an unaledsig of the MOFs behaviour
in response to CO

4.3 Results and Discussion

4.3.1 Synthesis

OH HO
0 0
DMF/CH;COOH
zrcl,  + O O O MFM-450
120°C
0 0
OH HO

Figure 4.51 MFM-450 reaction scheme

MFM-450 was synthesised via solvothermal methods usimgughly 2:1 ratio of
ZrCl4:BPTC in al:1 mixture of DMF and acetic acidt 120C, yielding a phase
pure white microcrystalline powdéFigure 4.5) PXRD (Figure4.6) reveals that the
material crystallises in the cubic space grémg3 with unit cell dimensions o =

24.4032) A.
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Figure 4.67 synchrotron powder diffractogram of MFNB0; (inset) high angle
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Figure 4.71 TGA of MFM-450
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TGA of the assynthesised sample of MFMBO in air(Figure 4.7)shows solvent
loss below 208C, with the material then dike up to 420C, at which point the

framework decomposes.

4.3.2 Structureof MFM -450
The structure was solved by Prof. Junliang Susing Materials Studio. This
structure solution was then used as a model for the subsequent refinements presented

here.

Figure 4.871 (left) view downa axis of 2x2 supercell of MFM50 showing

extended frameworKright) view downc axis of 2x2 supercell of MFM50

showing extended framework.

MFM-450 crystallises in the cubic space group-3, comprisingan extended
framewak (Figure4.8) formed oftwo distinctcages with Zr@(OH)s clusters at the
verticesand BPTdinkerslying flat on eaclface(Figure4.9). The positions of the H
atoms on the cluster cannot be determined by PXRD, however evidence from the
situ CO, experiment discussed later in this chapter suggests that the O atoms

pointing into cage B are protonatéithe arrangement dinkers on the faces of each
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cagedictates thesize and shape of the cage, with cage A beingccaind cage B

cuboidal.

Figure 4.971 (left) cubic cage A, with alternate arrangement of linkers on adjacent
faces;(right) cuboidal cage B wittwo of four adjacent facesharingsimilar linker

orientation.

In cage A, due to adjacent faces of the cube each having alternate linkéatmmnes,
there is only ondype of narrow windowalong the edge of the cage. In cage B,
however,when considering one faceyo of the fouradjacent faces have the linker
orientated in the same directi@s this face, resulting ithreetypes of window: a
larger window in the case of sim i sideon linkers, a smaller window of similar
size to that found on cage A, resulting from siehd end-on orientations, and finally

the smallest window which is a result of emdi endon orientations.

111



9.85(4) A

7.36(4) A

Figure 4.101 dimensions of BPTC as measured from MBBD structure.

As the linker occupies a square face of a cube, but dimensions of the linker are not
square inshape (Figure4.10) the ZrO4(OH)s octahedradistort heavily to
accommodate them. When comparing the cluster to that aZrtbgOH)s cluster
found in UiG66! another MOF with aZrOs(OH)aL12 cluster (Figure4.11), this

distortion is apparent.

112



MFM-450

UiO-66

Figure 4.1171 (top) different views of Zr(1V) clustein MFM-450; (bottom) different

views of Zr(IV) cluster in UiG66.

On inspection of the powder diffractogram of MFEMB0 (Figure4.12), it is clear that
two distinct peak shapes are present. These broad peaks lie on reflebidnbave

an odd number aanh, k, orl value, which are also coincident with the planes which
intersect the Zr(IV) atoms. Due to the distortion of Zn®4(OH)s cluster, however,
some clusters are positioned slightly out of tilé plane (Figure4.13, which

possibly contributes to the peak broadening.
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Figure 4.121 zoomed in region of powder diffractogram of MF80, showingwo

distinct peak shapes.

o
& &

Figure 4.131 arrangement of the Zr clusters in MF\B0 with respect to the (431)

plane (blue lineand the (501) plane (orange line).
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4.3.3 Gas Adsorption Studies

The N isotherm of MFM450 at 77K is shownin Figure4.14 Fromthis a BET

surface area of 587 gy was calculated, using the built in BET calculator of the

TriStar, confirming the porositpf the MOF.
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Figure 4.147 Nz isotherm of MFM450 at 77 K.

In order to compare the selectivity of the framework foragainst CQ, the N

uptake at 273, 283, and 298 K was investigated. The resulting isotherms are shown

in Figure4.15.As expected, the uptake is inversely proportional to temperature, with

the isotherm at 273 K exhibiting the highest uptake of the three at 0.155 mmol/g, an

uptake of 0.091 mmol/g at 283 K, and an uptake of 0.052 mmol/g at 29Bdse

low values, coupledvith the almost linear profile of the isotherms, suggest a low

level of interaction with betweenadind MFM-450.
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Figure 4.151 Nz isotherms of MFM450 at 273 K, 283 K and 298 K.

The uptakes of Cgat 273, 283, and 298 K were then investigated. The megult
isotherms are shown iRigure4.16 Again, the uptake is inversely proportional to
temperature, with MFMI50 exhibiting its highest uptake, of 2.32 mmol/g, at 273 K,
followed by 1.97 mmol/g, at 283 K, and 1.48 mmol/g, @8 K. When compared to
other MOFs in the literature, these values are relatively |lbowever, adsorption
capacity is only one of the criteria to be considered for assessing the suitability of a

MOF for carbon capture.

A plot of the heat of adsorption {pof CO; in MFM-450 is shown irFigure4.17.
The Qst at zero coverage i31.38 kJ/mol, confirming that the adsorption of G@n

this MOF is a relatively weaghysisorption process.
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Figure 4.1617 CO; isotherms of MFM450 at 273 K, 283 K and 298 K.
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Figure 4.171 CO» heat of adsorption plot for MFM50.
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4.3.4 Gas Selectivity Studies

The selectie adsorption of C@over N\ is an important property to consider when
assessing the suitability of a material for carbon capture. ANG@atio of 15:85 is
generally used with dual component selectivity calculations as this is a good estimate
of the proportions of each gas in the flue gas stream. The selectivities at 273, 283 and

298 K were calculated by IAST and are showfrigure4.18
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Figure 4.181 Plots of CQ/N2 selectivities at 298 K, 283 K, and 273 K for MFM

450.

The selectivitiedollow similar shapes at each temperature. An initial decrease is

observed with increasing pressure followed by a sharp increaseréalibly high
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sekctivities at 1 bar, of 253 at 273 K, 1750 at 283 K, and 3309 at 298 K. While these
selectivities are high, they are perhaps suggestive of a problem with the IAST model
in this instance, likely due to a comparatively weak interaction between the
frameworkand N and a much stronger interaction in the case of.Cle low
pressure region shows selectivities of 113 at 273 K, 87 at 283 K, and 60 at 298 K,
which seem more comparable with literature values, and also inversely correlate with

temperature, which wod be expected.

4.3.5In Situ PXRD Studies

To probe the interaction between MFAB0 and CQ in situ high resolution PXRD
was performedon the PXRD beamline 111 at DL$he experiment was performed

at 150 K to increase the amount of £ the MOF and also to reduce molecular
vibration, which both increase the likelihood of accurately locating the guest

molecule.

In cage A,one CQ site which is positionally disordered acrda®nty-four positions
wasfound, each at an occupancy of 0.2A% the occupancy does not exceed 0.25, a
model in which three quarters of these positions have been removed was proposed
(Figure 4.19. This CQ molecule interacts with the phenyl ring at a distance of
3.17(8)A from the centroid of the phenyl ring toelC atom of the CO The CQ
molecules bound to adjacent linkers are positioned in such a way to also form T
shape interaction with the other phenyl Fimgund CQ molecules within the cage
(Figure4.1X), at a distance of 8(1) A. This createsa cyclicalnetwork within the

cage, as shown iRigure 4.19.
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Figure 4.191 The location of CQwithin cage A, a) side on view of cage;ugw

from a truncated corner of the cage; c) clopeiew of CO; interaction with phenyl

ring. Blue dotted line 8.17(8)A, orange dotted line 2.77(13)A.
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Cage B, however, has 8 G@olecules at an occupancy of 0.802, which are located
in the corners of theage (Figuret.20. An oxygen atom of eacB8O, molecule sits
pointing towards two carbons of the carboxylate funatibgroups of the linker at a
distance of3.57(6) A i a type of interaction not possible in cage A, due to the
alternate orientations of linkers on adjacent facBse proximity of this CQ
molecule to thes-O atom of the framework, at a distance of 363K also suggests
that there may be a H atom present ongth®, thus confirming the location of the

€3-OH on the cluster.

Figure 4.191 The location of C@within cage B; a) side on view of cage; b) close

up of CO2 interaction with carboxylate. Orange dotted li8e57(6)A
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4.4 Conclusions

In summary, a Zr(IVM BPTC MOF, MFM450, has been synthesised @#sdCG and

N2 uptakes measured at 273, 283, and 29&Keach temperature, a much higher

CO, uptake was observed ovep,Nvith values at 1 bar of 2.32 mmol, at 273

K, 1.97 mmol/gCO; at 283 K, and 1.48 mmol@O; at 298 K, and 0.155 mmol/g2N

at 273 K, an uptake of 0.091 mmol/g &t 283 K, and an of.052 mmol/g N at 298

K. To probe the interaction between the framework ang @Qin situ PXRD study

was conductedTwo binding sites were found in the MQFone in cage A which
interacted with the phenyl ring of the linkeaa"-" 1 nt er ac inicagenB and

which interacted with the carboxylate of the linkéx a dipoledipole interaction.

4.5 Experimental

All chemicals were purchased from Sigma Aldrich and were used without further
purification. Elemental analysis was performed on a2 elematal analyser at

the University of NottinghamTGA experiments were performed on a Pyris 1
Thermogravimetric Analyser under a flow of @as isotherms were performed on a

Micromeritics Tristar.

45.1 Synthesis of ZsO4(OH)4(BPTC)3 (MFM -450)

Zirconium (1V) chloride (20 mg, 86 emd,J| J b6 ,wa,s5 0C ¢
tetracarboxylic acid (15 mg, :COGH®&mol ) i n
1:1, v/v) added, and the suspension heated t&CL&F 48 hours. A white precipitate

was then separated by cefutgation (10 min, 4000 rpm), washed with hot DMF and
centrifuged (2 min, 4000 rpm) then washed with acetone and centrifuged (2 min,

4000 rpm), the acetone decanted, and the solid left to dry in air ovelBligmental
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microanalysis (%) foundcalculatedfor ZrsOseHgaCsgN) C 31.12(31.13); H3.75

(3.74)N 0.61(0.64)

4.52 High Resolution PXRD

High resolution synchrotron PXRD experiments were performed on beamline 111 at
DLS 0.8256808). A sample ofacetoneexchangedFM-450was loaded into a

0.7 mm borosilicate capillary which was secured into the sampleTtalcell was
pressurised to 1.5 bar witktN  t he DVPC switched to O0hol d
monitored. The pressure remained at 2 bar indicating that the cellealesl.sThe

system was then evacuated ofévid dosed with C£to 2 bar.

The sample washen activated a#403 K under vacuum (1 x 10bar) for 1 hour

cooled t0150 K and data was collected fd0 minuteswith be aml i ne | 1108 s
resolution MAC detectorsThe sample was then dosed witlbarof CO;, at 150K,

and after 30 minutes of equilibration, data collected for 40 minutes using MAC

detectors.

4.53 Structural Refinement Details

The activated structure and 1 bar £l@aded structure wereefined with the
Rietveld method using TOPAS Academic 5, with input files created in jEdit. The
backgrounds of the profiles were fit using a Chebyshev polynomial with 12
coefficients. Ahkl dependent peak function was used to account for the broadening
of peakswith odd values oh, k or I. CO; molecules were modelled as rigid bodies
and their positions and orientations found initially via simulated annealing, followed
by refinement. The fraework was softestrained, and refined after g@finemaent,

resulting in excellent fits.
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The work in this thesis has successfully achieved the goal of gaining an

understanding of guesiOF interactions via PXRD.

In Chapter 2, a new remote control gas dosing system for use on powder diffraction
beamline 111 at DLS was presented. This systeiero®imuch greater precision and

control over the previous manual system. Using this system, the response ef MFM
300(V) to both pure C@and an equimolar mixture of G@nd N was investigated.

Two CQO sites were found in all cases, with €8 forming a dipoledipole
interaction with the fr abBiatevactngwite CRAy dr o x y |
via further dipoledipole interaction. The presence of IN the mixture was found to

affect the position of the CO2 molecules, particularly at low loadingshé&iuto this,

for the first time, the long term S@dsorption stability of a MOF, MFAB00(AI),

was studied by powder diffraction. The Sl@aded MOF was found to remain stable

over a period of 37 weeks.

In Chapter 3, the successful separatiomeofylenefrom ethylbenzene and-, andp-
xylene using MFM300(In) was demonstrated. Contrary to promising results from
vapour adsorption experiments, MFB0O0(AI) showed no significant separation of
the 4 compounds in the liquid phase. MBAO0(V), however was sligly more
promising, and shows the best separation of ethylbenzene-ayldne out of all 3
MOFs, however suffers from very broad peaks which lower the resolution of the
chromatogram. PXRBtudiesof Cg hydrocarboAoaded MFM300(M) revealed -’
stacking nteractions between thegQydrocarbons and the phenyl ring of the
framework, and in the case of MFBODO(In){p-xylene), tetragonall4:2 2 Y
orthorhombic12:2:2; phase change was observétigh pressure PXRD results

confirm that this phase change can aleonguced by pressure of 0.584 GPa.
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In Chapter 4, a new Zr(IVBPTC MOF, MFM450, was synthesised and its CO2
and N2 adsorption properties investigated. As it showed some promise #M.CO
selectivity, anin situ PXRD experiment was performed. The results confirméd a
stacking interaction between @@nd the phenyl ring in cage A of the MOF,
whereas in cage B, the orientation of the linkers allowed for a dgptde

interaction with the carboxylate moiety it linker.
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Appendices

Appendix 1.1 - Fits of Rietveld refinements from single component

CO:2 adsorption experimentwith MFM -300(V)

MFM-200{V}-activated 100.00 %
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Figure A1 i Rietveld refinement plot of MFM8OO(V'"). Blue open circle =

observed; red line = calculated; greyelin difference.
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Figure A2 i Rietveld refinement plot of MFAMBOO(V")-I. Blue open circle =

observed; red line = calculated; grey line = difference.
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Figure A3 7 Rietveld refinement plot of MFMBOO(V')-II. Blue open circle =

observed; red line salculated; grey line = difference.
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Figure A4 i Rietveld refinement plot of MFMBOO(V!")-1Il. Blue open circle =

observed; red line = calculated; grey line = difference.
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Figure A5 i Rietveld refinement plot of MFMBOO(V!")-IV. Blue open circle=

observed; red line = calculated; grey line = difference.

Figure A6 7 Rietveld refinement plot of MFMBOO(V'")-V. Blue open circle =

observed; red line = calculated; grey line = difference.
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