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Abstract

Coordination polymechemistryis a very activeresearch field as it acts as a crbhsking
subjectbetween all branches of chemistayd also overlap with physics biology and
materials scienceWith potential applications such as in cat&@yduminescene and
molecular storagethe extensive involvement in industryand technology has made
coordination polymersnore attractive to scientists in developmgyel functional materials.
Meanwhile, the increasing recognition of green chemistry stimulates the combination of
solid-state chemistry and coordination polyno®emistryat either the syhetic stage or the
practical applicationvhere the guest adsorption/releasslving thesolid-state might be the
most significant part.

The thesis describes research on families sd¥er(l)-perfluorocarboxylate coordination
polymers with diimine ligansland contains four chapters.

Chapter1 providesan oveview of the basic characteristiad coordination polymersand
their synthesisfollowed by an introduction to solid-state transformatianand a brief
summary of previousstudieson a series of silvgl)-perfluorocarboxylate coordination
polymerswith diimine ligands that provide the foundation for the current project

Chapter2 describes the syntheses, characterisations ands$atel transformation studies of

a series ofsilver(l)-perfluoralkylcarboxylate coordination polymersvith quinoxaline
ligands. This project demonstrates a rare sstifde topological transformation from 4:4:4
ratio structures to 4:4:3 ratio structures by losing one coordinating quinoxaline ligand in the
structure (4:4:x rers to the ratio of silver: perfluorocarboxylate: quinoxaline ligand in these
coordination polymers).

Chapter 3 describes the syntheses and characterisations of a series of
silver(l)-perfluoraalkylcarboxylatecoordination polymersvith 2-methylquinoxalie ligands.

The aim of this part of the project was to test whether slight modification on the diimine
ligand would cause differences to the structure formed. The results have shown many new
structures and several of the compounds demonstrate the effénet sinuctures of trapping
arene solvent molecules during syntheses.

Chapter 4provides a brief summary of the main findings of the thesis project and some
thoughts on possible future work.
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Abbreviations
2-Me-Quin i 2-methytquinoxaline

2,3dime-Quin i 2,3-dimethytquinoxaline
DCM i dichloromethane

DMF i N,N-dimethylformamide

m-xyl i m-xylene

o-xyl T o-xylene

p-xyl T p-xylene

Quin i quinoxaline

SBUT Secondary Building Unit

SCSCi SingleCrystatto-Single Crystal
tol T toluene

TMP i 2,3,5,6tetramethylpyrazine
Pheni Phenazine

SCXRD1 Single Crystal Xray Diffraction

PRXD 1 PowderX-ray Diffraction



Table of contents

I [ g1 0T U Td 1o o I TP PPPOPRPPPP 3
1.1 Coordination POIYMEISA FTEVIEW..........cceuviiiiiiiiiis it s e e e e e e e e e smnme e e e e eas 3
1.1.1 Porous structures and meaiadanic frameworks (MOFS)............uevveiiiiiiisieennnns 3
O 2 Y o] o] 0% 11 0] o PP PP PP PP PP USURPPPPPP 6
1.2 Synthesis of coordination POIYMEIS. ..o 10
1.2.1 SOIVOthermal PrOCESSES.......cooiiiiiiiiiie e e e e 10
2 I 11 111 o] SRR 11
1.2.3 SOlidState SYNTNESIS. .....ccociiiieit e iree e e e e e e e e 13
1.3 Solidstate chemistry with coordination polymers.............uvvevviiiiieesiiiieieiieeeeeeeen. 15
1.3.1 Solidstate transSforMatioNS............eeiiiiiee e e ecrrrr e e 15
1.3.2 Potential applications of solgtiate transformations.............cccceeevvvvvieeeeeeeeenn. 17
1.4 Silver(lybased coordination POIYMELS.........uuiiiiiiiiiiiiiieeeeeeeee e 19
1.4.1 Review of silver(l) coordination Polymers..............uueeeeeiiiieemiiiiiiiiiiieeeeeeeeenn. 20
1.4.2 Coordination polymers from silver(l) perfluorocarboxylates combined with
(o P2 T o TS L 111 01T == 22
1.4.3 PrOJECT OVEIVIEW. ....eeeeeiiiiiiieie e ettt e e eeees 27
1.5 REEIENCES.....coeeieeiiiiiiiiei e eeeet ettt e e e e e e e e et eaeea s s a e e e e e e e e e e eeeeeeesbbbannneeeaeeeeeeensnnes 29
2. Structures and solidstate transformations of coordination polymers containing
silver perfluorocarboxylates combired with quinoxaline.................ovvviiiiiccceeeeeiennns 33
Y2285 I [ 0T [ Tod 10} o T 33
2.2 EXPEIIMENTAL ......uuiiiiiiie ettt ee e e e e e e e e eerenaanes 35
2.2.1 SYNINBIS.....ccoiiiieie e e e e e aaaas 35
2.2.2 Single Crystal Xay Diffraction (SCXRD)..........ccoeeeiiiiiiiiiiiiieee e, 38
2.2.3 Powder Xay Diffraction (PXRD)..........uuuuiiiiiiiieiiicceeiciiieeeeeeeeeeeeeeevvieenn . 42
2.2.4 Thermogravimetric analySes (TGA) ... .coi o aeeee A7
2.2.5 In situ PXRD heating StUAIES...........cooiiiiiiiiiii et 53
2.2.6 DieleCtriC CONSLANT tEST.......uuuiiiieie e eeeeeeeeeeeirree e e e e eeeeeeeeenn ) 64
2.3 ReSUItS and DISCUSSIQL.........ccceiiiiiiiiiiiimie ettt eeeeeb e e e e e e e e e eeeens 64
2.3.1 Synthesis an@rystal SIFUCIUIES..........uuuuiuiiiie et 64

Pagel of 130



2.3.2 Solidstate transformation of 4:4:4 [A®.C(CR).CRs)4(Quin)y] to 4:4:3

[AQ4(O2C(CR)nCR3)a(QUINZJ uvvviiiriiiiiiiiiiiieee e e e e eeeeeeee et e e e e e e e e e e e e ssmmme e e e e e e e e e e e aennes 73
2.3.4 DieleCtriC CONSLANT TEST.....uuuuiiiii i erene e e e e e e e e eeeeeeeeees 36
pZ S O o] g od U] o] 0 1T 88
2.5 REIBIBNCES ...ttt ettt rres s e e e e e e e e e e et eeeeeeatbbnnneeeeeeeeeeneennes 89
3. Coordination polymers containing silver perfluoroalkylcarbo-xylates combined with
2-methylquinoxaline: structures and solvent effects..........ccocvvveeiiiicccd 91
G 700 I 11 0T U Tox 1 o PR SSURPPPP 91
3.2 EXPEIMENTAL ... ..ottt e e 94
3.2, SYNTNBIS....ceiiiiiiiiiie et e ettt ree e e e e e e e e et ———— e eeeeereed 94
3.2.2 Single Crystal Xay Diffraction (SCXRD)..........ccoovviiiiiiiiiiiinnne e 97
3.2.3 Powder Xay Diffraction (PXRD).......ccooviiiiiiiiiiiiiieeen e eeeeaee 102
3.2.4 Thermogravimetric analySes (TGA) .. .cuuu e 105
3.3 RESUIS @Nd DISCUSSIQN......uuutiiiiiiiiiiiiiiieeeriieeeeeeeeaaeaeaaeeaessssmmeeeaeeeeeaesssssanannnnes 107
3.3.1 Structure determination..............uuuueeeeeeieeeiiiiieeeieeeerreee e e e s erenreereeeeraaaaaaeaens 107
3.3.2 PXRD data COlECHIONS.........ccoiiiiiiiiiiieees st eeere e e e e 120
3.3.3 Thermogravimetric analyses (TGA).......ooviiieeiivieiimmee e e e 123
3.4 CONCIUSION. ...ttt ettt e e e e e e erer e et e e e e e e e e e e e e e e s e e s e s smmneeeaeeaaaaans 125
B RETEIENE.....eeeieeeiieiie e 126
O o] o ol [ 1S3 o] 1T PP PP 127
g R O 0] o T [1 13 o RPN 127
4.2 FULUIE WOTK ...ttt ettt ettt e e e e e e e e e e st e e e e e e e e e e e e e e s e e s e annmnne e e s s e e nnnen 130
4.3 REIEIBINCES ... oo ettt 130

Page2 of 130



1.Introduction

1.1 Coordination polymers z A review

The study © coordination polymerfas taken an important place in chemical resesirate
they were first discovered.Tens of thousands of coordination polymers have now been
reported and their potential applicationsave covereda wide range of scientific areas,
including catalysis, molecat adsorption and storage, pharmaceutics #greddevebpment of
anew generatiolf advancednaterials Along with the development in related subjects such
as supramolecular chemistry,-rdy crystallography and matesakcience, coordination
chemistry habemme a new tool in discovering novel functionaterials?

Coordination polymersonsist ofarchitecture formed from metalons and ligand molecules
which crystallise alongwith the guest molecules in some cadesferent preferences in
coordination geometry for metal ions lead to different spatial preferences in the networks
formed by coordination polymers. Coordination polymers can form-, ohgo- or
three-dimensional networks of a variety of topologies. 2D and 3D networks can lead to
coordination polymers that exhibit porosity, resulting in a number of interesting properties.
Also, intermolecular interactionplay an important role in stabilizing the strectures of
coordination polymex Severatypes ofintermolecularinteractions such as hydrogen bohds

s t & ank ihalogen bondsexist in certain types ofcoordination polymers but
coordination bonds, obvioushgythe solid foundatioror all these compounds.

1.1.1 Porous structures and metalorganic frameworks (MOFS)

The structures of porous coordination polymersadiected by the choesof different metal
ions, organic ligands, solvents, etc. Internal pome€st in these one, two or
threedimensional architectures @an beformed by the intermoleculanetworks Porous
coordination polymers argenerally referredo as metabrganic frameworks (MOF$)A
wide varieties of functional groups indie the pores or channels or designed flexible
structures endow MOFs witlgreat potential in possynthetic modification and crystal
engineering.

The first coordination polymer framework was reported by HoskinsRait@on in 1989
(Figure 1.1). This infinite metatorganic framework[Cu{C(C¢H4CN)}]*, established the
new possibilityof designing and synthesizing new types of moleesized cavities by
linking metal ions and organic ligands.
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Figure 1.1 Structure of the infinite [Cu{C(g4,CN),}] * diamondoid netwd. (Figure reproduced
from ref.7).

Yaghi and coworkersanade early developments MOFs such as MOB (Figure 1.2)2
which hasan extremely high neframework space (>80% of the structure), as welj@sd
thermalstability, andexhibits favourableabsorptiorof a number of gases

ADs oa AM, oo AP, oo 4

®)

Figure 1.2 (a) One of the cavities in thZn,(e4-O)(BDC)] (MOF-5). (b) The layer structure of
MOF-5 extendingalong thea-axisand the pore size. (Figure reproduced from8kf.

Moreover,based on the nature of the linking ligands #im@backbone of the architecture
itself, somecoordinationpolymeis are able to undergaoresize transformatias) known as
fbreath n,gvbich depenslon whether guest molecules am@rappedr not. These types of
microporous coordination polymers are generally called flexible MRifsgawahas
definedMOFsaccording talifferent generationdyased on their response to guest
removalluptake, aflustratedin Figure 1.3.° The T generation MOFs have an irreversible
breakdown of the frameworks ontteylose ther guests The 2 generatiorMOFs are rigid
and have opeporeson loss of guestandthe 3° generatiorhavereversible flexibilityof the
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whole structure on guest loss and uptdktes significant discovery has guidessearch in

coordinationpolymersto flourish by focusing on the developmentloéir applications based
on suitable frameworks.
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Figure 1.3 lllustration of the three generations of microporous coordination polymers with their
characteriics. (Figure reproduced from ré&l).

Since MOFswere first discoveredscientists havenadegreatefforts in understanishg and
utilizing thdr void structures for practicalpplications

Page5 of 130



1.1.2 Applications

With amazinglyrich combinations of metal ions and ligands,réhis almost ndimit to the
discovey of new matells from coordination polymers. Meanwhile, structures of
coordination polymers, as well as the sizes of pores or channels, can be controlled with the
chemical environments and various ligands to a certain extent. Such properties may endow
coordination pofmers with nolecular recognitiorcapabilities The ideds thathigh accuracy

and efficiency of molecular recognition can be atrtificially achieved by-poghetic
modification d functional groups inside or around the pores and channels within the
coordnation polymers. The reled hostguest chemistry is highly based on the design and
synthesis of the moleculaecognizable polymers which lays a firm foundationifoportant

areas For example,energy sciencenight benefit from those MOFs which could €@nd
release energetimmpounds (e.quitrogencontaining anionsynder ambient conditions.

Small molecule entrapment / separation/ exchange

Strong molecular recognition foreean lead tothe formation ofsome promisingVlOFs
which have hgh selectivityfor one type of molecul®ver others in a mixture. Comparing
MOFsto molecular sievesvhich aremorelimited and hareo-control in their pore size's
coordination polymers have shown prospective advantages in both synthegisactichl
applicatiors.

Due to the increasinGO, emission from consumption of coal and natural gas sourgesyfo
the mostactive fields for molecular entrapment is @@apture Coordination polymes;
especially MOFs, are now considered to be one of the potentiajjee&tationCO, capture
materials?> An example ofa family of highly-selective MOFs ([Cu(bpy-1)x(SiFs)] and
[Cu(bpy-2)x(SiFe)]), reported byZaworotkoet al. allowed CQ uptakein preference t€H,
and N,, asshownin Figure 14. Under the condition of 298 K and 1 atm, the highest
experimental uptake fa€O, over CH, could achieve 10.5:1 fdCu(bpy-1),(SiFs)] and 8:1

for [Cu(bpy-2)2(SiFs)] with larger pores and surfaces.
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Figure 1.4 (a) Crystal structures of [Cu(bpd).(SiFs)] and [Cu(bpy2),(SiFs)] showing channels
along thér c-axes and exposed fluoride groups of theSiillars. (b) Single component gas
adsorption which reabs high selectivity ofCO, versusCH, and N for [Cu(bpy-1),(SiF¢)] (Figure
reproduced from reflL3).

Although coordination polymers with larger micpores an absorb more guest molecules
the pore size can also affebe strength of interaction between the guest and frameavatrk
influence selectivity. In fact, the actual smdption sites are more importardhou and
co-workers synthesizedhe MOF [Cus(H20)s(TATB)PMAL2H ,0] (PCN-6, Figure 15),
which has a doubl-interpenetrated architecture with the repeating unit BCd{the
non-interpenetrated counterparfjhe pore sizevas reduced by the interpenetration in RGN
but the Langmuir surface arda 41% larger than the PCI8 @ue to the catenation (new
adsorption sites and small pores are formedjch indicated d&igher apparent surface area,

and gas sorptiotf
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Figure 1.5 The MOF PCN6 showing(a) the cuboctahedratage,(b) the Tdoctahedral cagdc) view
along the [001] direction, (d) view along tHel 1] direction,(e) one independent net of PEN{T)
the doublyinterpenetrated architecture of P@N(Figure reproduced from reif4).

Catalysis

With the booming developmei materias and applied chemistry, the increasing demand
for highly efficient catalystshas led tonew ideas from coordination polymeend in
particular MOFs®>'® Specifically designed porous structures can promote reactions and
increase the selectivity against other reactiombe field has developed considerablgce
Fujita et al. reportedhe first coordinationpolymer with catalytic selectivity Many areas
such as oxidatidfi, organic reactiortd and chiral synthés® are nowbeing advaned by
developmergin coordinatiorpolymers

Treatmentsof pollutant gases heae now becomean urgent challengein many areasFor
example, theautomotive industrys now seeking cheap materialsarhaustgas treatments.
Xu and coworkerseported acoordinationpolymer, [Cu(5methylisophthalate)|Figure 1.6),
which exhibited favourable and stable actitiyardcatalysing the oxidationf CO to CQ.
With the open Leis acid sitesassociated witlthe Cy(O,CR)paddlewheel clusters the
microporous framewortkthis material had a nearly 100%onversionof CO compared to
another{[Na¢-(NigL12)(H20)2¢(H20)13(CH30H),} , material (3%) whichwas also reported
by Xués group?!
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Figure 1.6 (a) Cu, clusters unit and the paddiheel open channel architectures with CO catalytic
pathway (b) Arrhenius plots of CO oxidation for [Cu{Bethylisophthalate)] and other reported
materials (Figure reproduced from r2t).

Meanwhile, in addition to high catalyst efficiency and highhgalized catalyst great
interest and effort has also been placed in research onfondtional catalysts, especially
since the discovery of multiple metahsed catalytic centres in emzgs®*> Li and
coworkers reported a Cu(l)/Q{) -salen coordination polyméfCu' (SallmCy)](Cul),:DMF,
(SallmCy= N, Mi&-[(imidazol4-yl)methylene]cyclehexanel,2-diamine) which had good
bimetallic catalytic actiiies for threecomponent Strecker reactio(fsigure 1.7.b). It could
also function as the catalyst of phategradation for several organic dyésgure 1.7.c
shows the different dye degradation rates under dé#fiferconditiorfor this compound®

o]

‘ éNHQ L QN ’

S 0.5mol%1 NN N

Qe Qe mm NGOG,
N H \3 H N d
R R R %% %0 15 20 25

a(R,R) b(R,S) Irradiation time(min)

Figure 1.7 (a) The zigzag chain of the Cu(l)/Cu(@$alen coordination polymer and the asymmetric
unit. (b) The equationof the threecomponent Strecker reactions. (c) The degradation of methylene
blue, which is dependent on the irradiation time under differemitons. (Figure reproduced from
ref. 23).

Page9d of 130



In summary coordination polymerarenow playing @& increagngly important role, not only

due to the availabilityof postsynthetic modification of the architecturs but also thi
application to a number of fieldapart from thegeneral fields introduced above, some other
areas (such as conductivity and magnetism) are benefited with the development of
coordination polymerg* With the demand of seeking new materials from coordination
polymers,the nextsectionwill be an oveview of several different methods frequentiged

in prepamng coordination polymers.

1.2 Synthesis of coordination polymers

Coordination polymers amgenerallysynthesizedrom isolatedmetal ions and organic linkers
and avariety of synthetic methodsare developedfor the preparation ottoordination
polymers Common routesncluding solvothermal synthesis, solvent diffusion methods and
differentapproachesffered bysolid-stateand mechanochemicaynthesesvill be discussed

in this sectionAlso, it should be noted thatith the recent development on new technologies,
several novel ways for synthesizing coordination polymers are starthg used Examples
include microwaveassisted synthesigvhich is based on the interaction alectromagnetic
waves and mobile electric chargasd electrochemical synthesighich has beeraimedat
forming better MOF thirfilms.?®

1.2.1 Solvahermal processes

Solvahermalsynthesids one of the most widely used methadsynthesizing coordination
polymers especially for growing single crystal§he ideais thatsolid-statecompoundsare
preparedunder high temperature and pressure in an enclaegedous environmeng.e.
hydrothermal synthesisthe motivation for which comes fromhow minerals are formed
undernatural environmentTo date, a huge number of different reactiéos synthesizing

coorination polymers and ligandigve been reportdgy utilizing this method®*’

The mainadvantagesf the solvahermalsynthesisare, obviously, the orpot synthesis and
passibility in achieving different structure#\n example of a series of controlled syntheses
forming different structures from sameetheactants was reported bgisead s  g*f Theu p .

thoriumterephthalateoordinationpolymerssynthesized in a MF/H,O solvent system tend
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to form two phases| ThgO4(OH)4(H20)s(bdck]6DMF1L2H .0 and [Th(bdcy(DMF);] (bdc=
1,4-benzenedicarboxylate or terephthalakwever, if a low amount of water present in the

synthesis, a third phasélj(bdc)] forms(Figure 1.8).

& & -9
S & e=ThY - {H{mpe- ¢
$4¢ o9

@ (b)

1

"*
g, P

©

Figure 1.8 The three different phases of thoritarepthalate coordination polymers prepared by
solvothermal synthesis in a DMFater solvent systenfa) [TheO4(OH)4(H20)es(bdckeDMF12H ,0,
(b) [Th(bdc)(DMF),] and(c) [Th(bdc)]. (Figure reproduced from re28).

However,solvahermal process are obviously nowiable for thermaly sensitivereactants
and productsand some reactions do not require high temperature for motivation. Here
diffusion methoctan be an easier way to set up and avoid these problems.

1.2.2 Diffusion

Being differentfrom solvahermal synthesis whids based on thehange of théemperature
diffusion methodg$ocus more orchanging the solubility by slowly mixing different solvents
Generally, molecules prefer thensportatiorfrom aregon with a higher concentratiorto
one witha lowerconcentrationWith utilizing this principle, a directioncontrolled diffusion
can be achieved whicfacilitates theformation of thecoordinationpolymersunder mild
conditions Two commondiffusiorrinvolved methodsyapourphase andolvent diffusion
are illustrated irFigure 1.9. In avapourphase diffusion, onsolvent(in which the product
is lesssoluble)is slowly transportednto the solutiorwhich containghereactantslt createsa
graduallyinsolubleenvironment for thgroductto form crystals. Similarly, solvent diision
forms a contact surface for different materials with salvent layers with different densities.
Either miscible or immiscible solvents can be used as crygjalserallyform at the contact
interface.
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(@ (b)

Figure 1.9 Two types of diffusion processes useaaordinationpolymersynthesis(a) vapaur
diffusion and(b) solvent diffusion

Diffusion can also be achieved by using substrates to provide a surface ardee for
coordinationpolymer crystallizatior(Figure 1.10). Ceramic or silica substraf@have been
used universally in synthesisvhereas Wang anaoworkers initiated a new method,
contradiffusion which producedZIF-8 (zeolitic imidazolate framewor8) on flexible nylon
substrates. With the expected intei@ctoetweertheligand of ZIF8 and the nylon polymer,
the two solutions diffused through the nylon membrareeitwveen and slowly formed Z&

on both sides with different speed$e product wasonfirmedby PXRD>°

Nylon membrane ©® 7n*' © Hmim ZIF-8 film
o - ;
J . 3 M 6
®e | T e - 5
: |E= :
Q g WMWM 3
R — 2
® N R -
Zinc Nitrate solution  Hmim solution ZIF-8 film 5 10 15 20 25 30 35 40
26 (degree)
(@) (®) (c%I

Figure 1.10(a) Cell designed for the contdiffusion. (b) The template formation of ZB on both
sides of the membrane with different environmegnt) The PXRD collected for the ZiB films for
Zn side(1, 2, 5)and Hmim(= 2-methylimidazolate) sid€, 4, 6)with increasing time compared to
the pure ZIF8 powder(7). (Figure reproduced from re30).

Although liquidphase reactions amaften quicker and easier in prepa@tj they are not
always suitable for all casasich as special reactions or products with high wsdasitivity

or polymorphism In these cases, solglate reactions can be another choice in discovering
new routes for syntheses.
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1.2.3 Solidstate synthesis

Solid-state reactionsan bemore convenient and controllaltiean solutiorphase synthesis

as well adead toa higher producyield by avoiding material loss from solutipalthough
solid-state synthesis is not applicable to all reactioslid-state reactiondave been
well-defined by Schmalzrietf who suggested that theechanism is linked tenigration of

the point defects governed the mass transport in cryMalshanisms for a simple AX+BX

f ABX; reactiors in ionic solidscan be complicatd as shown below ifrigure 1.11. The

three cases patrtially indicate that the ions in the reactant crystals might separate and migrate
in different ways

A A
:

_
E +
(a) (b)

7 [
O o N

7 N\\W77/

A B
T -7
© @

Figure 1.11 Different seltdiffusion mechanisms fatypical solidstate reactionFigure reproduced
from ref.31).

Mechanochemistrywhich utilizesthe mechanical force to conduct chemical transformations
in the solid statehas also been used to expand the methods for synthesizing coordination
polymers®**®* The most simple solvefitee mechanochemical synthesis only requires
grinding the mixture of the reactantsasimple way, such as inestle ad mortar Lang

and coworkers reported atwo-step ambienttemperaturesolid-state synthesiof a 2D
coordination polymer [Pb(Tak) 4 sbigyd|(PFs). ( 4 sbigyd = 4,4 bipyridine; Tab =
4-(trimethylammonio)benzenethiolat&eeFigure 1.12).3* The reaction only required simple
proceduesand mild conditions but is high in efficiency.
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Figure 1.12 (a) The wavelike 2Dframework of[Pb(Tab}( 4 ;bigyd|(PF).. (b) The proceduréor
the twostep solidstate synthesig one mortar(Figureadaped from ref.34).

On thefoundation ofsimple solid-statemechanochemicaynthesis, manpew technologie

have beerdeveloped for reaching the required parameters (e.g. grinding speed) during the
reaction Also, the differeninput of kinetic energy has effects on local meltinmrticlesize
reduction andormation of new polymorphs®> Thus, rvel types ofmechanicalgrinding
methods [figure 1.13) like ball mills have been introduced fachievingreactions which are
highly controlled®®

Motion of the supporting plate

P

el/h 4

| otation of the ves; / f \<
— = /%
%@% .n;r)&Q ©_©

') O
(o}
obe &

(@) (®)

Figure 1.13 Two types of mechanét-grinding mills:(a) shaler mill; (b) planetarymill. (Figure
reproduced from re36).

In summary, synthess is an important componentf research involvingcoordination
polymers. There continues to baterest in developing effective andfieient synthetic
method or protocos and thee aredemands for routes towardse synthesis ofpeciic
coordination polymers. In thieght of developments igreen chemistrythe develomentof
solid-state chemistryespeciallythe solid-statesynthesiss becoming increasingly important
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1.3 Solid-state chemistry with coordination polymers

Solid-state chemistry is a largaildisciplineof chemistrywhich closely links tacoordination
polymers The reasons for and categories of sslate plhase transformation are very
complex®” Current interestsocus ondeveloping theories and methodsderstanding of
interactions and reactions in sefithase which may potentially benefit some of the crystal
engineering and syntheses which are not good enough in other phBsas a reaction
point of view, as the molecules are restricted within a fixed area bastt structure, the
reactants are lessobile and the reactions are often slow. However, this makes some special
syntheses possible such as products formed with regioseletiivitythe next section,
solid-state transformations related to coordinaf@lymers will be discussed.

1.3.1 Solidstate transformations

Solid-state transformatias can becaused, macroscopically, by changestemperature,
pressurefield, light, or even the interactiowith other moleculed-or coordinationpolymers
someof these transformations cdome achieved in a singlaystatto-singlecrystal (SCSC)
manner’®#? Such transformations may invohahanges in the coordination numtmrthe

metal centres, rearrangement of the structure otiasparchitecture, thermbl driven
associations or dissociatios interactionswith ligand/guest molecules:rom a structual
perspectivesolid-state transformations involve the direct or staged transformation among 0D,

1D, 2D and 3D structure®.

The most common reason for sesithte transformatianin coordination polymerss a

change in temperature, lead to the movement of guest molecules ahdnge in network
architecture. Sheu and cavorkers reported a reversible 462D transformation for a

Zn(ll) coordination polymer, [Zn(HBTCHPE) s(H20)].-nH20 (HBTC?* = dianion of
trimesicacid, DPE = 1,bis-(4-pyridyl)ethang, by dehydrationn the solid stateat 180 °C

and rehydration with water vapou(Figure 1.14.). The OH- O hydrogen bonds were
shown as red dashed lines between carboxylate groups and coordinated water in hydrated
version. By removing the water, the hydrogen bonds shift to th® Zoordination bonds

shown as black dashed lin®s.
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Figure 1.14 The 1Dto-2D solidstate transformation of the [Zn(HBTOPE), 5(H,0)].-nH,0.
(Figure reproduced from ret3).

Also, the possible flexibility and multiple choices in the metal coordination geometry make
structure transformations possible for coordination polyniyschanging the structure and
componerg, the behaviourof MOFs when interacting with other moleculeanbe affected
as well.This behaviour makeBexible MOFs more attractive than rigbre MOFs in certain
areas. Recent workby Kaskeland ceworkers onthe MOF, DUT-49** provided the first
report of a phenomenon referred as"negative gas adsorptioriransition. When the
pressure applied to the MOF reactsedertain level, the highly porous architect(ifegure
1.15.a: asymmetric unitb: unit cell)undewenta dramatictransformation into a significantly
compressed structuf€igure 1.15.c. asymmetric unjtd: unit cel) and partly squeezed out
the entrapped gas molecule@igure 1.15.ef). This interesting new property might
pavetheway for the further developments in areas such as stispionsive systenfs.
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® . 0+ il
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10 f il L 1

p [Pz)

Figure 1.15 lllustration of the transformation for DU49 from(a) to (c), or (b) to (d), with the
crystal structures viewed along [11(3) Plot showinglhe nethane release by the gravimetric
adsorption with dynamic scanning calorime(fy Plot showing lhein situ methane adsorption and
desorption isotherms at 111 (igure reproduced from re45).
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Solid-state transformatiohas its pros and cons. For examplen@y have significant effects

on the parametexs certain reactionsvhich open up new synthetic routes for some reactions.
In certain cases, reaction temperature can be significantly reduced wdsatonsidereds
reducing the system energy the re-organizationof the product in theolid-state?® On the

other had, solidstate transformations of the product might lead to different physical,
chemical and biological properties and could potentially cause huge problems. Particularly
for pharmaceutical industry, determining and controlling the stéte transformain of the
products is very importarif.On balance, the understanding of seitelte transformations can

be beneficial in certain areas.

1.3.2 Potatial applications of solid-state transformations

The propertieof adsorbing and releasing small molecubgscoordination polymertave
opened new doors in green technology, such as reversible gas ,sém@igéroduction ofan
efficient and safe way foseparating, transporting and releasing the target gas, rather than
physical separation and storage tanks. Agair, Capturingis one of the majoareas of
interestin this field. Takamizawa and emorkers reported a series of coordination polymers
basedon [M",(bzak(Rpyz)}, (M" = Rh, Cu; bza= benzoate; R H, 2-methylor 2,3-dimethyl;

pyz =pyrazine). All of these complexes adsorb @@ry wellat 195 K with ratio of two or

three CQ molecules per My unit. The absorption isaccompaniedby a structure
transformation of the host skeletofSgure 1.16). Analogous manners @dsorptiorfor Hy,

N,, O, and Ar gasesvere identified for these coordination polymaswell.*®

Figure 1.16 Schemeshowingthe reversible structure transformation [Rh',(bza)(Rpyz)], between
(a) and(b) by adsorbing/releasing G@nolecules with thehangeof the coordination polymer
backbone (Znethylpyrazine were modelled disordered in two/four positions in each (Rige)ye
reproduced from re#8).

Pagel7 of 130



Beyondsimple guesentrapmentsolidstate transformati@amight alsoraise new ideam
discovering new porous mategdhat have potential usages ithe semiconductor area. The
entrapped guest molecules might inel@tectron transfer in the structure which ledd a
totally different conductivityfrom that ofthe material without guests. Lan andworkers
designed a new soklistae transformation on a nanterpenetrateccoordinationpolymer
[(Zn4O)2(L)3]-10H,O-46DMA (IFMC-68, H4L = methanetetra(tetrakisfeaboxyphenyl)ox
amethyl}methaneacid which enabled its conversianto a selfinterpenetratecanalogue
[(Zn4O)2(L)3H20]-H,0-4DMA (IFMC-69). In IFMC-68, the ZrO cluster formed a classic
[Zn4O(CBs)6] SBU (secondary building unit). But IFMC-69 each pair of units were further
coordinated with a water molecule into a J@&CGOs)sH.O] SBU (Figure 1.17.a). IFMC-69
exhibits muchgreater stability in aiand strongr capabilityin absorbing C@andiodine than
IFMC-68 (Figure 1.17.b). The b-absorbedmaterial y@IFMC-69 showed2.24H10" times

higher electrical conductivit{2.80'H10° S-cm?) than IFMG69 which potentially could be
used in semiconductofd

IFMC-68 IFMC-69

IFMC-69 (N, 77K)

A O
150 ‘l’_‘_.;rr'
4

(as uptake (em’/g)
g

IFMC-68 (N, 77K)

L LY (Y e e e e asarer a

T y T T v T
0.0 0.2 04 0.6 08 1.0
Relative pressure (p/p )

(b)

Figure 1.17The coordinabn environmeni{a) and the itrogen sorption isotherm®) for IFMC-68
andIFMC-69. (Figure reproduced from ret9).

With increasinghumbers oftudies bing carried aut, the field of coordination polymers with
solid-state transformation properties is rdpiéxpandihg. Combining thermal analyses and
X-ray dffraction technigas, the exact transformation can be studied mdeetefdy, which
triggers discovey of novel materials.In particular, silver(ljcontaining coordination
polymers have attraced interestdue to their structual flexibility shown in many areas
includingsolid-state transformatian
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1.4 Silver(l) -based coordination polymers

Silver(l)-basedcoordination polymer have driven much intereslue to theflexibility and
lability in coordination geometrgf Ag(l) ions. The d*° configuration with zero crystafield
stabilisation energy’ gives the Ag(l) ion various choices of coordination numbensd
coordination geometryin general, Ag(l) ion has a coordination number around two to four
and prefers linear, trigonal and tetrahedral geonétryThus, many different ligands an
form weak coordinate bonds with Ag(l) in variety of combination$ ooordination number
andgeometry’?

Silver-silver interactios, usuallyreferedto asan argentophilic interactignmay also need to

be consideredAccording to the research in past decades, argentophilicity is considered to
involve interaction betweeAg(l) centresin close proximity lecause the energy levels for 5s
and 5porbitals are similar to those of the 4d orbital in Ag(l) ions. Tamuls in the specific

but systematic geometric structurfes ligands surrounding around the silver centres, which
are shown irFigure 1.18.>

- —< <
—ho— S S
(1)a ()b 1)
D IO CD
—Ag “'"-'”«Q
2a 7 o (e
@d @e @f e

Figure 1.18 The unsupportefll) types of argentophilic interactions without ligands and supported
(2) types withtheligands.(Figure reproduced from re53).

Pagel9 of 130



14.1 Review & silver(l) coordination polymers

Based on thaforementionegbrinciples for the Ag(l) centreghe high flexibility in structure
and high conpatibility with different ligandshave led to interest insilver-containing
coordinationpolymers in materials scienéépharmaceutical scientand many other areas.

Silver and silvercontaining compounds have been used as antibistitce centuries ago.
With the strong abilityto interact with the microbial cell membranes, proteins, enzyanes
DNA in light concentratioawithout harming human cellsilver compounds have come back
to the field after more microbes developed streggjstance to general antibiotféNomiya
and ceworkers suggested that the bonds between Ag(l) andgaeitr@atoms could endow
these Ag(l}containing compoundsvith potential antimicrobialactivity towards several
microbes’’ So far somecoordination polymers with different nitrogeontaining organic
ligands hae been synthesized arekhibited remarkable antimicrobial activityFromn® s
grouptesteda series of Ag(IN coordination polymer f or me d wi tLhstoddforn o
the bisnicotinic acidcompoundsandthe additional numbef nwas added for showing the
length ofthe ligand,Figure 1.19). Theyshowed good antibiotic activity against species such
as Escherichia coliand Staphylococcus epidermidias well asprobability in coating the
surfaceof metallic sistrates®

::ao ::60
o [ o
¥ W\/C(N) S PN d% O 2%
O A () N 5 il . 29 bl e 2
/\IJ)J\{O/\/}n { -) .”‘” "-—;. we O
(N)‘N(N) 0 >% eo-@ e o9 :
9 o-a ¢ o
» e . [ R .
@ (®)

Figure 1.19 (a) The"Ln" ligand family (n=1i 4, 6, 8, 10, 12, >100§b) The %D helical
coordination structurtormed by [Ag(L1)NQ)], (Figure reproduced from res6).

Silver(l)-containing madrials also hae promising luminescent propertiess do many other
d'%ion-containing compound®. Luminescene is the light emission of the material by the
photoexcitation under certain wavelength of light, which now widely usestveralareas
such as biomedical analys€sA novel coordination polymer,Aga(CsOs)2(H20):]n, (Cs0s”

= croconatedianion) was reported by BB group. This tetranuclear Ag(l) coordination
polymer had two types of silver(l) coordinatiggeometries(tetrahedral4-coordinateor
squarepyramidal5-coordinatg andexhibitsgreenluminescent emissioat room temperatuye
whenexcited by380 nm light(Figure 1.20.%°
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Figure 1.20(a) The different coordination geometries for Ag(l) iongAw4(Cs0s)2(H.0),],; (b) The
fluorescence spectra in the solid statg] &ay4(Cs05)2(H20),] . (Figure reproduced from red0).

Meanwhile, theunique catalyticactivity of Ag(l) coordination polymersnay give them a
place in the nexgenerationof catalysts. Lang and eworkers reported 4D coordination
polymer, [AQ(NOs)4(dpppda)]j (dpppda= 1,4-N,N,N',N'-tetra(diphenylphos@nylmethyl}
benzene diaminghat could degradeitroaromatis in water under UV irradiation to yield
CO,, NOs, NH4" and mssibly N as degradation productahich gave options ber than
semiconductors in industrial waste water treatni€igure 1.21).%*
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Figure 1.21 (a) The xD linea arrayof [Ag4(NOs)4(dpppda)j extending bongthea axis;(b) its
recycla performance fothe photodegradatioof nitrobenzene invater uporlJV light irradiation (c)
the yield ofCO, generagd from thephotodegradationf nitrobenzene catalysed by this complex
within 7h. (Figure reproduced from refl).
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In short Ag(l) coordination polymers with Ag@dN interactiors have showma variety of
applications andattractednterestin thedevelopmenbf new materials. In the nesection a
brief descriptionof the previouswork with Ag(l) coordination polymes by the Brammer
group will bemadeas this provides the most direct introduction to tineent project

1.4.2 Coordination polymers from silver(l) perfluorocarboxylates combined with di

aminesHiimines

The Brammer groujs studies on the Agl)-perfluorocarboxylateoordination polymers first
started froman approachn which they could form gpramolecular synthonsnalogougo
hydrogerbondedcarboxylic aciddimers but involving Ag® ions ratherthanH™ ions Figure
1.22 illustrates the single crystal structures fanifluoroacetic acid(CRCO:H) and silver
trifluoroacetate (Ag@CCFs), demonstrating this analody.

Y Y XX BY

(@ (b)

Figure 1.22The comparison between the single crystal structurés) @FCO,H and(b) AgO,CCF.
(Figure reproduced fromef. 62).

This series of structurgsrovidedthe basic backbones for coordination polymmsstructed

from combiningAg(l)-perfluorocarboxylatewith linear diimines or diaminé? The results
showed that thee coordination polymers preferred the formation dfD-tape chain or
2D-layer networks composed ofAg(l)-carboxylatedimer nodeslinked by diimine ligand
bridges. This approachutilized a soft secondary building uf$BU) for achieving potential
flexible coordination polymergFigure 1.23.%° For better illustration, different parts of the
compounds are shown in different colours: silvers are in black, perfluorocarboxylates are in
red and ligands are in blue. Silver atoms are coordinated to the oxygen atoms from the
carboxylates iad also coordinated to the nitrogen atoms from the bridging ligands. Most of
them share similar basic 2D structure but different ligands lead to slight differences among
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the structure, such as the ligamdientation The perfluoroalkyl chains are generally
interdigitated in between the spaces of neighbouring layers.
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Figure 1.23(a) A typical Ag()-dimer noddor a series of 2D layered coordination polymers

[Ag{O ,C(CR).CR}(L)]. Structures of single layers of such coordination polymers (here with n = 0)
with different ligands, L(b) 1,4-diazabicyclooctandc) tetramethylpyrazingd) pyrazine (Figure
reproduced from reB3).

Some of the coordination polymers (e.9]Ag4(O.C(CR).CR)4(TMP)s], (TMP =
2,3,5,6tetramethylpyrazine§§® were then discoveredto perform interesting solidtate
transformatios which allowed inclusion and releasgf small moleculessuch as alcohols
(Figure 1.24.9. This compound could undergo singlg/statto-singlecrystal (SCSC)
transformatios by exposing the crystal to alcohol vapour to takehgalcohol molecuk
then heahg it to releasethe alcohal This SCSC transformation was alshownto be
reversible. Different alcohols can be taken aq released in sequence with one single
crystal Figure 1.24.H.

0—~Ag—0 Agi(O2C(CF2):CF3)4(TMP)3(EtOH)2
@
O0—Ag—O0
0 Alg:()?zC(CFz)
/ <
0—Ag >_
<
\0 - H
g - Of'
\ Ag4(02C(CF2)2CF3)4 Agi(O2C(CF2):CF3)4
R (TMP)3(MeOH): (TMP)3(PrOH),
(a) (b)

Figure 1.24 (a) Scheme for the alcohol uptake and release in the coordination polymeits(un
lllustration of theSCSCcycle of the alcohol uptake and rele&se] Ag4(O,C(CFR,).CRs)4(TMP),].
(Figure adapted from ref64 and65).
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The eversible SCSC transformatiogportedfor [Ag4(O.C(CF,).CFs)4(TMP)3] involves the
absorption and release of alcohol molecules in vapour phase through-isnoos
architecture. The coordinated alcohol molecatesinserted into Ag bonds and stabilized
by the nely formed AgO' bonds and hydrogen bonds between alcohol and carbexylat
group(Figure 1.24g. The hypothesis for the guest movement pathway in the strusture
that this is permitted bhe gaps between tifdisordered)nterdigitated fluorinated chains
along a certaiplanes in the crystals. This hypothesisupported byhe observationfo
cracks formedhlong these planen the single crystaduringthe transformatios(Figure
1.25.9. Further heating diAg4(O.C(CFR,).CFs)4(TMP)s,which has a composition with
4:4:3 ratioof Ag:perfluorocarboxylate:TMPshowed that itoud undergo a additional,
irreversible solidstate transformation by losing one TM&and per formula unit to generate
acoordination polymewith a2D-layered structure(Figure 1.25.0 and a4:4:2 ratio
composition™

(b)

CP2 [Ag,(0,C(CF>).CF;),(TMP),].,

Figure 1.25 View of (a) the crack forme@long (010) planaftertransformatiorfrom
[Ag4(O.C(CR,),CR)4(TMP)3(MeOH),] to [Ag4(O.C(CR,),CF3)4(TMP);], (b) the(010) plandrom

SCXRD structureand(c) The full solidstate transformation scheme including structure determination
for [Ag4(O.C(CF,),CF3)4(TMP)s] which indicates the reversible alcohol uptake/release and
irreversible loss of one TMP ligan(Figure adapted from re66).
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Another diimine ligand, phenazine, wasaminel by formingseries ofsimilar coordination
polymers of the form [Ag4(O.CR)4(phenazine). Therafter,
[Ag4(O.C(CR).CRs)4(phenazing] was shown as rether good exampleof solid-state
transformationwith its different mannes when interacted witlioluene or xyleneThese
aromatic compounds were used as solvents and themselves were also acting as the bridging
ligands between coordination layeesid hese molecules could lost by heatingnder
solid-state. The structures of coordination polymers formed in these two solvents were
different. They have similar 1D tape structure but in the xylene version the neighbouring
tapes have 90rotation to each othefFigure 1.26ab). The toluene version formed one
type of desolvated structu(&igure 1.26¢) and the xylene versions formed a mixture of
miner portion of this structure and a major portion of another desolvated str(figues

1.26 d)). For thosedesolvated4:4:2 polymorphsthey have similar architectures to the
original compounds with solvents, thiisnight suggesting the role of the pseganizationof

the products and the inteonversiorbetween these polymorphes well as the relationships
among allcoordination polymerin this familythat they share similar structur®s.

A, 373K

373K il O C
(@ A3BR _ © © (major phase)

A, 373K
=

(minor phase)

Figure 1.26 Structural transformains by loss oromatic hydrocarboguest:
[Ag4(O.C(CR,).CRs)4(phenazingftoluene)l2(toluene)(a) to [Ags(O.C(CR,).CFs)4(phenazing] (c);
two polymorphgc) and(d) formedfrom [Ag4(O.C(CF,),CFs)4(phenazine)p-xylene)] (b). (Figure
reproduced from reB7).

The phenazine coordination polymers haatso beenprovedto havesolvent selectivity

among different types of arenes.A series of coordination polymers,
[Ag4(O.CCRs)4(phen}phenarene (phen=phenazine; arene=toluemexylene or benzene)

and [Ag4(O.CCR)4(phen}], were synthesized in mix phases of different combinatb

these solvents and determined the major phase formed. The result shown a solvent selectivity
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preferencep-x y | e ne >t o | uocexylemerrbglene. &he eompounds formed in the
first three arenes were sharing a very similar 4:4:3 ratio structure awehts sites. The
compounds formed im-xylene and m-xylene had the same 4:4:2 ratio structure and no
xylene taken in the structurBigure 1.27.a). °®

S
S
S
S

Figure 1.27View of the structure diAg4(O.CCR)4(phen}phenarene (phen=phenazine;
arene=toluene (1p-xylene (2) or benzene (3)@) and the solverfree structure
[Ag4(O.CCR)4(phen}] formed ino-xylene andn-xylene(b). (Picture reproduakfrom ref68)

In summary Ag(l)-perfluorocarboxylatelimine coordination polymers seem to share
similar basic structures and poteattiproperties in molecule absorptiona solid-state
transformatios. Theseinitial successssuggest there still scope to egandthese families of
coordination polymers bgmploying relateddiimine ligands andcarboxylates witHonger
perfluoroalkylchains.Such studies arelly described in Chapters 2 and 3.
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1.4.3 Project overview

As outlined above, series of Ag{perfluorocarboxylate coordination polymers with different
diimine ligands (e.g. TMP and phenazine) have been studmat group Most of them have
shown similar and high flexibility in their topological structures, involving either thermally
driven solidstate structure transformation, or small molecule capture and release. In order to
fully understand the subtle dependence oséhprocesses on the choice of diimine ligand
severalfamilies of quinoxalinebasedAg(l)-perfluorocarboxlate coordination polymedrave
beeninvestigated in this thesi$hese ligands lie in between the TMP and phenazine ligands
already studied in termsf steric requirements, and will have slightly different electronic
contributions. The selected ligands are shownTable 1.1 Chapter 2 focuses on
coordination polymers that use the quinoxaline ligand, whereas Chapter 3 will include studies
of coordinatiom polymers involving Znethylquinoxaline.

Table 1.1 Comparison between the studied and plardiicine ligands.

Ligand Name Properties Structure Studied or not

N
tetramethylpyrazine solid, white \ﬁ Studied
N
quinoxaline solid, pale yellow @3 Chapter 2

N\
2-methyl-quinoxaline liquid, red @:g Chapter 3
N On-goin
2,3-dimethyl-quinoxaline solid, colourless @j\ orod gct g
N )
phenazine solid, pale yellow m Studied
N

Silver(l) -perfluorocarboxylate-quinoxaline coordination polymers

Based on the previous research on  solidtate transformation with
Ag(l)-perfluorocarboxylataliimine coordination polymer suggested abovea rough
hypothesishas been reached timeir common behaviours-urtherstudies will be focused on
someselectedccoordination polymers order tolook for more detailed evidence tontibute
to the overall understanding of the behaviour of these matdBated on some preliminary
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work in the Brammer group there is evidence that coordination polymers based on the
combination of silver perfluorcarboxylate with quinoxaline can adtopitures with 4:4:4or

4:4:3 ratiosfor Ag(l) ions, perfluorocarboxylate ligand and diimine ligands. This work aims
to establish whether there isnell-defined direct synthetic methaudth different conditions

(such as concentration of the reactantsalvent types) to prepare phgsare products with

these different stoichiometries or other stoichiometriEarther investigation aims to
establish whethesolid-state transformatianbetween these different coordination polymers
can be established and #o whether these can be studied by different experimental
techniques includin situ X-ray diffraction

Siver (1) -perfluorocarboxylates-2-methyl-quinoxaline coordination polymers

In order to fully understand the behaviour of ti#gg-pefluorocarboxylateliimine
coordination polymerstiis of interest tointroducenew diimine ligandsthat involve small
changes from the ligands already studied, but may be able toafmmiogous coordination
polymers Theligand 2-methylquinoxalinefulfils this requirementand can be thought to lie
betweenphenazine and quinoxalina structure It would be valuable to find out whether
slight modifications of the ligands wouldreatly change the characteristics of the
coordination polymers. New coordnation polymers containing these ligands will be
synthesised by combination with a silver perfluorgkiérboxylates of different alkyl chain
lengths. These coordination polymers will be fully characterised, including dogy X
crystallography and their potential to undergo structural transformations and/or guest
uptake/release will be investigated where possible.
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2. Structures and solidstate transformations of coordination
polymers containing silver perfluorocarboxylates combinedw
ith quinoxaline

2.1 Introduction

Quinoxaline (GHgN>) is an organic compound in which nitrogen atoms replace two carbon
atoms (C1 and C4) of naphthalene. It and its derivatives have rececesd attention in

the pharmaceutical industry because of the sgjglectrum antimicrobial propertié$iowever,
guinoxalinebased ligands have not been very common choices in synthesizing cboindina
polymers and there are only few sik@ntaining coordination polymer examples reported in
the literature. Kocunov and emorkers have reported a coordination polymer of silver(l)
perrhenate with quinoxaline (JAg(Quin)](Re® Quin: quinoxaline). Té basic coordination
environment for quinoxaline is similar to the previous diimteataining coordination
polymers discussed i€@hapter 1. Quinoxaline ligands are bridging in between every two
silvers along one direction, which gives an-saw Ag coordiation centre. However two
Ag-Quin chains are connected by the perrhenate ions and result in a 1D dou@lenAg
polymer, which is different from the 1D tape structure we studied. As observed in many other
silver(l) coordination polymers, this compounduminescent.

C(5)

U @
C(84) N(14)

Figure 2.1Crystal structures dAg(Quin)](ReQ,)] showing(a) seesaw coordination environment of
Ag centre andb) crystal packing along [100{Figure reproduceddm ref.2)

Abu-Youssef and cavorkers have reported a coordination polymer of silver nitrate with
quinoxaline, [Ag(Quin)](NQ@), which again hasimilar coordination environment for silver
but further connected into a 2D layer structure. According to thg(liesth microdilution
method against selected standard microorganjsthsy compound has a wide spectrum
against bacteria (either Gram+ or Grgnand yeasts.
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(b)

Figure 2.2Crystal structures diAg(Quin)](NOs)] showing(a) seesaw coordination environment of
Ag centre andb) the 2D layer structurgFigure reproduced fro ref.3)

In recent years solidtate transformations of coordinatigolymers has become quite an
active area in inorganic and materials chemistymong them, there are some interesting
studies of soliestate transformation of silv@ontaining coordination polymers. For example,
Vittal and coeworkers have reported a ntple-step solidstate transformation of
[Ag(e-bpe)(HO)]- (CRCO)EH sC N ( b p e-bipwidyléthykere). The transformation
starts from the desolvation of the single crystbqre 2.3.9 and the linear 1D structure
starts to collapse. After a phasshulding process an intermediate crystalline phdsgure

2.3.b) can be found, followed by the completion of the phase transformation with a stable 1D
ladderlike structure Figure 2.3.9. This structure can undergo a further photodimerized
transformationrito another zigag structureRigure 2.3.9). >

(d) ©

Figure 2.3Scheme of the transformation [@fg(e-bpe)(HO)] (CRCO,)CH ;CN upon desolvatiorfa)
1D linear structure before desolvatigh) Intermediate phase after desolvati@r),1D laddetlike
structure after transformatiofd) structure of photodimerized product (Figure repr@duitom ref.5)
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In past few years, the Brammer group have been studying thestatkdtransformation of
Ag(l)-perfluorocarboxylat@liimine coordination polymers, which described in Chapter 1.
These coordination polymers can undergo shogystatto-singlecrystal transformation by
taking up and releasing different alcohol molecules rever8ibStaged soliestate
transformations are common for these coordination polymers by losing the ctexntdina
solvent or ligand molecules under heatighasalsobeenshown that the likely pathway for

the molecular tnasportation during the sohstate transformation involves the spaces in
between the interdigitated perfluoroalkyl chainsVe are seeking a more complete
understanding the scope of  sefithte tansformations in these
Ag(l)-perfluorocarboxylataiimine coordination polymers. Thus, further studies will be
focused on some selected related materials in order to look for more detailed evidence to
develop the full picture. Previous materials of tkype, have been shown to undergo
solid-state transformations in which a diimine ligand is fo¥he study described in this
chapter sets out to establish the generality of these coordinatipmgrostructures when
different perfluoralkyl carboxylates are used and to determine whether conversion between
coordination polymers can be achieved via loss of quinoxaline ligands in astdéd
chemical reaction. Previous work in our grotibhas established that reaction of silver(l)
perfluoroalkylcarboxylates with quinoxaline has the potential to lead to coordination
polymers of the general fimula [Agy(O.CRy)4(quin)] or [Ags(O.CRy)4(quink] (Rf =
perfluoralkyl group; quin = quinoxaline). These studies have been added to in this work in
order to clearly establish the behaviour of these materials (Some unpublished results from
previous group nmabers are included in this section to enable a full discussion. Such
inclusions arelenotedby an asterisk

2.2 Experimental
2.2.1 Synthesis

All the reactants were purchased from Sigma Aldrich, Alfa Aesar or Fluorochem and used as
received. Elemental alyaes were carried out by the University of Sheffield, Department of
Chemistry elemental analysis service, using a PeBtimer 2400 CHNS/O Series |l
elemental analyzer.

All the coordination polymers were prepared using a similar method, referred ayest)
synthesis" Figure 2.4). For the series of coordination polymers, solution A, in which
guinoxaline was dissolved, was the bottom layer while solution B, which contained the silver
perfluorocarboxylate salts, was the top layer. The middle buffesr lavas prepared by
separately layering the two solvents, which were used in preparing the two reactant solutions,
onto the solution A. The idea for using layering synthesis was to slow down the reaction by
generating slow diffusion between two reactant®rder to improve the chance of forming
single crystals rather than powders. Generally, thin filetecrystals formed either on the
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surface of the solution, or on the wall and/or bottom of the vial. In a few reactions, cloudy
powders would form firsafter several hours and then crystals formed from the powder later.

buffer solution
layer B

=>

\

=>

o -——

-

b N b

Figure 2.4lllustration of the layering synthesis (blue: solution A; white: buffer layer; red: solution B).

\
J
-

-
-

Preparation of [Ag4(O.CCF3)4(Quin),4] (1). Quinoxaline (6.5 mg, 0.05 mmol) was dissolved

in ethyl acetate (D mL) in a 20mL glass vial and gently layered with ethyl acetate (2 mL)
and then acetone (2 mL) onto this solution. Then an acetone solution (1.0 mL) of silver(l)
trifluoroacetate (10 mg,.045 mmol) was carefully layered onto the buffer layer. The vial
was tightly capped and stored in a dark cupboard to minimize the possibility of light
degradation of silver ions. Yellow crystalsIoivere formed within one week. Yield: 14.6 mg
(93%). Anal Calcd.(%) for CaoH24A04F12NgOs: C 34.22; H 1.72; N 7.98; four(@o): C 34.01;

H 1.67; N 7.82%.

Preparation of [Ag4(O.CCF,CF3)4(Quin)4] (2). An analogous layering synthesis to that
usedfor 1 was applied for preparing using a methanol solution (1.0 maf) quinoxaline (32

mg, 0.246 mmol), a methanol solution (1.0 mL) of silver(l) pentafluoropropanoate (30 mg,
0.11 mmol) and without applying a buffer layer. Yellow crystalg afere generated within 3
days. Yield: 9.5 mg (21%). Anal. Cal@s) for C44H24Ag4F20NgOs: C 32.92; H 1.50; N 6.98;
found(%): C 32.72; H 1.78; N 6.75%.

Preparation of [Ag4(O2C(CF2).CF3)4(Quin)4] (3). An analogous layering synthesis to that
used for1l was applied for preparin®, using an ethyl acetate solution (1.0 mL) of
guinoxalne (13 mg, 0.10 mmol), a buffer solution of ethyl acetate (2 mL) and acetone (2 mL)
and an acetone solution (1.0 mL) of silver(l) heptafluorobutanoate (29 mg, 0.09 mmol).
Pale yellow crystals d@ were formed within 5 days. Yield: 18.7 mg (46%). Anallad4%o).

for CaqH24AQ04F20NsOs: C, 31.95; H, 1.33; N, 6.21%; fourfeb):C, 31.87; H, 1.20; N, 6.31%.
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Preparation of [Ag4(O2C(CF2)3CF3)4(Quin)4] (4). An analogous layering synthesis to that
used forl was applied for preparing, using an ethyl acetate solution (1.0 mL) of
guinoxaline (13 mg, 0.1 mmol), a buffer solution of ethyl acetate (2 mL) and acetone (2 mL)
and an acetone solution (1.0 mL) of silver(l) nonafluoropentanoate (16.5 mg, 0.045 mmol).
Pale yellow crystals of were afforded within 4 days. Yield: 11 mg (48%). Anal. Caléd)

for CsoH24AQg4F36Ns0g: C 31.16; H 1.21; N 5.59; four(®@o): C 31.24; H 1.43; N 5.52%.

Preparation of [Ag4(O2C(CF2)4CF3)4(Quin)4 (5). An analogous layering synthesis to that
used forl was aplied for preparing5, using an ethyl acetate solution (4.0 mL) of
guinoxaline (64 mg, 0.4 mmola buffer solution of ethyl acetate (0.5 mL) and acetone (0.5
mL) and an acetone solution (4.0 mL) slver(l) undecafluorohexanoate (151.2 mg, 0.36
mmol). Yellow crystals were produced after 1 day and gradually turned into yellow crystals
of 5within 2 days. Yield: 126 mg (64%). AnalCalcd.(%) for CseH24Ag4F44NgOg: C 30.52;

H 1.10; N 5.08; found%): C 30.60; H 1.46; N 5.17%

Preparation of [Ag4(O2CCF3)4(Quin)z] (6). An analogous layering synthesis to that used
for 1 was applied for preparing using an ethyl acetate solution (1.0 mLpafnoxaline (6.5

mg, 0.05 mmol)a buffer solution of ethyl acetate (2 mL) and acetone (2 mL) and an acetone
solution(1.0 mL) ofsilver(l) trifluoroacetate (20 mg, 0.09 mmol)Pale yellow crystals @&

were formed within 2 days. Yield: 6.5 mg (60%). Anal. Calcd.(%) for CsoH18Ag4F12N6Os:

C 30.15; H 1.41; N 6.60; four(@o): C 30.14; H 1.70; N 6.56%

Preparation of [Ag4(O.CCF,CF3)4(Quin)s] (7). An analogous layering synthesis to that
used for1l was applied for preparin@, using an ethyl acetate solution (1.0 mL) of
quinoxaline (6.0 mg, 0.046 mmola buffer solution of ethyl acetate (2 mL) and acetone (2
mL) and anacetone solution (1.0 mL) dfilver(l) pentafluoropropanoate (16.8 mg, 0.062
mmol). Off-white crystals of7 were turned formed within 3 day¥ield: 5.1 mg (23%).
Anal. Calcd. (%) for CzgH18A04F20N6Og: C 29.35; H 1.22; N 5.70; foun@s). C 29.29; H
1.12;N 5.62%.

Preparation of [Ag4(O,C(CF,),CF3)4(Quin)s] (8). An analogous layering synthesis to that

used forl was applied for preparin@, using an ethyl acetate solution (2.0 mL) of

quinoxaline (13.0 mg, 0.10 mmok buffer solution of ethyl acetate (2 mL) and acetone (2
mL) and an acetone solution (2.0 mL)sdfer(l) heptafluorobutanoate (58.0 mg, 0.18 mmol)

Off-white crystals o8B were formed within 3 days.Yield: 30 mg (58%). AnalCalcd. (%)

for C4oH18Ag4F28Ns0s: C 28.68; H 1.08; N 5.02; four{@o): C 28.92; H 1.10; N 5.06%.
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Syntheses for potential 4:4:3 coordination polympkgu(O2C(CF;)3CF3)4(Quin)s] (9) and
[Ag4(O2C(CF2)4CF3)4(Quin)3] (10), were attempted using analogous layering syntheses with
different combinations of different concentrations of the two reactants but faibedld not

be directly synthesized in solution even with low concentrations of quinoxalinke was
always formedas the sole product. Preparia@ in solution proved to be difficult even
when using low concentrations of quinoxaline. The synthesis always yielded white crystals
first, which were different from the yellomeedlelike crystals for compoun8. These wrte,

thin and tapdike crystals are not mechanically robust as general crystals and could be easily
bent when moving them in the oil under the microscope. This phenomenon is popular in
some organic crystals due to the highisotropicnature in their struare as reported by
Desiraju and cavorkers**?Unfortunately, the SERD data sets collected in Sheffield were

not good enough for solving the structure. These white crystals turned into yellow crystals
within 1-2 days, which were then identified to be compobnd Thus, combining with the
results reported from the previomsembers in our group, we roughly assume that 4:4:4
phases are the thermodynamicallyven products and the 4:4:3 phases are the
kinetically-driven products in the liquid phase.

2.2.2 Single Crystal xray Diffraction (SCXRD)

Singlecrystal Xray data weg collected at 150 K fdt, 3-6 and8, 120 K for2 and 100 K for

7, on a Bruker D8/ENTUREdiffractometer, equipped with a PHOTON 100 CMOS detector
(using CuKgr adi ati on, & = 1. 5 4-1 difBactodeter (using M&Ky Br u k e r
radiati on, & he crgstal7sirxtdr8s ware $olved with Direct methods or
Patterson method using tIBHELXTL or Olex2* suites of programs. All the structures

were refined against afF? values and a mul§can method SADABS$™ '’ was used for
absorption correction. All neH atoms were applied anisotropically and hydrogen atoms
were added aheir calculated positions. Disordered parts in some compounds were modelled
with reasonable occupancies for all those atoms and all these atoms were refined isotropically.
Disorder of one Cfgroup in compound was modelled with two orientations relateg b
rotation (occupancy for two orientations in each compound: 0/6738)4). Disorder of the

four CR groups in compound was modelled with two orientations related for each
(occupancy for two orientations in each compound: 0.50(3), 0/6448)4) 0.60(6)Y0.40(6)

and 066(6)/0.34(6)). Disorder of the CKCF,),CF; chains in compoun8l was modelled with

two orientations (occupancy for two orientations: 0.58(#p(1). Disorder of two out of

total four CR(CFR).CF; chains in compound was modelled with two orientations
(occupancy for two orientations in each chain: 0.99(2)(2)and 0.52(2/0.48(2). Details

of crystal data, structure solution and refinement parameters forocongil-8 can be found

in Table 2.1

Page38 of 130



Table 2.1CrystalData, Structure Solution and Refinement Parameters

[Ag4(O2CCF3)4(quin),] [Ag4(O,CCF,CF3)4(quin),] [Ag4(O2C(CF2):CF3)4(quin) 4]
1) (2) 3)
Crystal colour Yellow Colourless Yellow

Crystal size (mm)
Crystal system
Space groupZ

a(h)

b (A)

c(A)

U (A)

b (A)

2 (A)

V(AY)
Density (Mg.m?®)
Wavelength (A)
Temperature (K)

e ( M/Cu-Kp)

(mm'?)
b range (J
Reflns collected

Independent
reflns Ry

Reflns used in
refinementn

L.S. parameterg
No. of restraintst

RLE)? >
2.006

wR2(FA)® all
data

S(F)®, all data

0.22 x 0.26 x 0.05
Orthorhombic
Pbcm 1
11.7575(3)
6.6483(2)
14.4311(4)
90
90
90
1128.04(5)
2.067
0.71073

150
1.822

2.82 10 27.39

10513

1351(0.0277)

1351

90

0

0.0223

0.0601

1.051

0.20x0.14 x 0.04
Triclinic
P-1,1
13.3405(9)
6.6186(4)
14.3831(11)
90.191(5)
102.636(5)
80.249(5)
1220.55(15)
2.182
1.54178

120
13.973

3.151t0 52.184

6712

2633 (0.0613)

2633

379
1

0.0630

0.1765

1.029

Page39 of 130

0.34 x0.22x0.13
Monoclinic
P2,/c, 1
14.5530(7)
6.6729(4)
14.3152(6)
90
96.466(3)
90
1381.32(12)
2.169
0.71073

150
1.554

2.86 t0 29.05

11045

3682 (0.0279)

3682

216

0

0.0391

0.1260

1.018



Table 2.1 (continued)

[Ag4(O2C(CF2)sCF3)4(q
uin)4] (4)

[Ag4(02C(CF2)4CF3)4(qui
n)s] (5)

[Ag4(O,CCF3)4(quin)
(6)

Crystal colour
Crystal size (mm)
Crystal system
Space group’
a(d)
b (A)
c(A)
U (A)
b (A)
2 (A)
V(A
Density (Mg.m?)
Wavelength (A)
Temperature (K)

€ (Mo-Ky/CuKyp)
(mmi )

p range (J
Reflns collected

Independent refins
(Rino)

Reflns used in
refinementn

L.S. parameterg
No. of restraintst

RL (F)® 1>
2. 00

wR2(F2)laJ, all
data

SFY)? all data

Pale yellow
0.34 x0.19 x 0.02
Monoclinic
P2./c, 1
17.0394(8)
6.6746(3)
14.2268(6)
90
109.915(3)
90
1521.42(12)
2.178
0.71073
150

1.440

2.873t0 26.816

12678

3280(0.0466)

3280

243
0

0.0414

0.1264

1.032

Yellow
0.38 x 0.10 x 0.07
Monoclinic
P2./c, 1
17.0199(16)
6.6761(6)
14.3243(16)
90
94.823(7)
90
1638.9(3)
2.225
0.71073

150
1.36

3.19 10 26.62
12736

3659(0.0495)

3659

250
55

0.0861

0.2614

1.039
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Yellow

0.25x0.14 x 0.04

Monoclinic
P2.i/n, 4
10.3394(3)
16.3000(5)
23.2981(8)
90
97.9921(19)
90
3888.24(2)
2.176
1.54178
150

16.988

3.32 to 52.06
21617

4261 (0.0628)

4261

549
0

0.0620

0.1574

1.057



Table 2.1 (continued)

[Ag4(O,CCF,CF3)4(quin)] (7)

[Ag4(O2C(CF,),CF3)4(quin)s] (8)

Crystal colour
Crystal size (mm)
Crystal system
Space groupZ
a(h)

b (R)

c(A)

U (A)
b (A)
2 (A)
V(A%
Density (Mg.m?®)
Wavelength (A)
Temperature (K)

€ (Mo-Ky/Cu-Kyp)
(mm)

b range (J
Reflns collected

Independent reflns
(Rint)

Reflns used in
refinementn

L.S. parameterg
No. of restraints
RLEMI> 2@
WR2(FA)® all data

S(FH)®, all data

Yellow
0.14 x 0.07 x 0.03
Orthorhombic
P2,2,2, 2
10.5119(5)
16.3803(8)
12.3916(6)
90
90
90
2133.69(18)
2.294
1.54178

100
15.886

3.57 t0 50.36

11113

1918 (0.0630)

1918

312
24
0.0531
0.1333

1.047

White
0.18 x 0.14 x 0.03
Monoclinic
P2,/n, 4
10.6884(11)
16.4660(16)
27.817(3)
90
91.547(5)
90
4893.8(9)
2.272
0.71073

150
1.743

24710 27.44

37133

10782 (0.0700)

10782

760
46
0.0391
0.1260

1.210

[a] RI(F) = E(JFo| i |F)/BIFo|; WR2(F?) = [BW(F2 i F)YRWF,™ S(F?) = [BW(FS T FA(n+ri p)]”
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2.2.3 Powder Xray Diffraction (PXRD)

Powder Xray diffraction data for phase purity checks were either recorded in University of
Sheffield (for compound5, 6, 7 and 8) or Diamond Light Source Synchrotrofior
compoung 1, 2, 3 and 4). The Bruker D8 ADVANCE Xray powder diffractometer in
University of Sheffield was fitted with a focusing Gdel mirror optic and a higsolution
energydispersive Lynxeye XE detector and operated in a capillary mode qidtat mode
andusing CtkK U r a da az i b.nY. Fdr the8caphlary mode, the samp¥as packed

in a 0.7 mm borosilicate capillary, whereas in the flat plate mode each sample was loaded on
a 14 mm silicon zerbackground sample disc. Each sample was rotated at 30 rottmin
average the sample exposure and scanned at room tempézatiected as 4 sec sté@nd
0.0Zstep size)The beamline 111 dbiamond Light Source was equipped witlvae angle

(903 PSD detector comprising 18 Mytheh modules(e+ 0:82562A ¢ The samples were
packed intd).7 mm borosilicate capillaries and fivairs of scans were collected for 10 sec

per pattern (2x10s per pair), as wellba®1 sec scaatboththe start and the end each pair

for checking the exposure damage. These patterns were summed to offer the final collection
pattern.

All the patternsvere collected at room temperature and diffraction patterns were indexed and
fitted by Pawley refinemetitusing theTOPASAcademicprogram*®

[Ag2(OOCCE)4(Quin)a] (1)

The unit cell parameters @fwere used as a starting point for Pawley refinement, employing
444 parameters (6 background, 1 zero error, 5 profile, 3 cell, 429 reflections). Pawley
refinement converged ®yp = 0.0675 R,y = 0.193. [a = 14.6765 (3) A, b =11.7985 (3) A, ¢
=6.75392) A, V = 1169.51 (6) A.
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7,500,000 Ag4(ci)aiquinid  0.00 %
7,000,000+
6,500,000+
5,000,000
5,500,000
5,000,000+
4,500,000+
4,000,000+
3,500,000
3,000,000
2,500,000+
2,000,000+
1,500,000+

1,000,000
s.nn,nnn-,_J
X |
-500,0004 | e A
r o
-1,000,000

A0s000004 | | 1L L)Ll AL 0 0L L (AL QL LA L A L 00 RLLE L
4 G 8 10 12 14 16 18 20 22 24 26 28 30 32 34 3B 38 40

2theta / degrees
Figure 2.50bserved (green) and calculated (red) profiles and differencd platdd (grey) of the
Pawley refinemdnd,,=1224). range 3.0

Ags(OOCCECR)4(Quin)4] (2)*

The unit cell parameters @fwere used as a starting point for Pawley refinement, employing

3111 parameters (6 background, 1 zero error, 5 profile, 6 cell, 3093 reflections). Pawley
refinement converged toyR= 0.0445, Ry= 0.118. [a = 22.1969 (9) A, b = 11.2486 (4) A, ¢
=259707) i, U = 85.446 (3) A, b = 13%.633 (2)

5,500,000 unknown_Agd{cf2)d{guinia? 0.00 %
5,000,000
5,500,000
5,000,000
4,500,000
4,000,000
3,500,000
3,000,000
2,500,000

2,000,000

1,500,000
1,000,000
500,000+ L - J

Kl
-500,0004 4 T

ol

i
+

-1,000,000 H

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
2theta / degrees

Figure 2.6 Observed (green) and calculated (red) profiles and differencd platdd (grey) of the
Pawley refinemé8Wd,=144d). range 2.5
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Ags(OOC(CR)CRE)4(Quin)4] (3)*

The unit cell parameters of compouBdwere used as a starting point for the Pawley
refinement, employing 338 parameters (6 background, 1 zero error, 5 profile, 4 cell, 322
reflections). Pawley refinement convergedRig= 0.0692 Ryy= 0.112. b= 14.6410 (2) Ap

= 6.7869 (1) Ac=14.3907 (2) Ab=96.842 (2) °V = 1419.78 (4) A.

350 4:4:4 0.00%

300
250
200
150

1004

o
4=

. T T T X 7 T WO 1y T LR g 1R R0 8] 00 0 LR |
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 582 54
2theta / degrees

@

Figure 2.7 Observed (black) and calculated (red) profiles and difference gjet.fl] (grey) of the
Pawley refinement for conmpind1( 2 d r a-B85°d i, 6 0.89A).

Ada(OOC(CR)3CR)4(Quin)a] (4)*

The unit cell parameters dfwere used as a starting point for Pawley refinement, employing
1825 parameters (6 background, 1 zero error, 5 profile, 4 cell, 1809 reflections). Pawley
refinement converged to,R= 0.06956, Ry = 0.181. [a = 18.3750 (3) A, b = 6.78303 (7) A,
c=14332 (1) {, b = 61.40% (1) A, V = 1569.03

15,000,000
14,000,000
13,000,000 4

11,000,000
10,000,000
9,000,000

7,000,000
6,000,000
5,000,000
4,000,000
3,000,000

2,000,000
1,000,000 1
L A

o
-1,000,000 l
-2,000,000
-3,000,0004 |
-4,000,0004

4 B =3 10 12 14 16 18 20 22 24 26 28 30 32 34
2theta / degrees

Figure 2.80bserved (black) and calculated (red) profiles and difference gplek.[l] (grey) of the
Pawley refineméntd,=1ZA4. range 2.0
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Ags(OOC(CR4CR)4(Quin)4] (5

The samplevas scanned at a rate of 1 sec $tepith each detector step size being 0.02°
The unit cell parameters &fwere used as a starting point for Pawley refinement, employing
480 parameters (14 background, 1 zero error, 5 profile, 4 cell, 456 reflectidtesyley
refinement converged tB,,= 0.051,Ryy= 0.157. = 17.288 (9) Ab = 6.883 (1) Ac =
14.479 (6) Ab=95.18 (2) °V=1715.9 (12) A].

quinghex 433K 0.00 %

Figure 2.90bserved (blue) and calculated (red) profiles and differencelget ] (grey) ofthe
Pawley refinement. (erange 3- 40 ° dni, = 2.25 A).

Ags(OOCCR 4(Quin)s] (6

The sample was scanned at a rate of 1 se¢,stéfh each detector step size being 0.02° The
unit cell of 6 from single crystal data were used as a starting poird f8awley refinement,
employing 384 parameters (6 background, 1 zero error, 5 profile, 4 cell, 368 reflections),
resulting in final indices of fiRy,= 0.0674,Ryy= 0.281. o= 10.164 (4) Ab=16.239 (3) A,
c=23.582 (3) Ab=99.27 (4)°V = 3841 (2) A].

quin8acetate: 443 0.00 %

A, FIA L p 4

iy ]
|||||||

2 2 E3 ES 30 32 E3 3 E] 0 a2 s 4%

Figure 2.100bserved (black) and calculated (red) profiles and differencelgjet.L] (grey) of the
Pawley refinement. (erange 4 55 { dmin = 1.67A).
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Aga(OOCCFCR)4(Quin)z] (7

The sample was scanned at a rate of 1.5&a%, with each detector step size being 0.02°
The unit cell parameters of were used as a starting point for the Pawley refinement,
employing 420 parameters (15 background, 1 zero error, 5 profile, 4 cell, 395 reflections).

Pawley refinement converdeo Ry= 0.0750,R,y= 0.111. p = 10.649 (9) Ab = 16.49 (1)
A c=12.715 (2) Av= 2232 (2) A].

26,000
S quindpropt43 0,00 %
24,000

20

20,000 ‘
18,000

16,000

14000 |
12,000
10,000 |
8000 i \
5000 I
4000 J |

{\ A
e E— \\Jk\}ﬁbﬂw‘j\&/\j N »-’\,.J“’“\WMM‘—_——_

1
-
2000 I

4000

so00l . S S N A 1 IH\IIIII | III I I | | || || | |||| L | ||
0 [+ “ % i 2 z

Flgure 2 110bserved (black) and calculated (red) proflles and dlfferencelp(lgatcgc] (grey) of the
Pawley refinement. (erange 3.0 60 ° dyi, = 1.54 A).

Aga(OOC(CR)2CR)4(Quin)s] (8

The sample was scanned at a rate of 1.5 set,stéth each detector step size being 0.02°
The unit cell parameters @& were used as a starting point for the Pawley refinement,
employing 1453 parameters (15 background, 1 zero error, 5 profile, 4 cell, 1428 reflections).
Pawley refinement converged Ry,= 0.0513,R,y= 0.0891. i = 10.6996 (9) Ab = 16.312

(1) A c=27977 (2) Ab=92.364 (7) °V = 4878.8 (7) A.

24000 qundbutydd3 0.00%
2,00
20,000

18,000

Figure 2.120bserved (black) and calculated (red) profiles and differencelpigt.lJ (grey) of the
Pawley refinement. (erange 3.0 60 © dyi, = 1.54 A).
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2.2.4 Thermogravimetric analyses (TGA)

Thermogravimetric analyses were recorded on a Pé&bker Pyrisl TGA model
thermogravimetric analyser. Samples were heated under a flow o dgsN

Ag4(O,CCE)4(Quin)4] (1

Temperature sweep TGA:The sample (6.91 mg) was held at 25 € for 5 marsd then
heated to 500 € at a rate at 2.5 €/min, followed by holding the temperature at 500 € for
another 5 mins.

103.7

100
\ Delta Y = 9.131 %

90

Delta Y =17.723 %

=)
=

2

Delta Y = 36.997 %

Weight % (%) — —
(-3
[—]

th
=

40

Delta Y =5.218 %

30

27.27
23.03 50 100 150 200 250 300 350 400 450 500

Temperature (°C)

Figure 2.13TGA for [Ag4(O.CCR)4(Quin),] at a scan rate of 5 €/min

Isothermal TGA: Sample (5.23 mg) was heated to 135 € with a heptiste of 10 €/min
and then held at this temperature for 180 mins.

100

N4
b=l

-2
(=]

Delta Y =8.673 %

&
h

Weight % (%) — —
h=} b=}
w s

-4
-

1
r\\\\\
0 20 40 60 80 100 120 140 160 180
Time (min)

® O
N=I—1

88.25

Figure 2.14TGA for [Ag4(O.CCF3)4(Quin)4] at a constant temperature of 135 €
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Ada(O,CCECR)4(Quin)a] (2

Temperature sweep TGA:Sample (3.31 mg) was held at 25 € for 5 mins and theated
to 480 € at a rate at 2.5 €/min, followed by holding the temperature at 480 € for another 5

mins.

104.2
100 Delta Y =7.770 %
90
‘\ Delta Y = 12.587 %
| 80
g 70
X
E 60 Delta Y = 46.426 %
=0
§ 50
40
+ - 0,
» \ | Delta Y = 5.728 %
23.19 50 100 150 200 250 300 350 400 450

Temperature (°C)
Figure 2.15TGA for [Ag4(O,CCF,CF3)4(Quin),4] at a scan rate of 2.5 €/min

Isothermal TGA: Sample (6.12 mg) was heated to 95 € with a heatitg of 10 €/min
and then held at this temperature for 120 mins.

100.93

100 prbiia

N4
=)

98

97
Delta Y =7.389 %

96

Weight % (%) — —

95

94

93 - v ki o iy

91.96 10 20 30 40 50 60 70 80 % 100 110 120

Time (min)

Figure 2.16 TGA for [Ag4(O,CCF,CF3)4(Quin),] at a constant temperature of 95 €
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Ag(OoC(CR)3CR)4(Quin)4] (3)*

Temperature sweep TGA:Sample (4.16 mg) was held at 25 € for 5 mins dahdn heated

to 480 € at a rate at 2.5 €/min followed by holding the temperature at 480 € for another 5
mins.

100

20 70 120 170 220 270 320 370 420 470
Temperature °C

Figure 2.17TGA for [Ag4(O,C(CF,),CF3)4(Quin),] at a scan rate of 2f5/min

Isothermal TGA: Sample (3.85 mg) was heated to 120 € witheating rate of 10 €/min
and then held at this temperature for 140 mins.

100
99
98
97
96
95

94

Percentage Weight (%)

93

92

0 20 40 60 80 100 120 140
Time [minutes)

Figure 2.18TGA for [Ag4(O.C(CF,).CF3)4(quin)4 at constant temperature of 120
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Aga(O,C(CE)3CHKs)4(Quin)4] (4

Temperature sweep TGA:Sample (5.83 mg) was held at 25 € fomains and then heated
to 550 € at a rate at 2.5 €/min followed by holding the temperature at 550 € for another 5
mins.

100 Delta Y = 6.533 %
0 Delta Y = 6.652 %
80
|70
L 60 Delta Y = 60.928 %
=
-
£ 50
b
=
£
<2 40
=
30
21.11 | , ‘ , ‘ ' — | Delta Y =4.546 % o
0 50 100 150 200 250 300 350 400 450 500 550

Temperature (°C)
Figure 2.19TGA for [Ag4(O,C(CF,)3:CF3)4(Quin),] at a scan rate of 2f5/min

Isothermal TGA: Sample (7.08/7.15/6.87 mg) was heated 30/120/115 € with a heating
rate of 10 €/min and then held at this temperature for 180/300/400 mins.

101.1
100
| 29
‘ 98
e
< o7
X
« 96
=
2]
g 95
94
93
91.7
20 40 60 80 100 120 140 160 180
Time (min)

Figure 2.20aTGA for [Ag4(O.C(CF;)sCF3)4(Quin),] at a constant temperature of 130

Page50 of 130



101.1
100

99
98
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96
95
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94
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92.35
0 50 100 150 200 250 300
Time (min)

Figure 2.20bTGA for [Ag4(O.C(CF,):CF3)4(Quin),] at a constant temperature of 120

101.1
100

929
98
97
926
93

Weight % (%) — —

94

93

92.59 ¢ 50 100 150 200 250 300 350 400
Time (min)

Figure 2.20cTGA for [Ag4(O,C(CF,)sCF3)4(Quin),] at a constant temperature of 115
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A01(OoC(CR)4CR)4(Quin)4] (5

Temperature sweep TGA:Sample (7.45 mg) was held at 25 € for 5 mins and then heated

to 500 € at a rate at 5 €/min followed by holding the temperature at 500 € for another 5
mins.

100 ; \ Delta Y = 5.846 %
90 CNL Delta Y = 6.052 %

Delta Y = 64.313 %

Delta Y =3.973 %

19.82 D ‘
50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Figure 2.21TGA for [Ag4(O.C(CF,),CF3)4(Quin),] at a scan rate of &/min

Isothermal TGA: Sample (5.97 mg) was heated to 120 € with a heating rate &/htin
and then held at this temperature for 120 mins.

100

N
=]

=
-]

Delta Y = 5.808 %o
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Weight % (%) — —
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(=3

95
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10 20 30 40 50 60 70 80 90 100 110 120 130
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Figure 2.22TGA for [Ag4(O.C(CF2)4CF3)4(Quin),] at a constant temperature of 120
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2.2.5 In situ PXRD heating studies

In situ PXRD heating studies were recorded oBraker D8 ADVANCE Xray powder
diffractometer equipped with a focusing Gdel mirror optic and a Jnégolution
energydispersive Lynxeye XE detector. Samples were loaded in a 0.7 mm borosilicate
capillary which was open at both ends avas spun about its axis at a rate of 30 rev'min
Measurements started with a collection at 298 K and then the samples were heated up to 433
K with an Oxford Cryosystems Cryostream Plus device several more collections,
followed by a final collection after cooling back to 298 Khe patterns were indexeuhd

fitted using Pawle}’ and Rietveld refinemeftusing theTOPAS Academiprogram. Only
representative patterns are shown below with the fitting parameters (other patterns are
provided in the Appendix).

Ags(O,CCE)4(Quin)4Y i LO,CER)4(Duin)z] (6):

Forthe measurements at 298&s can was <col |l ected for phase g
200 50A using a step size of 0.015A and step
mins. No scans were collected during the heating process to 433K. For the measurements at
433 K, scans were cdOl 40Aedsi nojaOiBasdseepgei 3e
time of 0.5 s, giving a total exposure time of 19 mins each. The patterns were compared to

the calculated®XRD patterns from the single crystal structureslaind 6 and fitted using

Pawley and Rietveld refinemenA stack of the origial powder patterns representing the

overall transformation is shown ifigure 2.23 The starting material and the final product

at 293K were confirmed to be phgserel and6, respectively.

0 hr at 298K
1hrat 433K
2hrl5m at 433K

3hr30m at 433K
4hrd5m at 433K
6 hr at 433K

Thrl5m at 433K
8hr30m at 433K
9hrd5m at 433K

11 hr at 433K
12hrl5m at 433K

T(

13hr30m at 433K
14hrd5m at 433K

16hr at 433K
17hrl5m at 433K

cool back to 298K

L

2theta / degrees

Figure 2.23In situ X-ray powder patterns from the transfation oflto6s hown i n tée rang
O 40 A (patterns before 7 A werswp).cOrthedeft¢the t o t h
heating temperature and time interval between patterns are noted.
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Initial pattern at 298 K

The pattern was indexednd a unit cell resembling that dfobtained from singlerystal
X-ray data at 150 K was found. This unit cell was used as the starting point for a Pawley
refinement, employing 130 parameters (10 background, 1 zero error, 5 profile, 3 cell, 111
reflections), resulting in final indices of iRy, = 0.0445R, = 0.162. [[L]: a= 11.7080(7) A,
b=6.7367(7) Ac = 14.6158(9) AV = 1152.8(2) A].

4:4:4 0.00 %

12,500
nnnnn

Figure 2.24Observed (blue) and calculated (red) profiles and difference Iplgt.Ld (grey) of the
Pawley refinement. (erange 7- 50° dp,, = 1.82 A).

After 1 hour at 433 K

The sample was heated to 433 K and allowed to equilibrate at this temperature for one hour
before the pattern was recorded. Visible inspection and comparison of the data indicated the
presence of botlh and6. The unit cells of the 4:4:4 phasB (rom therefinement at 298 K

and that of the 4:4:3 phas@) from a later point in the study at 433 K (when it was the only
phase present) were used as the starting points for a -pites# Pawley refinement,
employing 452 parameters (8 background, 1 zero errqrofle, 7 cell, 427 reflections),
resulting in final indices of iRy, = 0.0670,Ryy = 0.166. L]: a = 11.848(2) Ab = 6.783(2)

A c=14.62005) AV = 1174.8(5) R [[6]: a = 10.1389(11) Ab = 16.244(2) Ac =
23.6611(12) Ap = 99.249(6)°V = 38463(6) A7

4,0004
38004 | 4as 000 %
36004
3,400
3,2004
3,000
2,800+
2,600
2,400+
2,200
2,000
1,800
1,600

1,400
1,200
1,000
8004
6004
4004
2004
o
-2004
-4004 | | | | [ | | | Wtk I (AN} | l -

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
2theta / degrees

Figure 2.250Dbserved (green) and calculated (red) profiles and differencel pldt{] (grey) of the
Pawley refinement. (erange 7- 40° dni, = 2.25 A).
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After 8 hours 30 min at 433 K

The sample was kept at 433 K for another 8 hours and 30 mins. The pattern was recorded
again. Visual inspection of the data suggested that the only remaining pha&eTlvasunit

cell of the 4:4:3 phase from the previous refinement was used as thegspaitm for a
Pawley refinement, employing 386 parameters (8 background, 1 zero error, 5 profile, 4 cell,
368 reflections), resulting in final indices of R, = 0.0801 Ry = 0.286. [6]: a=10.170(3)

A, b=16.255(2) Ac=23.643(2) Ap=99.23(2)°V = 3857.9(11) A].

28004 | 443 000 %
2,600
2,400+
2,200
2,000
1,8004
1,600
1,4004
1,2004
1,000

8004

6004

4004

2004

B I ' T A B 1 R T T AT T M TN TR I | L I LTI TR T T TN
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
2theta / degrees

Figure 2.26 Observed (gold) and calculated (red) profiles and difference Ipiet.Ld (grey) of the
Pawley refinement. (erange 6- 40° dyin = 2.25 A).

After returning to 298 K

The sample was allowed to cool back to 298aKd was allowed to stay at 298 K for two
hours, before recording the pattern again, at a longer exposure. The peak corresponding to the
unknown phase atd2= 8.25°was shown, in addition to the appearance of a smaller peak at
2d = 8.55¢ This region was therefore excluded from the refinement. The pattern was indexed,
and a unit cell resembling that 6fobtained from singlerystal Xray data at 150 K was
identified. This unit cell was used as the starting point for a Pawleyeneént, employing

386 parameters (8 background, 1 zero error, 5 profile, 4 cell, 368 reflections), resulting in
final indices of fitRy, = 0.0361,Ryy = 0.140. [B]: a = 10.0347(12) Ab = 16.2603(11) Ac

= 23.4602(9) Ap = 99.150(8)°V = 3779.2(5) A].
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13,0004
12,0004
11,000
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Figure 2.27 Observed (blue) and calculated (red) profiles and difference Iplet.Ld (grey) of the
Pawley refinement. (erange 7- 40° din = 2.25 A).

Ags(O,C(CE)2CR)4(Quin)4Y i 0 g 4(®C(AR), 4(Quin)s] (8):

For the measurementszat9 8 K, scans wer e c¢odO e&dtAe disii mgt hae
size of 0.015°and step time of 1.0 s, giving a total exposure time of 41 mits.scans

were collected during the heating process to 43Fdf.the measurements at 433 K, scans
werecol |l ected i dOtHdO®Arasgmg3aOsPep size of 0.
giving a total exposure time of 21 mins. The patterns were compared to the calculated PXRD
patterns from the singlerystal structures o8 and 8 and fitted using Pawleand Rietveld

refinement.

0 br at 298K A

1 br at 433K A B e

2hr45m at 433K
4hr1Sm at 433K

Shr45m at 433K

7hrismat433k ————————

Shr4sm gt 433K ——err N e A

10hr1Smat 433Kk —————
11hr45m at 433K

13hr15m at 433K

14hr45m at 433K~ i

16hr15m at 433K ~—rr— e A A

17hr45m at 433K g \ A
18hr30m at 433K j—— L NS S _
| .

«cool back to 298K

¢ s & 7T & % M0 1 2 @ # 5 & 7 18 18 W H 2
2theta / range

Figure 2.28 In situ X-ray powder patterns from the transformation of J&ARC(CF,).CFs)4(Quin),]
(3) to [Ags(O,C(CF).CF)4(Quink] (8) shown i n tdG 1r3anige oOn3t e 2l ef
temperature and time interval between patterns are noted.
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Initial pattern at 298 K

The pattern was indexed, and a unit cell resembling th8taiftained from singlerystal

X-ray data at 150 K was identified. This unit cell was used as the starting point for a Pawley
refinement, employing 154 parameters (13 background, 1 zero error, 5 profile, 4 cell, 131
reflections), resulting in final indiced bt Ry, = 0.0610 R,y = 0.148. [B]: a= 14.6269(11)

A b=6.7864(6) Ac=14.3807(9) Ab=96.82(1)°V = 1417.4(2) A).

nnnnn
nnnnn

4:4:4 0.00 %

L

v !

Flgure 2 290bserved (que) and calculated (red) proflles and dlfferencelp,getcgc] (grey) of the
Rietveld refinement2d range 3 40° dn, = 2.25 A).

After 1 hour at 433 K

The sample was heated to 433 K and allowed to stay at this temperature for a period of one
hour. The pattern was recorded again. Visual inspection and comparison of the data indicated
the presence d8 and 8. The appearance of a new peak dt=26.69°was also observed,

which did not correspond to either of these two phases, and thus was excluded from the
refinement. The unit cell & from the refinement at 298 K and that&from a later point

in the study at 433 K (when it is the only phase presen® weed as the starting point for a
mixed-phase Pawley refinement, employing 648 parameters (12 background, 1 zero error, 9
profile, 8 cell, 618 reflections), resulting in final indices ofRjf, = 0.0494 R, = 0.239. [B]:
a=14.7853(9) Ab = 6.75420) A c=14.2912(8) Ap = 96.75(1)°V = 1417.3(2) &, [8]: a
=11.2818(9) Ab = 16.1521(9) Ac = 28.2213(14) Ap = 92.779(6)°V = 5136.6(5) A).

Attempts at a Rietveld refinement to determine the relative ratio of the two phases present,
using the suctural models 08 and8 obtained from singlerystal Xray data at 150 K were,
however, unsuccessful. Rietveld refinement was therefore not attempted for other patterns at
433 K.
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Figure 2.300bserved (blue) and calculated (red) profiles and difference Iplgt.Ld (grey) of the
Pawley refinement. (erange 3- 40° dni, = 2.25 A).

After 18 hours 30 mins at 433 K

The sample was kept at 433 K for another 18 hour and 30 minutes andttdrapwere
recorded again. The peak corresponding to the unknown phade=&.29°remained, and
was excluded from refinement. The unit cell of the 4:4:3 ph&8sefr¢m the previous
refinement was used as the starting point for a Pawley refinemerigyemgps03 parameters

(8 background, 1 zero error, 5 profile, 4 cell, 485 reflections), resulting in final indices of fit
Rup = 0.0876,R,y = 0.205. [B]: a=11.3076(13) Ap = 16.1428(9) Ac = 28.1989(14) Ab
=91.887(8)°V = 5144.5(7) K.

4433 000 %

A e A, e A
i e ¢ o

Figure 2.310bservedlfrown) and calculated (red) profiles and difference plgt|.ad (grey) of the
Pawley refinement. (erange 3- 40° dni, = 2.25 A).

After returning to 298 K

The sample was allowed to cool back to 298 K, and was kept at 298 K for four hours, before
recording the pattern again. The peak corre
remained, and was excluded from the refinement. The pattern was indexedymihad el

resembling that o (as determined by singlgystal Xray diffraction at 150 K) was

identified and used as the starting point for a Pawley refinement, employing 507 parameters

(10 background, 1 zero error, 5 profile, 4 cell, 487 reflectiarsylting in final indices of fit

Rup = 0.0709,R,y = 0.199. [B]: a = 11.2892(8) Ab = 16.1561(9) Ac = 28.203(2) Ab =

92.629(7)°V = 5138.4(6) A).
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Figure 2.320bserved (blue) and calculated (red) profiles and difference Ipiet.Ld (grey) of the
Pawley refinement. (erange 3- 40° dni, = 2.25 A).

[Aga(OC(CR)4CR)4(Quin)sY  j ugq © 3AOAOAL OTETT xI DPEAOAOC

GeneralFor the measurements at 298 K, dO®cd04d we!
using a step size of 0.015°and step time of 1.0 s, giving a total exposure time of 5&mins.

scans were collected during the heating process to 4FbiKthe measurements at 433 K,
scans were coll ecd@ d40A ushizno§0.085°geetsEptimedf O 2
0.5 s, giving a total exposure time of 21 mins. The patterns were compared to the calculated
PXRD patterns from the single crystal structuré&.ofhe stacking plot ifrigure 2.33shows

a completed single phase change aft@ua6 hours of heating.

. | .
Ohrat298K — Mo A e
0 br at 433K A ———— ) N A A

1hr1Sm at 433K

2hr30m at 433K

3hr4Sm at 433K

e A

Shr at 433K
6hr15m at 433K
Thr30m at 433K
8hr4Sm at 433K .

10hr at 433K e
11hriSm at 433K~ .
12hr30m at 433K
13hr45m at 433K

15hrat433K
16hriSm at 433K —— .
17hr30m at 433K~
cool back to 298K

) E
2 theta / degree

Figure 2.33InsituX-r ay powder patterns of the tdG@ nis5.ox nmia.t i
On the left the heating temperature and time interval between patterns are noted.
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Initial pattern at 298 K

The pattern was indexed, and a unit cell resembling th&t(obtained from singlerystal
X-ray data at 150 K) was identified. Unit cell parameters from SCXRD were used as the
starting point for a Pawley refinement, employing 177 parameters (10 bacgrbwero
error, 5 profile, 4 cell, 157 reflections), resulting in final indices oRfj§ = 0.0507,Ryp =
0.161. [p]: a = 17.246(2) A /b = 6.8761(6) A c = 14.4452(8) A.b = 95.146(10)°V =
1706.1(2) A.

quinghex_433K 0.00 %

sttt st e M e i Aot b bt bt
LN o il ot b oy b .

B

Figure 2.34Observed (blue) and calculate@d) profiles and difference plokfslcad (grey) of the
Pawley refinement. (erange 3- 40° din = 2.25 A).

Sample upon reaching 433 K

The sample was heated to 433 K at a rate of 360€, And when the sample reached 433 K,

the diffraction pattern was immediately recorded. Visual inspection of the data indicated that
the material had transformed into a new crystalline phase. The pattern was indexed to give
a unit cell was which did not rteh or resemble any known phases for either 4:4:4 or 4:4:3
composition materials. This unit cell was used as the starting point for a Pawley refinement,
employing 90 parameters (15 background, 1 zero error, 5 profile, 3 cell, 66 reflections),
resulting infinal indices of fitR., = 0.0440,R,y = 0.138. ['unknown HT phase B"]: a=
35.580(1) Ab = 7.3470(3) Ac = 7.020(2) AV = 1835.0(1) A).

Attempts to determine the structure of this unknown phase (herein referretuttkaswn

HT phase B") by direct space methods using simulated annealing were unsuccessful.

quinghex_433K 0.00 %

7,500

6,500
8000

00

000
4500
4,000
3,500
3,000
2500
2,000
1,500
1,000

500

I !

4
b
I

Figure 2.350bserved (blue) and calculated (red) profiles and difference Iplet.Ld (grey) of the
Pawley refinement. range 3 40?7 dm, = 2.25 A).
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After 1 hour and 15 ming 433 K

The sample was kept at 433 K for a further one hour and 15 mins, and the diffraction pattern
was recorded again. Visual inspection of the data indicated the growth of broad peaks
corresponding to another new crystalline phase(s), which againotichatch or resemble

any known phase for the 4:4:4 or 4:4:3 composition materials. The new peaks could not be
successfully indexed to a single unit cell (even at later points in the study where they become
more prominent and numerous). The unit cell"ahknown HT phase B" from the
previous refinement was used as the starting point for a Pawley refinement, employing 82
parameters (8 background, 1 zero error, 5 profile, 3 cell, 65 reflections), resulting in final
indices of fitRy, = 0.0808,Ryy = 0.324.[["unknown HT phase B"]: a=35.577(4) Ab =
7.3464(7) Ac = 7.0180(6) AV = 1834.3 (3) A]. These indices of fit are necessarily high as

the new phase is not included in the fit.

A e M ‘A\W M\/\WWW O[S — WAWJ\J\ " A,J\

| NE—. L Lj\m'w“/\”’““f’\"ﬂ‘”\ww—/m P L t-»j\v// V’”.-«-MW SN

A . " ) »
A ‘\f}\,w s g e gy ‘\v-/\\,“'\“-\MWM-yN Bt gyl e gt e g st

I l 1 TR L L o It bbb

Figure 2.36 Observed (blue) and calculated (red) profiles difference plot [slcad (grey) of the
Pawley refinement. (erange 3- 40° dni, = 2.25 A).

After 2 hour and 30 mins at 433 K

The sample was held at 433 K for a further one hour and 15 mins, and the diffraction pattern
was recorded again. Peaks corresponding to the neimdemed crystalline phase(s)
developed further, and those correspondintuttknown HT phase B" further decrased in
intensity. The unit cell ofunknown HT phase B" derivedfrom the previous refinements

was used as the starting point for a Pawley refinement, employing 82 parameters (9
background, 1 zero error, 5 profile, 3 cell, 64 reflections), resulting &h ifndices of fitRy,

= 0.126,R,y = 0.614. funknown HT phase B": a = 35.56(1) A /b = 7.344(2) A,c =
7.016(2) A,V = 1832.4(8) A]. These indices of fit are necessarily higher than that for the
previous pattern as the new phase is not included ffitthe

z f JU\M Mitotidoun
E:: M% MJ}LM'ML waﬂ ' - - MMMWW'W”W<WWMWA%
: | *H‘ . |

|

i [\ " f | [ ) 0o il A A
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.

Figure 2.37 Observed (blue) and calculated (red) profiles and difference Iplet.Ld (grey) of the
Pawley refinement. (erange 9 40° dni, = 2.25 A).
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Overlap of peaks corresponding to themknown HT phase B" and the new wmndexed
crystalline phase(s) meant that further meaningful refinement of the unit cell parameters of
"unknown HT phase B" was no longer possible. As such, further fitting was not performed
on subsequent diffraction patterns in this study.

2 9 3 KY 4 J1gekample o6 was heated from 293 K to 433 K in steps of 20 K at a rate of
360 € hr. A pattern was measured after each 20 K temperature rise while the temperature
was held during the measurement. Each scan was collected in the @rgi® 35°using a

step size of 0.015°nd step time of 0.1 sec, giving a total exposure time of 58Tiendata

were compared to the calculated PXRD pattern from the single crystal struciure of

R P~ A P P A
20/ degree

Figure 2.38In situ X-ray powder patterns of the transformation started fsshown in the range of
3 80225 A. On the left the heating temperatur e:

Pattern at 373 K

The pattern was indexed to a single phase with a new unit cell that was different fraf tha
the"unknown HT phase B"; this new phase will be referred to"amknown HT phase A" .

This unit cell was used as the starting point for a Pawley refinement, employing 47
parameters (15 background, 1 zero error, 5 profile, 3 cell, 23 reflectiongd}ingesn final
indices of fitRyp, = 0.0571,Ryy = 0.107. ["'unknown HT phase A"] : a= 7.3301(3) Ab =
34.939(2) Ac=6.9508(4) Ab=87.01(1)°V = 1777.7(2) A].

quin8hex444_heat373K 0.00 %

nnnnn

A )

nnnnnn

Figure 2.390bserved (blue) and calculated (red) profiles and difference Iplet.Ld (grey) of the
Pawley refinement. range 3 25? dn, = 3.56 A).
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Patterns at 413 K

The unit cell of"unknown HT phase B" was used as the starting point for a Pawley
refinement, employing 47 parameters (15 background, 1 zero error, 5 profiddl, 23
reflections), resulting in final indices of fR., = 0.0547,Ryy = 0.102. ["'unknown HT
phase B"]: a= 35.4334(9) Ab = 7.3325(2) Ac = 6.9834(3) AV = 1814.4(1) A).

quinghex_heat413K 0.00 %
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Figure 2.400bserved (blue) and calculated (red) profiles and differplutgl obs|calc] (grey) of the
Pawley refinement. (erange 3- 25° dmin = 3.56 A).

Patterns at 433 K

The unit cell of'unknown HT phase B" from the previous refinement was used as the
starting point for a Pawley refinement, employing 47 parameters (15 background, 1 zero error,
5 profile, 3 cell, 23 reflections), resulting in final indices ofRi, = 0.106,Ryy = 0.208.
[['unknown HT phase B"]: a= 35.559(4) Ab = 7.342(6) A,c=7.011(8) AV = 1830.3(3)

A®]. Some new peaks were increasing in intensity around 4.75 °and11.75 °which no longer
fitted to this phase suggesting that a further transformation may be beginning.

quinghex_heat433K 0.00 %
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Figure 2.41Observed (blue) and calculated (red) profiles and difference Iplet.Ld (grey) of the
Pawley refinement. (erange 3- 25° dmi, = 3.56 A).
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2.2.6 Dielectric constant test

Samples@.1g each) wergroundinto powders and compressed into round plates (d=13mm)
by using IR plate moulds. Botlpper and lower surfaces of samples were coated with silver
paint and dried before measurements, which aims to smooth the surfaceptdtéiseand
reduce the erroielectric constants and losses at different frequenciekd{Hz) were
measured on a broadband dielectric spectrometer (Novocontrol Concept 80, Germany) in
Soochow University, China.

2.3 Results and Discussion
2.3.1 Synthesis and Crystal Structures

Two seies of coordination polymers have been synthesised from reaction of silver(l)
perfluoroalkyl carboxylates with quinoxaline (Quin), [£@.C(CF,),CFs)4(Quin)] 1 (n=0),

2 (n=1), 3 (n=2), 4 (n=3), 5 (n=4), [Aq(O,C(CF,),CRs)4(Quin)] 6 (n=0), 7 (n=1), 8 (n=2).
These will be referred to as "4:4:4" or "4:4:3" phases, which refers to the ratio of Ag(l)
centres, perfluoroalkyl carboxylate ligands and quinoxaline ligands in these materials. All
have been characterised by singtgstal X-ray diffraction andwhere possible, composition

and phase purity has been confirmed by elemental analysis and powalgdiffraction. In
figures all in the atoms are coloured by element: Silver (magenta), oxygen (red),
perfluoralkyl groups (green), quinoxaline (blue).

2.31.1 4:4:4 [Aa(OC(CR)nCR)4(Quin)a] structures

The basic coordination environments for all these compounds are nearly the same. Thus
compound 3 (middle chain length) will be described as an illustration. CompoBnd
crystallizes in the monoclinic space ogp P2i/c and consists of 1/4 of the
[Ag4(O.C(CR).CRs)4(Quin)y] moiety in its asymmetric unit. Each Ag centre is
four-coordinated with two Matoms from two Quin ligands and two-a&oms from two
heptafluorobutanoates, resulting in an uncommeesawshaped geometry={gure 2.423.

Two O-atoms from each heptafluorobutanoate connect two Ag centees:at, ‘sbridging

mode to form a [AgO.C(CR,).CFs);] S-shaped unit. This unit is then further linked to its
equivalent ones by:a', '80,C(CR,),CF; ligands, yielding 1D zigzag backbone chains
extending along thb-axis Figure 2.42D.
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(a) | %

Figure 2.42Crystal structures o8 showing(a) seesaw coordination environment of Ag centre and
(b) the SshapedAg,(O.,C(CF,),CFs),] unit (shown in ball andtick) and the 1D zigzag backbone
chains structure.

The chains are interconnected to their equivalent ones by the double Quin bridges to form a

2D herringbone structure propagated in liegplane Figure 2.439. As the van der Waals

distance between twsilver(l) centres is around 3.44%Aand the Ag Ag distance in
compound3 is 3.4302(2) A, it suggests no significant-Ag argentophilic interactioff The

Quin ligands in between backbones are f&eface aligned with an interplanar distance of

317 A idi cati ng ssttraccrkgi ng i nteractions. Nei gh

with a distance of 14.4604 Aigure 2.43b).
) ﬁ’ ﬁ
14. 4604 A° )& 1:

Figure 2.43 Crystal structures o8 showing (a) the 2D herringbone structure alotg plane
(perfluorobutanoate chains are simiglif as green balls falarity) and(b) the stacking fashion with
interplaner distance.
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The crystal structures of all the 4:4:4 phase coordination polyrix&)sare shown irFigure

2.44-46. All the coordination polymers are very similar 2D layer dutes pc-plane) in

which the perfluoroalkyl chains from adjacent layers are interdigitated in the space between
these layers. Longer chain lengths lead to the increased interlayer space which is represented
by an increase in tha-axis length Figure 2.44). Viewing fromc-axis Figure 2.45 shows

nearly same structures for all compounds.

1 2 3 4 5
| 2r87a E@
%%%% 81818 i

e a8 B il

ps

Figure 2.44Crystal structures of 4:4:4 phase coordination polyréysiewed along thé-axis.
—>b

1

Figure 2.46Structure viewing along the-axis for all 4:4:4 phase coordination polymers.
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When vewed along the*-axis (Figure 2.46, it can be seen that the layer structures for all
these 4:4:4 structures extend alongfikexis (AgO chains via bridging carboxylate ligands)
and c-axis (AgQuin tapes via bridging quinoxline ligands). The increasing length of the
perfluoroalkyl chaingloes not have a significant effect on the length along these two axes
(the singlecrystal data suggest only theaxis is increasing significantly along with the chain
length Table 2.2. This is because the coordination environments fo1OAG-3.3 A) and

Ag-N (~2.3 A) do not change with the increasing chain length. The increases in the
interplarar spaces for all these compounds are reasonability regular except in cordpound
and 5. This phenomenon can be explained as in compobinthe interdigitation of
perfluoroaklyl chains is deeper than in compouhdlong thea-axis (Figure 2.42 but a

s ma | -Bngle in dmpoun@ results in a larger actual spacing between layers for the longer
chains.

Table 2.2Unit cell parameters for compouddo 5

1 2 3 4 5
a () 11.7575(3)| 13.3405(9) | 14.5530(7) | 17.0394(8)| 17.0199(16)
b (A) 6.6483(2) | 6.6186(4) | 6.6729(4) | 6.6746(3) | 6.6761(6)
c® 14.4311(4)| 14.3831(11) 14.3152(6)| 14.2268(6) | 14.3243(16)
Uu (A) 90 90.191(5) 90 90 90
b (A) 90 102.636(5)| 96.466(3) | 109.915(3)| 94.823(7)
> (A) 90 80.249(5) 90 90 90
V&Y 1128.04(5)| 1220.55(15) 1381.32(12)| 1521.42(12) 1638.9(3)

;?:;ﬁf‘:?/g) 117575 | 13.0174 | 14.4604 | 16.0204 | 16.9596

2.3.1.2 4:4:3 [A4(O,C(CR)nCR)4(Quin)z] structures

The basic coordinatiorenvironment for compound$-8 are almost the samerlhus,
compound8 will be described to illustrate this coordination environment. Compdind
crystallizes in the monoclinic space grde®/n and its asymmetric unit contains one discrete
[Ag4(O.C(CR)2CR3)4(Quin)] unit.  Ag(l) atoms in this unit have two different coordination
geometriesKigure 2.47). The first type of silver centre, referred as Agl and Ag3 in each unit,
is tetrahedrally coordinated with two-&toms from two Quin ligands and twedoms fom

two heptafluorobutanoate chains and is the samaae&eshaped coordination environment as
in 4:4:4 structures The second type of silver centre, referred as Ag2 and Ag4, displays
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T-shapedgeometry, coordinated with two-&ioms from twoheptafluorobutanoatkgands
and only one N from one Quin ligand.

(@) (b)

Agl (Agd)

Ag2 Ag(4)

Figure 2.47 Crystal structures o8 showing(a) seesaw coordination environment of Ag centre and
(b) the T-shapeAg centre.

Fou €:a", ‘abridged QC(CR,).CF; ligands in8 links two different Ag centres to form two
[Ag2(0O.C(CR,).CFs),] ring units and connected by two Quin ligands into -ahéped unit

(Figure 2.48a-b). Every two \fshaped units are connected with an extra Quin ligand

bet ween Ag2 and Ag46 and f olrams (figgre 248ch Thé: 3 1D
doublebridging Quin ligands are fage-face aligned with the distance of 3.520 A. But the
orientdions of the extra Quin ligands are opposite to the debbtging Quin pairs in the
V-shaped units.
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(a) (b)

()

(@)

Agd

Agd' Ag2

Figure 2.48Crystal structures @ shaving (a) [Ag.(O.C(CFR).CR;),] ring unit; (b) the vshapeunit;
(c) the 4:4:3 1D tape connection viewing fraaxis andd) from c-axis.

These 4:4:3 1D tapes are then stacking aagisinanantpar al | el way by we:
interactions, which looks like a slightly collapsed version of 4:4:4 layagife 2.49. The

V-shaped units are joined together by argghiliic interactions (3.088 A and 3.097 A),

which notably stronger than the Axg contacts (3.155 A and 3.194 A) inside theskape

units and what in compour2l This results the formation of a layer extending alongthe

plane. Neighbouring layers ameranged with a distance of 14.4604 A.

Fig. 2.49View of the structure unit and)/(c) the 2D structure of compour@l
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The crystal structures of the 4:4:3 phase coordination polygersand 8 are shown in

Figures 2.5052.

structures (which

furth

er

nt o |

These coordinatiorpolymers are all the 4:4:3 phases are 1D tape
formed i

ayer s

from the 4:4:4 2Blayers. First of all, the layers are no longer flat along the plane but

wavelike (Figure 2.50.

are in a AVO shape

d ori

ent at.i

on and

not

This also changes the way that the perfluoroalkyl chains
interdigitate to each other. As discussed in compd@jndstead of facing directly, now they

perp

fills the interplarar spaces more and can be the reason for smaller interlayer spaces compared
to the 4:4:4 structures with same chains lengfiable 2.3.

Table 2.3Unit cell parameters for compoun@so 8

6 7 8
a(A) 10.3394(3) | 10.5119(5) | 10.6884(11)
b (A) 16.3000(5) | 16.3803(8) | 16.4660(16)
c(A) 23.2981(8)| 12.3916(6)| 27.817(3)
U (A) 90 90 90
b (A) 97.9921(19) 90 91.547(5)
2 (A) 90 90 90
V (A% 3888.24(2) | 2133.69(18) 4893.8(9)
Z 4 2 4
V per 4:4:3 unit, V/Z (A% 972.1 1066.8 1223.5
Interplanar distance (A)
11.5359 12.3916 13.9034
d=c*sin(180b) [/ ( 4
d for iﬁziit{;f;‘:{]e:(g SaMe | 117575 | 13.0174 | 14.4604
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Figure 2.52Structure viewing along the*-axis for all 4:4:3 phase coordination polymers.
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Several 4:4:3 phase coordination polymers have been previously reported by our group such

as [Ag4(O.C(CR).CR)4(TMP)s] and [Agi(O.CCRs)4(Phen)], and they are all 1Dtape

structures and further stacking into a layer. The differences of their structerdsisrated

in Figure 2.53 Obviously, the Quin 4:4:3 phases are much different from the other two
formed from TMP and Phenazine ligands as the 1D tapes are stacking in-paralfei way

as others are parall el . Th eionfcanbenthetexp@mmtioo f t h e
as no such interaction can be suggested in other 4:4:3 structures. However, this also leads to
slightly larger spaces between each tape in the other 4:4:3 layers which allow the extra
singly-bridging ligands to rotate a certainghe within the space (which can further result in

-~ stacking with the)arene solvents in some

[Aga(O2CCF3)4(Phen)s]

Figure 2.53lllustration of different structures of 4:4:3 layers formed by different ligands.
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2.3.2 Solidstate transformation of 4:4:4 [Ag(O2C(CF,),CF3)4(Quin),] to 4:4:3 [AQs
(O2C(CF2)nCF3)4(Quin)3]

2.3.2.1Thermogravimetric analyses (TGA)

As mentioned in the introduction section, this series of coordination polymers has potential to
undergo thermal solidtate transformations by losing one oorm ligands. In order to
provide a preliminary insight into possible ligalugs for all these compounds, two types of
thermogravimetric analyses were applied to all the 4:4:4 phase coordination polymers.
Temperaturesweep TGA, which heats the sampleatoertain high temperature with a fixed
heating rate, gave an overall view of how the products perform under increasing temperatures.
Isothermal TGA in which the compounds are held at a certain temperature for a fixed period
of timewas used to establishe thermal stability of secondary produdiemperaturesweep

TGA plots are shown for compounds5 in Figures 2.13, 2.15, 2.17, 2.19 and 2.21,
respectively. Analysis of the mass changes observed is provided in Tab®8.2sbthermal

TGA plots for1-5 are shown in Figures 2.14, 2.16, 2.18, 2.20 and 2.22, respectively.

[Ag4(O-CCRs)4(Quin)] (1)

Temperaturesweep TGA (5 €/min) forl (Fig. 2.13) shows mass losses at 125 € and
175 € consistent with sequential losses of Quin ligands, followed by degradation of the
remaining material to a mixture of Ag@@nd AgO, finally to silver metal (se€able 2.4).

Table 2.4Temperaturesweep T5A mass losses fgAg4(O2CCF3)4(Quin)4)

Onset Lost Calculated Mass| Observed Mass
Temperature Component Contribution Contribution Residue
(€) P (%) (%)
125 Quin 9.27 9.131 [Ag4(O.CCR)4(Quin)s]
175 2Quin 18.54 17.723 [Ag4(O.CCR)4(Quin)]
Quin, 2COCEF,
225 36.01 36.997 Ag.0, AgCO;
2(Ch), CO;
290 cOo, O, 5.41 5.218 Ag
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An isothermal TGA study (Figure 2.14) was conducted at 135 € to more closely examine
the first mass loss observed in the temperaureep TGA. The observed mass loss
(8.67 %) isconsistent with the mass loss calculated for one Quin ligand per formula unit
(9.3 %) and confirms the transformation from 4:4:4 coordination polymer
[Ag4(O.CCR)4(Quin)y] to 4:4:3 coordination polymer [A¢O.CCRs)4(Quin)]. It is also
confirmed that theAg4(O,CCR;)4(Quin)] material is not thermally stable at the 135 € as
there is a further slow mass loss.

[Ag4(O.CCR,CF3)4(Quin)] (2)

There are mass losses in agreement with sequential loss of Quin ligands, followed by
decomposition of the remainingaterial to AgCQ@ and finally to a mixture of AgC®and
Ag,0 (seeTable 2.5.

Table 2.5Temperaturesweep TGA mass losses {&g4(O.CCF,CF3)4(Quin),]

Onset Lost Calculated Mass| Observed Mass
Temperature Component Contribution Contribution Residue

(©) g (%) (%)

85 Quin 8.12 7.770 [Ag4(OOCCRCHR;)4(Quin),]
150 1.5Quin 12.17 12.587 [Ag4(OOCCRCF;)4(Quin), g

1.5Quin, 2CO
210 CRCHR, 46.49 46.426 2Ag,COs
2(CRCRy)
2Ag,0
300 2CO, 5.49 5.728

Again an isothermal TGA studyigure 2.16 was conducted &5 €. The observed mass

loss (7.39%) is close to the mass loss calculated for one Quin ligand per formula unit (8.12%),
which verifies the transformation from 4:4:4 phase to 4:4:3 phase. It is also confirmed that
the 4:4:3 phase is thermally stable af@5
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[AQ4(O-C(CF,)2CF3)4(Quin)] (3)

There are mass losses in agreement with sequential loss of Quin ligands, followed by

decomposition of the remaining material to AgC&hd finally to a residue of AQ (see

Table 2.6.

Table 2.6 Temperaturesweep TG mass losses fgAg4(O2C(CF,)2CF3)4(Quin) ]

Onset Lost Calculated Mass| Observed Mass
Temperature component Contribution Contribution Residue
(©) P (%) (%)
85 quin 7.2 6.3 Ag4(OOC(CR):CR)4(quin)
150 1.5quin 10.8 10.8 Ag4(OOC(CR)3CRs)4(quin)y s
1.5quin, 2CO
210 (CR)LCR, 53.0 54.7 2Ag;CO;
2((CR):LCHK)
290 2C0O, 4.8 4.6 2Ag,0

The isothermal TGA study (420 €) was conducted to more closely examine the first mass
loss observed in the temperatsigeep TGA. The observed mass loss (7 %goissistent

with the mass loss calculated for one quinoxaline ligand per formula unit (7.2 %) and
confirms the transformation from 4:4:4 coordination polymer(gC(CFR,).CFs)4(Quin)y]

to 4:4:3 coordination polymer [A{0O.C(CF,).CFs)4(Quin)] which is themally stable at

120 €.
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[AQ4(O-C(CF,)3CF3)4(Quin)] (4)

There are mass losses compatible with sequential loss of Quin ligands, followed by the
degradation of the remaining material to Ag{a@d finally to AgO (se€eTable 2.7).

Table 2.7Temperaturesweep TGA mass losses {8g4(O2CCF.CF3)4(Quin),]

Onset Calculated Mass
N Observed Mass .
Temperature | Lost Component Contribution o Residue
Contribution (%)
©) (%)
125 Quin 6.49 6.533 [A94(COC(CR)CR)(Q
uin)s|
175 Quin 6.49 6.652 [Ag4(OOC(CR)CR)(Q
uin),]
2CO,
195 4((CFy)4CFa)a, 59.50 60.928 2Ag,CO;
2Quin
290 2CO, 4.39 4.546 2Ag,0

Several runs of individual isothermal TGA studies at different temperatl365120/115 ©)

were done leading to similar results. None of the runs shovedehastep for a single Quin
ligand loss but instead a continuous mass loss process. Combining this with the failure in
attempted direct synthesis of the silmerdluoropentanoate/Quin coordination polymer in a
4:4:3 ratio, we assumed that this 4:4:8a&oordination polymer could not form or is very
unstable in solution.

[Ag4(OOC(CR)4CF3)4(Quin)y (5)

There are mass losses corresponding to sequential loss of Quin ligands, followed by the
degradation of the residual material to AgDd finally to AgO (seeTable 2.8.
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Table 2.8Temperaturesweep TGA mass losses 1&g 4(O.C(CF,)4CF3)4(Quin) ]

Temolsrziure Lost Calculated Mass Observed Mass Residue
E)C) Component Contribution (%) Contribution (%)
- [Ag4(OOC(CHR)4C
100 uin 5.91 5.846 !
Q F(Quin)g
: [Ag4(OOC(CR)4C
170 uin 5.91 6.052 )
Q F)«(Quin)]
2CO,
220 4((CR)4CR)a, 63.18 64.313 2AQg,COs
2Quin
315 2CO, 3.99 3.972 2Ag,0

The isothermal TGA studyig0 €) was conducted to more closely inspect the first mass loss
observed in the temperateseveep TGA. The observed mass loss (5.81 %) amounts to the
mass loss calculated for one Quin ligand per formula unit (5.91 %) and backs up the
transformation from the 4:4:4 coordination polymer J&RC(CF,)4sCFR3)4(Quin)] to the

4:4:3 coordination polymer [AgO.C(CR)4CF3)4(Quin)], which is thermally stable at

120 €.

Above all, all the TGA data suggest that these coordination polymers have simildogsass
trends when heated up to a certain temperature. Combining withxplegineental data
obtained in our group, all the studied Qbiased 4:4:4 ratio coordination polymers (up to
undecafluorohexanoate(hare a similar initial singlkgandloss stage based on the
calculation, which was then supported by the isothermal TGAiestu Surprisingly, a
secondary ligandbss stage was also observed, and which indicated the presence of a possible
4:4:2 phase coordination polymer in compounds with longer chains. The increasing chain
length could contribute to the increased difficultyremoving other Quin ligands after the

first one Table 2.9. The calculation of second mass loss stages for comgdotarlsuggest

the increasing of the chain length lead to fewer Quin ligands leaving in the second stage. It is
reasonable as longeraihs may more easily block the pathway for quinoxaline to leave due
to stronger interdigitation between layers. This interlayer region is the pathway for transport
of ligands and other small molecules suggested from previous®wdbkie to the failure of

direct synthesis in some of the 4:4:3 phase coordination polymers with longer perfluoralkyl
chain lengths (i.e9 and 10), these TGA results suggested the possibility of preparing these
compounddy solidstate transformation. This has been investigatad bitu PXRD studies.
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Table 2.9List of the secondary ligand loss after first Quin loss for each compound

(Number of carbon) (%) (%) molecules
2 18.54 17.2 2
3 12.17 12.6 15
4 10.80 10.8 15
5 6.49 6.7 1
6 5.91 5.9 1

2.3.2.2 In _situ PXRD heating study

In order to inspect the actual structure transformation for these compounds in solioh state,
situ PXRD heating studies were employed after it was established that single crystals were
not robust enough to survive in am situ SCXRD heating study. The ed is to heat the
sample or maintain a certain temperature and collect PXRD patterns at several time points,
which enable the determination of the structure changes over the whole study. This type of
study is becoming more common in monitoring salidtetransformations involving solvent
uptake and releagd®* Our grop have also been previously utilizing this powerful tool in
understanding the solvent and ligand loss in sipafluoroalkylcarboxylateliimine
coordination polymer&2

[Ag4(O2CCR3)4(Quin)] (1) 40.CEM)FQuin)s] (6)

The study shown ifrigure 253 was successful in demonstrating the setligke conversion

of compoundl into 6 by loss of a single Quin ligand. Pawley fitting of the patterns for the
starting material and the final product identify the unit cell parameters of the phase pure
compoundsl and6 (Figures 2.24and2.27). The stacking patterns clearly suggest that only
one phase transformation occurred during the heating study.
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0 hr at 298K
1hr at 433K
2hrl5m at 433K

3hr30m at 433K
4hrd5m at 433K

6 hr at 433K
Thrl5m at 433K
8hr30m at 433K
Shrd5m at 433K

11 br at 433K
12hrl5m at 433K

13hr30m at 433K
14hrd5m at 433K

16hr at 433K
17hrl5m at 433K

cool back to 298K

%L%L;L W\ T

2theta / degrees
Figure 253 In situ X-ray powder patterns from the transformatioded6s hown i n tdthe rang
O 40 A, On the left the heating temperature an

By zooming out typical ranges of the patte(Rgyure 2.54), it is dovious that the intensity of

the peaks around 12.01 °for the 4:4:4 phase shifts to 11.96 °and continuously weakened
over the time and the transformation finishes after about 9 hours (red arrows) and a new peak
shows at 10.88 °at the same time (red argdwA single phase change also means that there
are no polymorphs formed for compoutddor 6 by structure transformation under high
temperature. This is different from the previous work reported on similar coordination
polymers with TMP ligands, such as d&O.C(CF,).CR)4(TMP);] which has a
high-temperature polymorph with different structure from its room temperature phihse.
reason may be that the trifluoroacetate chains in compbuand far less variable (bending)

than the heptafluorobutanoate chains in the IddRtaining oordination polymer.

t

0 hr at 298K
Thr at 433K
2brl5m at 433K

30r30m at 433K
AhrdSm at 433K

6 br at 433K
ThelSm at 433K
$hr30m at 433K

Yhr45m at 433K
11 hr ac 433K

12brd5m at 433K |

13hr30m at 433K

14brdSm at 433K 1
16hr at 433K

17hr15m at 433K

cool back to 293K

772 14 78 783 & 82 84 86 88 9 82 94 98 98 10 102 0.4 106 108 11 112 114 & 418 12 122 124 126 128 13 132 134 135 138 14

2theta / degrees

Figure 254 In situ X-ray powder patterns from the transformatiodleb6s hown i n t he r ang
200 12 A (obvious change around 12 A).
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[AQ4(02C(CR)CFa)a(Quink]  ( 3') 4(OFC(GFAGFs)a(Quin)k] (8)

The study shown ifrigure 255 shows the soligtate conversion of compouddnto 8 by
loss of a single Quin ligand is again successful as phase purity was also proved for the final

product.

0 hr at 298K A
1hr at 433K M — N

2br4Smat433k —
4hri5m at 433K

Shr45m at 433K

7hriSmat433K ————————

8hr45m at 433K ——————

10briSm at 433K ————
11hr45m at 433K
13hr15m at 433K

14hr45m at 433K ——

16hr15m at 433K
17hr45m at 433K i N e
18hr30m at 433K J—— A —
cool back fo 298K —— - — SR S —
¢ s s 1 8 s ® m 1 W w 15 ® W ® 18 B»H n B »D 2 &5 ®mD T W B N N B

2theta / range

Figure 255 In situX-ray powder patterns from the transformation of I@3C(CF,),CFs)4(Quin),]
(3) to [AQ)(O,C(CR,),CF3)4(Quin)k] (8) shown in tdl 1r3anige oOn3t e?2l ef
temperature and time interval between patterns are noted.

Similar single phase transformation could be easily observed by zogaitegns Figure

2.56). Two significant peak intensities show at 6.06 °and 12.15 °first and shift slightly to
5.99 °and 12.02 °with decrease along the time (red arrows). Three peak intensities show
up at 6.26 7 10.95 °and 13.69 °and increase ovdrettime (blue arrows). The actual phase
change period is estimated to be 15 hours based on the patterns, which is slovlee than
transformation of. Y 6which echo to the hypothesis from TGA that longer chain length will

result in a tougher pathway for #igds to leave.

Obratask " [ o -

1 hir ut 433K Vo /
2mrdSm at 433K N i T - o T N . - —
AhriSm at 433K
Shr4Sm at 433K ’\]
S—— i
Shr4sSm at 433K
10hr1Smat 433K ——— ;“R -
11hréSm at 437K i

il

13hr1Sm wi 433K

14hr45m at 433K

16briSmat 433K

17hr45m at 433K
18hr3om at 433K -
cool back to 298K

Figure 2.55 Zoomedin In situ X-ray powder patterns from the transformation of
[Ag4(0,C(CR,).CF3)4(Quin)] (3) to [Agy(O,C(CR).CF:)4(Quin}] (8) shown i n tdG range
145°
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[Ag4(O2C(CR,)4CF3)4(Quin)y] (5) YSevephases unknown

In order to fully understand the complicated TGA results, comp&uwvds examined with

two in situ PXRD heating studies. The first study is an isothermal study at 433 K shown in
Figure 2.57. Pawley fitting of an initial pattern obtained at 298 K confirmed the presence of
only compoundb. The sequence of patterns in Figure 2.54 begins with a pattern measured
after heating the sample to 433 K at 360C"hr

A A,
owrat20s A A o e
0 hr at 433K - A o B »
1hr15m at 433K |

2hr30m at 433K

e N A —— P

3hr4Sm at 433K
Shr at 433K

6hriSm at 433K

7hr30m at 433K \

SBhr4Smat 433K i M b et e P I I
10hr at 433K S e

11br1Sm at433K .

12br30m at 433K oo

13hr4Sm at 433K
15hr at 433K N

16hri5m at 433K

17hr30m at 433K

cool back to 298K

Figure 257InsituX-r ay powder patterns of the tdC nls5.o5 ma.t i
Pawley fitting of the first 433K pattern showed the presence of a new phase when reaching
433K, and which does not fit to any known unit cells in this series of 4:4:4408 4.
coordination polymers, and | have referred tduatkknown HT phase B". This implies that

a phase change has already occurred before 433 K. Comparison between the patterns of
starting material and thjghase Bare shown irFigure 258. Two patterns arsimilar to each

other and only peak shifts and few peak changes can be observed, which may indicate they
are polymorphs under different temperature.

298K }' f
ﬁl L v | [
"‘ J‘.J.' i w.‘"“ L W ttenpingund &S\ !
i e N et ‘LN_..M"" Nt gl St ~ ™ B Mt
0 hr at 433K ‘
' ‘ I ‘ﬁ
B o "_w.,k__f\ ‘_u‘ L_VJ‘"J L ,__.-v,«.ﬂwh.)\. - .h“,,“,_f"_}‘ ‘NhL-hL'\,__w.w, Y | O S

2 theta / degree

Figure 258 Comparison of the PXRD patterns of the starting material (4:4:4 phase) and the new
phase shan when just reached 433K.
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By visual inspection, however, it is clear that peaks corresponding tuttk@own HT

phase B" material eventually disappear over the time at 433 K, leaving a new phase(s) which
is could not be indexed with a reasonable ueit After keeping the temperature at 433 K

for a further 6 hours, peaks corresponding"toknown HT phase B" are no longer
observed. The peaks corresponding to the new unindexed phase(s) shift to higher angles upon
cooling back to 298 K.

t t it t ot t 44
J_,AW_A_J\/\
0 br at 433K — .

1hr1Sm at 433K MLMMWWMM

2hr30m at 433K
3hr45Sm at 433K

Shr at 433K
6hriSm at 433K

7hr30m at 433K
8hr45m at 433K WMLWWM
11hr15m at 433K MMMWM
12hr30m at 433K MMUWM
13hr45m at 433K JJW\MMW’“M
15hr at 433K WM\—-JWW
16hr15m at 433K WM\M

17hr30m at 433K

cool back to 298K

Figure 2.9 Zoomedin In situ X-ray powder patterns from the transformation of
[Ag4(O.C(CR).,CF)4Quiny] (5) s hown in tdOe 2r6age of 9 O 2

Based on the results on this isothermal study, a second study was carried out to collect a
series of patterns durinthe period of raising the temperature to 433 K. Muis aimed at
monitoring the phsechange during the heating process. The stacking patterns are shown
below (Figure 2.60). Two completed phase transformations and onegaoimg
transformation are obseme

I Phase

298K »—E—Jt fk b 444
313K
333K q ' ' @
R — W NI PV, VAl S AN | Unknown A
373K
393K jﬁ @
433K ———o L s

2 theta / degree 299

Figure 2.60 In situ X-ray powder patterns of the transformation starting féoshown in the range of

3 00225 A. Blue box: §)hoiphaseUnknpwnfAr rednbox4shifling romp h a s e
phaseUnknown A to phaseUnknown B, Green box: phasé&nknown B to new unrindexed
crystalline phase(s).
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The first phase change occurs between 353 K and 373 K. The pattern at 373 K was indexed
and fitted into another new unit cell, referred to"asknown HT phase A". The second

phase changeccurs between 393 K and 413 Khe 413 Kpattern vasthen compared with
thefirst 433 K patternin the first studyproved as the sanianknown HT phase B"

According to the TGA result, there are two identical Quin ligand loss stages occurring around
373 K and 443 K for5. It could somehow be an explanation of this multiple phase
transformation. However, byomparing all the unit cell parameters for three phases together
with that of the crystal structure & at 150 K (Table 2.10, a different conclusion is
suggested.

Table 2.10Comparison between the four unit cell parameters under different temperatures

4:4:4 phase 4:4:4 phase Unknown phase | Unknown phase B
(150 K) (273 K) A (373 K) (413 K)
Spae gp P2./c P2./c Cc C222,
a(d) 17.02 17.35 7.33 35.56
b (A) 6.68 6.86 34.94 7.34
c (R) 14.32 14.R 6.95 7.01
U (A 90 90 90 90
b (A 94.82 4.2 87.01 90
5 (A 90 90 90 90
V (A% 1638.9 1723.1 1777.7 1830.30

Notably, the unit cell volumes are increasisignificantly and regularly along with the
temperature, whicls inconsistent with these phases being formed by losing Quin ligands, as
the cell volume should decrease. The decrease in cell volume on loss of Quin ligand is
confirmed by the two studies at®{@ Y 61169 960 A%, 3 Y 81419y 1219 &), as well as

for loss of TMP in previous TMiigand coordination polymers (14291157 £).° 8 Rate of
increase of the cell volume with temperature is lirf€agure 2.61). Thus, we assume that the
study does not suggest the supposed sbéite transformation by loss of Quin ligands but
solid-state phase transformation of componidito two high temperature polymorphs, in a
similar manner to that previously observed f@P-containing coordination polymér.
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Figure 261 Linear correlation of unit cell volume with temperature for compounds in Table 2.10.

To conclude all three studies) situ PXRD heating studies have shown that single
Quintligand loss by heating the 4:4phase coordination polymeitsand3 into 4:4:3 phases

(6 and8) in a solidstate transformation. For compouBthe 4:4:3 phase is not found during
the PXRD heating studyjthough it is possible that the unindexed phase formed at the end of
isothermal 433 K study is the 4:4:3 phase. Combining alirthetu PXRD heating studies

and TGA studies done so far in the group, we notice that the speed of thetaaid
transformabn dependson how samplesire exposed to the heat. In TGA, samples are in an
open environment (ceramic pan) when heated with nitrogen flow. However, samples are
packed in a capillary durinigp situ PXRD heating studies. Even if the capillary open at both
ends, it may still be difficult for the ligand to leave the capillary. This could build up the
ligand pressure inside of the sample and lead to a-gafidur equilibrium with the 4:4:4
phase site, which slows down the conversion to the 4:4:3 phase.
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2.3.2.3 Discussion of chemical and structural transformation

By carefully comparing those two types of structuthg actual structure transformation
from 4:4:4 to 4:4:3 is found to be far more complicated than simply losing one quinoxaline
(Figure 2.62).

Figure 262 Loss of a Quin ligand leads to the topological structural change from 4:4:4 dhase (
4:4:3 phase). Different colours are used in showing different directions of Quin ligands (blue:
toward inside of the paper; yellow: outside of gaper).

The AgN and AgO bonds around these Ag centres experience a rare process of dissociation
and reformatia. The demonstration of theresumedransformation process is illustrated in
Figure 2.63 below. First of all his process needs cleaving tigé:N bondsdue to the single

Quin ligand loss in between twgAg2(0O2R),] zigzag backboreewhich results in two Ag
centre shift from foucoordination to threeoordination. This idollowed by cleaving one

A g-R bond of the remained Quin ligand in thisrgand reform a new AgN bond crossing to

the Ag threecoordination centre. Also, one of the Quin ligand in the neighbouring Quin pairs
undergoes a 180otation(light blue into blue in the figure) which now alternates to the same
direction as another ligand in the pair.

For Ag-O bonds,half of the perfluorocarboxyl groupstatesto their neighbouring one by

breaking down the [Ag2(O2R);] zigzag backbone intgAg2(O2R);] ring units. This is
achieved by cO loadvn eact of these halha@ thefluorocarboxyl groups

and reformi-Qgbandewi tAlg 6t he Agd6 centre two A
formed, due to the position of the Quin ligandep trings are pushed into theshaped unit

Also, asmentioned in the crystal structure part, the-Xg distance is much shorter after
shifting to 4:4:3 phases thus these V shap
interactions along where thpAg2(O:R),] zigzag backboneused to be. This kind of
complicated topological structure transformatiam the solid-state is very rare for
coordination polymers as most of the literatures are related to the solvents in the structure.
Thus it would be in interest take further studies than only structure determination for these
compounds.
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Figure 263 lllustration of the presumed transformation from 4:4:4 phase to 4:4:3 phase under heat.

2.3.4 Dielectric constant test

High dielectric constant materials (hifhmaterials) have received increasing interest over

the years due to their potential applications in modern electronic and electrical power systems.
To date, there have been a vast number of studies for these purposes on organic polymers,
organic/inorganitybrids, polymer nanocomposites, coordination polymers and so on.

Organic polymers are playing significant roles in the dielectric capacity industry. Although
biaxially oriented polypropylene (BOPP) is one of the industrial standard polymers, it is still
facing the problem that its dielectric permittivity is low. Polystyrene with different
oligoanilines can overcome the problem and reach a dielectric permittivity of 1690 F/m (at 1
kHz) or 70 F/m (at 1 MHz) with high dielectric los&eer 5 F/m (1 MHz) / 25 F/m (1 kHz)

with low dielectric loss$?

Ferroelectric metal oxides are widely used as fillers in high dielectric permittivity materials.
Ferroelectric polymer nanocomposites with Tiave dielectric constant values in the range

of 545 F/m (at 1 kHz) dependent on the terapete and percentage volume fraction of

TiO..?" Ferroelectric polymer composites inddcdy a metasemiconductor ZZnO
coreishel]l structure can even reach ~115 F/r
structure®®

Metalorganic coordination polymers are now being examined in the field of high dielectric
constant materials. Achannel coordination polymer with water molecules, such as
[Ln-Cus-(IDA)glrH -0 (Ln = La, Nd, Sm, Gd, Ho, Er; IDA =[NH(CI£O0)]*; n & 9), has
extremely high dielectric constants at high temperaturesZ000F/m at room temperature
and >1000 F/m at 400Kall at 10 kHz)f° [(CH3),NH2]Zn(HCOO) shows a changing
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dielectric constant from 2-:80 F/m based on an orddisorder phase transition under
different temperatureS. A similar ferroelectric transiton has been reported in the
metatformate framework, [NE[Zn(HCOOQY)], which has a dramatic increase in dielectric
constant (~600 F/m at 0.1 kHz and >300 F/m at 1 MHz) at temperatures around 190 K
comparedo low dielectric constants at other temperatures in the test range%0&0>"

Due to the limitedaccesdo theinstrument only the dielectric performance abmpound3

and 8 has [een investigated. The results reveal a significant difference in their dielectric
behaviour at room temperature. Showrrigure 2.64a, two phases of coordination polymers
present totally different dielectric constaty {n the range of 1 Hz to 1MHz.8 has an
remarbably highJ(376.1) at 1 Hz and drops quickly (7.29 at 1MHz) when increasing the
frequency, which is suitable to function as higmaterials On the other hand® does not
show distinct changes i0(7.587.07) and is always lower tha@hwithin the rangewhich

may be due to the fact thathas a more asymmetric structure tBan

400
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300 104
("]
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2 1004 a
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]
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Figure 2.64 (a) Frequencydepended dielectric permittivity)( of 3 and8 under room temperature.
(b) Frequencydepended dielectric losBK) of 3 and8 at ambient temperature. (c) Enlarged plot of
the frequencydepended dielectric permittivitk)( of 3 at ambient tempature showed in (a). (d)
Enlarged plot of the frequenaepended dielectric los®L) of 3 at ambient temperature showied

(b).
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In terms of dielectric lossDL, which is denoted as the energy loss inside of the dielectric
materials), the curve o8 quickly drops from 12.08 to 1.24 below 100 Hz and then
decelerates slowly thefrigure 264). On the opposite, theL of 3 decreases first and then
slightly rises with the increasing frequency, exhibiting a nearly frequieniependent
behaviour with a magiude of about 18 in the range of 1910° Hz. Though, the value is
still much smaller than that @. In short, the results demonstrate tBatan be a good
candidate used as a higmaterial in the range of low frequencies at room temperature.

2.4 Conclusions

In summary, it has been demonstrated that several 2D layered coordination polymers
[Ag4(O.C(CR)nCFRs)4(Quin)], n = 04 (compoundd-5), referred to as the 4:4:4 phase, can
lose one equivalent of Quin ligand to vyield a new 1D 4:4:3 phase
[Ag4(O.C(CR)nCFRs)4(Quin)] upon heating aB5130 € . The unprecedented solthte
topological transformation is achieved by the dissociation and restorationdfahgl AgO

bonds accompanied by the-agentation of Quin ligands and perfluoroalkyl chainhieT
transformation also results in the reinforcement of argentophilic interactions. Notably, this
transformation is controllable and leads to a significant change in the dielectric constants
from 4:4:4 phase to 4:4:3 phase coordination polymers, whichde®®@ new approach to the
high-k materials. Future work will focus on the rational synthesis of the missing 4:4:3 phase
coordination polymers and even the possible 4:4:2 phase coordination polymers.
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3. Coordination polymers containing silver perfluoracalkylcarb

o-xylates combinedwith 2-methylquinoxaline: structures and
solvent effects

3.1 Introduction

As described in Section 1.4.3 the work reported in this thesis isopartlarger ongoing
project to understandthe structures, soli$tate transformations and trapping of small
molecules, such as solventby coordination polymersformed by combiningsilver
perfluoroalkylcarboxylate and diimine ligand based on pyrazine and its largealogues
The aim of the work in this chapter is to investigatkether a slight modification of
guinoxalineligand studed in Chapter 2vould lead to significant changes in the formation of
its Ag(l)/perfluorocarboxylate coordination polymers.-M2thylquinoxaline (2Me-quin)
was thus chosen as the next type of ligand to expanoiviirall project.

2-Methylquinoxaline isa dark red liquid at room temperature with a strong special smell and
it is rarely covered in the literature. In 1986, Ohmori andvookers reported a method for
methylglyoxal (cytotoxic) determination in biological samples by Highrformance Liquid
Chromatography (HPLC). As methylglyelxgave overlapped peaks in HPLC, this method
utilized the reaction between methylglyx and o-phenylenediamiea to give
2-methylquinoxaline, which offered identifiable peaks for HPLC determingBigure 3.1).*

(a) (b) g ooz 1) 0.02[ @) &2-Me-quin
= 2-Me-quin
- 4
NH2 N CH3 :
CH;—CO—CHO =+ q _ @\j/ 2 oo 0.01
— s
NH, N -
L4
0 0
methylglyox al o-phenylenediamine 2-methylquinoxaline o 10 20 o 10 20

Time (min}

Figure 3.1 (a)Formation of 2methylquinoxaline from methylglyoxal ar@dPDA. (b) Identical peaks
for 2-Me-quin at the same position in HPLC of (1) an authentic samplem@#tBylquinoxaline and (2)
a sample olained from methylglyoxal in rat liver. (Reproduced with permission frori)ref
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In addition to afew organic or biochemical usages;m2thylquinoxalinehas onrare
occasions been reported akgand used in inorganic chemistrfhe CSDincludesonly one
example ofa coordination polymer contaimg 2-methylquinoxaline. Blake and emorkers
have reported the crystal structure of [HgCoHsN2)] in 1989. It was crystallized in a
monoclinic space group2;/n and the2D polymeric structures formedvia chlorebridging
interactions linking {HgCl}, dimers along the-axis and by bridging Znethylqunoxaline
ligands along the second directiorFigure 3.2). This leads to stacking of the
2-methylquinolxalineigandsalong thea-axis?

Figure 3.2 View of the asymmetric unia) andstructure(b) of [HgCl,(CgHgN>)]. (Reproduced with
permission fran ref2)

Solventscan play a very important role in the strualitransformation of coordination
polymers,for exampleby theintrodudion, release and smtrodudion of different types of
solventss Sumby and cavorkers have recently reported a series of porous silver
coordination pol ymer s-dipyrazhgniethane; X ¥ RPCIOf BFp),z m
which have the propertof solid-state breathing and structural transformation. As illustrated
in Figure 3.3 this singlecrystatto-single-crystal transformation is studied under liquid phase.
It starts from placing the large [Ag(dpzm)iPMSO crystal into DCM and the crystal
craclks into small pieces but still suitable for-pay diffraction. Then the smaller crystal is
placed into toluene, which replacéhe DCM molecules in the caigs and leads toa
re-expansion of the crystaind corresponding increase in unit calume.Also, the process

of introducing toluene and DCMas shown to beeversible’
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