
	The	Synthesis	and	Magnetic	

Properties	of	Metallosupramolecular	

Tetrahedral	Cages	and	Cubes	
	

	

A	Thesis	Submitted	in	Partial	Fulfilment	of	the	Requirements	for	

the	Degree	of	Doctor	of	Philosophy	in	Chemistry	

	

	
	

	

Robert	William	Oscar	Staniland		

Department	of	Chemistry,	University	of	Canterbury	

September	2017	





 

	 	 	 	

	

i	

	
Table	of	Contents	

Acknowledgements	.....................................................................................	vi	

Abstract	.....................................................................................................	viii	

Abbreviations	and	atom	colour	scheme	.....................................................	ix	

General	experimental	..................................................................................	xi	

1	Introduction	..............................................................................................	1	

1.1	Supramolecular	chemistry	..................................................................	2	

1.1.1	The	concept	of	self-assembly	.....................................................................................	3	
1.1.2	Classic	supramolecular	synthons	................................................................................	4	
1.1.3	Metallosupramolecular	chemistry	..............................................................................	5	

1.2	Discrete	metallosupramolecular	assemblies	......................................	7	

1.2.1	Overview:	polygons,	polyhedra,	mechanically	interlocked	assemblies	and	molecular	

machines	....................................................................................................................	7	
1.2.2	Construction	of	metal-organic	polyhedra	.................................................................	10	
1.2.3	Host-guest	behaviour	in	metal-organic	polyhedra	...................................................	16	
1.2.4	The	physical	and	chemical	effects	of	encapsulation	on	a	guest	molecule	...............	20	

1.3	Spin	crossover	...................................................................................	22	

1.3.1	Overview	and	experimental	techniques	to	elucidate	SCO	.......................................	22	
1.3.2	Factors	affecting	SCO	behaviour:	ligand	field	strength	considerations	and	crystal	

lattice	interactions	....................................................................................................	27	
1.3.3	Photo-induced	SCO	and	the	LIESST	effect	................................................................	33	
1.3.4	SCO	in	multinuclear	discrete	complexes	and	the	imine-imidazole	coordination	motif

	..................................................................................................................................	34	

1.4	Single	molecule	magnets	..................................................................	38	

1.4.1	Overview	and	the	archetypal	[Mn12O12(OCCH3)16(H2O)4]	single	molecule	magnet	..	38	
1.4.2	Detecting	SMM	behaviour	........................................................................................	40	
1.4.3	Increasing	D	-	developing	SMMs	containing	Co(II)	...................................................	43	

1.5	The	present	study	.............................................................................	48	



 

	  
	
ii	

2	Anion	exchange	studies	of	a	[Co4L4]8+	tetrahedral	cage:	its	single	molecule	
magnetic	behaviour	and	the	controllable	formation	of	dimers	in	solution.
	................................................................................................................	51	

2.1	Introduction	......................................................................................	52	

2.2	Results	and	Discussion	......................................................................	53	

2.2.1	Synthesis	of	ligand	subcomponent	2,4,6-tris(4-amino-phenoxy)triazine	.................	53	
2.2.2	Synthesis	of	[Co4L14]8+	(1)	tetrahedral	cages	............................................................	55	

2.2.3	Solution	based	studies	following	the	formation	of	dimers	of	[PF6Ì1]7+as	a	function	of	

concentration	...........................................................................................................	65	
2.2.4	Host-guest	chemistry	of	1	.........................................................................................	70	

2.2.5	Oxidation	of	Co(II)	tetrahedral	cage	[PF6Ì1]7+	to	the	Co(III)	tetrahedron	[PF6Ì2]11+	74	

2.2.6	DC	magnetic	susceptibility	of	[PF6Ì1]7+	....................................................................	77	

2.2.7	AC	magnetic	measurements	of	[PF6Ì1]7+	.................................................................	79	

2.3	Summary	and	Conclusions	................................................................	82	

2.4	Experimental	.....................................................................................	86	

2.4.1	AC	and	DC	magnetic	susceptibility	measurements	..................................................	86	
2.4.2	Synthesis	of	2,4,6-tris(4-nitrophenoxy)triazine	........................................................	86	
2.4.3	Synthesis	of	2,4,6-tris(4-aminophenoxy)triazine	......................................................	87	

2.4.4	General	synthesis	of	[X–Ì1]7+	...................................................................................	87	
2.4.4.1	[PF6Ì1](PF6)7	....................................................................................................................	87	
2.4.4.2	[SbF6Ì1](SbF6)7	................................................................................................................	88	
2.4.4.3	[BF4Ì1](BF4)7	....................................................................................................................	88	
2.4.4.4	[CF3SO3Ì1](CF3SO3)7	........................................................................................................	88	

2.4.5	Characterisation	of	[PF6Ì1](PF6)7	at	high	concentration	and	solution	based	studies	

inferring	dimerisation	of	cages	.................................................................................	89	
2.4.5.1	Variable	temperature	NMR	studies	on	dimerisation	of	[PF6Ì1](PF6)7	.............................	89	
2.4.5.2	NMR	studies	on	the	effect	of	concentration	on	dimerisation	of	[PF6Ì1](PF6)7	...............	90	
2.4.5.3	NMR	studies	on	the	effect	of	the	ionic	strength	of	solution	on	dimerisation	of	

[PF6Ì1](PF6)7	................................................................................................................................	90	
2.4.6	Oxidation	of	[PF6Ì1](PF6)7	to	[PF6Ì2](PF6)11	.............................................................	90	

2.4.7	Guest	exchange	studies	of	[X–Ì1](X–])7	....................................................................	91	

3	Pyridyl-Imine	Coordinated	[M8L6]16+	Tetraphenylethylene	Nano-Boxes.	93	

3.1	Introduction	......................................................................................	94	



 

	 	 	 	

	

iii	

3.2	Results	and	discussion	......................................................................	96	

3.2.1	Synthesis	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	............................................	96	
3.2.2	Synthesis	of	[Co8L26](ClO4)16	(3)	................................................................................	97	
3.2.3	DC	magnetic	susceptibility	measurements	of	3......................................................	101	
3.2.4	AC	magnetic	susceptibility	measurements	of	3	......................................................	103	
3.2.5	Synthesis	of	[Fe8L26](BF4)16	(4)	................................................................................	106	
3.2.6	Synthesis	of	[Zn8L26](ClO4)16	(5)	..............................................................................	108	

3.3	Conclusions	.....................................................................................	111	

3.4	Experimental	...................................................................................	112	

3.4.1	AC	and	DC	magnetic	susceptibility	measurements	................................................	112	
3.4.2	Synthesis	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	..........................................	113	
3.4.3	Synthesis	of	[Co8L26](ClO4)16	(3)	..............................................................................	114	
3.4.4	Synthesis	of	[Fe8L26](BF4)16	(4)	................................................................................	114	
3.4.5	Synthesis	of	[Zn8L26](ClO4)16	(5)	..............................................................................	115	

4	Spin	Crossover	in	Octanuclear	[Fe8L6]16+	Nano-Boxes	...........................	117	

4.1	Introduction	....................................................................................	118	

4.2	Results	and	discussion	....................................................................	119	

4.2.1	In	situ	formation	of	ligands	L3,	L4	and	L5	...............................................................	119	
4.2.2	Synthesis	of	[Fe8L36](PF6)16	(6)	................................................................................	120	
4.2.3	Synthesis	of	[Fe8L46](BF4)16	(7)	................................................................................	124	

4.2.3.1	Optical	reflectivity	of	7	...................................................................................................	127	
4.2.3.2	UV-visible	spectroscopy	of	7	..........................................................................................	130	

4.2.4	Synthesis	of	[Fe8L56](ClO4)16	(8)	..............................................................................	131	
4.2.4.1	DC	magnetic	susceptibility	of	8	......................................................................................	135	
4.2.4.2	UV-visible	spectroscopy	of	8	..........................................................................................	137	

4.2.5	Synthesis	of	[Fe8L56](CF3SO3)16	(9)	..........................................................................	138	
4.2.5.1	Optical	reflectivity	of	9.	..................................................................................................	143	
4.2.5.2	Solid	state	DC	magnetic	susceptibility	of	9	....................................................................	145	
4.2.5.3	UV-visible	spectroscopy	and	solution	phase	magnetic	susceptibility	measurements	of	9

	...................................................................................................................................................	148	
4.2.5.4	Ultra-fast	transient	absorption	measurements	of	9	......................................................	150	

4.3	Conclusions	.....................................................................................	153	

4.4	Experimental	...................................................................................	156	



 

	  
	
iv	

4.4.1	Optical	reflectivity	measurements	.........................................................................	156	
4.4.2	DC	magnetic	susceptibility	measurements	.............................................................	156	
4.4.3	Synthesis	of	[Fe8L36](PF6)16	(6)	................................................................................	157	
4.4.4	Synthesis	of	[Fe8L46](BF4)16	(7)	................................................................................	158	
4.4.5	Synthesis	of	[Fe8L56](ClO4)16	(8)	..............................................................................	159	
4.4.6	Synthesis	of	[Fe8L56](CF3SO3)16	(9)	..........................................................................	159	

5	Conclusions	and	future	work	.................................................................	161	

5.1	Conclusions	.....................................................................................	162	

5.2	Future	work	.....................................................................................	163	

5.2.1	A	di-nuclear	triple	helicate	[Fe2L63]4+	(10)	..............................................................	164	
5.2.2	Towards	larger	LS	[Fe2L73]4+	mesocates	(11)	..........................................................	165	
5.2.3	Towards	larger	[Fe4L84]8+	tetrahedral	cages	(12)	....................................................	167	

5.3	Experimental	...................................................................................	170	

5.3.1	Synthesis	of	1,4-bis(4-nitrophenoxy)-benzene	.......................................................	170	
5.3.2	Synthesis	of	1,4-bis(4-aminophenoxy)-benzene	....................................................	171	
5.3.3	General	synthesis	of	10(X–)4	...................................................................................	171	
5.3.4	Synthesis	of	4,4'-bis(4-nitrophenoxymethyl)-1,1'-biphenyl	...................................	172	
5.3.5	Synthesis	of	4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl	.................................	173	
5.3.6	Synthesis	of	11	........................................................................................................	173	
5.3.7	Synthesis	of	1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene	.................................	174	
5.3.8	Synthesis	of	1,3,5-tris(4-nitrophenoxymethyl)-2,4,6-triethylbenzene	...................	174	
5.3.9	Synthesis	of	1,3,5-tris(4-aminophenoxymethyl)-2,4,6-triethylbenzene	.................	175	
5.3.10	Synthesis	of	12	......................................................................................................	176	

6	Appendices	............................................................................................	177	

Appendix	1	Crystallographic	refinement	..................................................	178	

Appendix	2	Selected	crystallographic	parameters	...................................	187	

Appendix	3	Thermogravimetric	analysis	(TGA)	........................................	193	

Appendix	4	Mass	spectrometry................................................................	195	

Appendix	5	NMR	spectroscopy	................................................................	205	

Appendix	6	Optical	reflectivity	.................................................................	219	



 

	 	 	 	

	

v	

Appendix	7	AC	susceptibility	measurements	...........................................	220	

Appendix	8	Transient	absorbance	spectroscopy	......................................	224	

7	References	.............................................................................................	227	

	

	 	



 

	  
	
vi	

Acknowledgements	

I	would	 first	 like	 to	acknowledge	my	supervisor	Paul	Kurger,	without	whom	this	work	

would	not	have	been	possible.	Throughout	my	honours	and	PhD,	his	wisdom	and	sage	

advice	coupled	with	his	unceasing	enthusiasm	and	imagination,	has	provided	a	constant	

source	 inspiration.	 I	 was	 also	 privileged	 to	 work	 in	 an	 excellent	 research	 group	 and	

would	 like	 to	 thank	 all	 members	 the	 Kruger	 group,	 past	 and	 present,	 for	 creating	 a	

constructive	and	 friendly	environment	 to	work	 in.	 In	particular,	 I	would	 like	 to	 thank:	

Alan	 Ferguson,	 for	 teaching	 me	 the	 scientific	 principles	 with	 which	 I	 conduct	 my	

research	 with	 to	 this	 day;	 Dave	 Young,	 for	 collecting	 X-ray	 diffraction	 data	 at	 the	

Australian	 Synchrotron	 and	 for	 his	 enthusiasm	 for	 chemistry;	 Jas	 Ward,	 sharing	 his	

considerable	 expertise	 of	 crystallography	 with	 me;	 Ben	 Wilson,	 who	 accidently	

stumbled	 into	the	world	of	SMMs	with	me;	and	Hayley	Scott,	who	has	read	my	thesis	

more	 times	 than	 anyone	 should	 ever	 read	 a	 thesis.	 In	 addition;	 Chris	 Fitchett,	 Peter	

Steel,	 and	 their	 research	 groups,	 have	 been	 a	 constant	 source	 of	 valuable	 advice,	

constructive	criticism	(I	don't	like	your	slides!)	and	discussion	over	the	past	four	years.	

	

I	 am	 grateful	 to	 the	 entire	 staff	 of	 the	 chemistry	 department,	 who	 have	 provided	 a	

productive	and	helpful	environment	to	learn	in.	I	would	like	to	thank:	Marie	Squire	and	

Amelia	 Albrett,	 for	 their	 indispensable	 assistance	 and	 expertise	 with	 NMR	 and	 mass	

spectrometry;	 Bryce	Williamson,	 for	 taking	 the	 time	 to	 discuss	 TA	 spectroscopy	with	

me;	Matthew	Polson,	for	his	 invaluable	advice	on	any	one	of	numerous	topics	ranging	

from	crystallography	to	spectroscopy,	in	addition	to	his	efforts	to	keep	us	all	safe	in	the	

labs;	and	Wayne	Mackay	and	the	departmental	 technical	staff,	 for	keeping	everything	

working.	

	

This	 project	 has	 been	 a	 truly	 collaborative	 effort,	 during	 my	 studies	 I	 was	 fortunate	

enough	 to	 travel	 to	 the	 University	 of	 Bordeaux,	 where	 the	 magnetic	 susceptibility	

measurements	 and	 optical	 reflectivity	 experiments,	 were	 conducted.	 These	

measurements	were	performed	with	Rodolphe	Clérac,	Corine	Mathonière	and	Mathieu	

Rouzieres,	 and	 their	 immense	 expertise	 and	 advice	 has	 been	 greatly	 appreciated.	 I	

would	 like	 to	 thank	Elizabeth	Hillard	and	Pierre	Dechambenoit,	 for	 taking	 the	 time	 to	



 

	 	 	 	

	

vii	

help	me	with	UV-vis	and	electrochemistry	experiments.	 I	would	also	 like	 to	 thank	 the	

entire	M3	research	team	for	being	very	welcoming	and	accommodating	during	my	stay	

in	 Bordeaux.	 During	 my	 time	 in	 Bordeaux,	 I	 was	 lucky	 enough	 to	 meet	 Nathan	

McClenaghan	who,	along	with	watching	the	rugby	with	me,	was	willing	to	conduct	TA	

spectroscopic	 measurements.	 I	 would	 like	 to	 gratefully	 acknowledge	 Nathan,	 Sergey	

Denisov	 and	 Gediminas	 Jonusauskas,	 for	 their	 time	 and	 expertise	 with	 these	

measurements.	

	

I	 wish	 to	 acknowledge	 the	 MacDiarmid	 Institute	 for	 providing	 me	 with	 a	 PhD	

scholarship.	 I	 would	 like	 to	 thank	 the	 NZIC	 and	 NZ	 Synchrotron	 Group	 for	 providing	

conference	 travel	 funding	and	 the	Dumont	D'urville	program	 for	 funding	my	 travel	 to	

France.	

	

I	have	been	fortunate	to	have	a	few	good	groups	of	friends	who	have	helped	me	to	deal	

with	 the	 stresses	 associated	 with	 a	 PhD.	 But	 in	 particular,	 I	 would	 like	 to	 thank	 my	

fellow	 students;	 Anna	 Farquhar,	 Sam	 Bodman,	 Dave	 Young,	 and	Will	 Kerr,	 who	 have	

been	with	me	throughout	this	experience,	for	their	friendship.	Additionally,	I	would	like	

to	thank	Matthew	Hurley	for	his	quality	chat,	which	has	kept	me	sane	in	this	last	year.	

	

Finally,	to	my	Mum	and	Dad:	for	listening	to	me,	for	all	your	unwavering	belief,	support	

and	encouragement,	thank	you.	 	



 

	  
	
viii	

Abstract	

This	 study	 investigates	 the	 formation	 and	 magnetic	 properties	 of	

metallosupramolecular	 tetrahedral	 cages	 and	 cubes,	 of	 [M4L4]8+	 and	 [M8L6]16+	

composition,	 respectively.	 To	 this	 end,	 a	 tetrahedral	 cage	 incorporating	 Co(II)	 metal	

centres	 was	 synthesised	 as	 an	 inclusion	 complex	 with	 four	 different	 anions.	 Each	

inclusion	complex	was	structurally	characterised	by	single	crystal	X-ray	diffraction	and	

the	hierarchal	binding	affinity	for	five	anions	was	determined	by	NMR	exchange	studies.	

Through	NMR	spectroscopy	and	ESI-mass	spectroscopy	studies,	 it	was	discovered	that	

the	tetrahedral	cages	at	high	concentrations,	or	by	the	addition	of	TBA·PF6,	would	form	

dimers.	 In	 the	 solid	 state,	 AC	 magnetic	 susceptibility	 measurements	 revealed	 slow	

relaxation	 of	 magnetism	 under	 an	 applied	 field,	 inferring	 that	 the	 tetrahedral	 cage	

behaves	as	a	single	molecule	magnet.	

	

The	 ligand	 subcomponent	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 was	 synthesised	

and	utilised	 in	a	 subcomponent	 self-assembly	 reaction	with	2-pyridinecarboxaldehyde	

to	produce	cubic	species	of	[M8L6]16+	composition.	The	synthetic	procedure	was	found	

to	be	adaptable	regarding	the	choice	of	transition	metal	 ion,	as	Fe(II),	Zn(II)	and	Co(II)	

were	 all	 shown	 to	 give	 cubic	 assemblies	 as	 demonstrated	 by	 single-crystal	 X-ray	

diffraction	 experiments.	 The	 [Co8L6]16+	 complex	was	 shown	 to	 display	 single	molecule	

magnet	behaviour	via	AC	and	DC	magnetic	susceptibility	measurements.	

	

The	same	ligand	subcomponent	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	was	used	with	

a	 variety	of	 imidazolecarboxaldehydes	 and	 Fe(II)	 salts	 to	produce	 four	 [Fe8L6]16+	 cubic	

compounds,	three	of	which	displayed	spin	crossover	properties.	To	understand	the	spin	

crossover	behaviour	of	these	compounds,	these	complexes	were	subjected	to	a	battery	

of	 techniques	 including:	DC	magnetic	 susceptibility	measurements,	optical	 reflectivity,	

UV-vis	 spectroscopy	 and	 transient	 absorbance	 spectroscopy.	 These	 experiments	

showed	that	the	compounds	undergo	reversible	spin	crossover	as	dilute	solution	and	in	

the	solid	state,	with	T1/2	values	above	room	temperature.	
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Atom	Colour	scheme	

	

The	 crystal	 structures	 presented	 in	 this	 thesis	 are	 represented	 in	 several	 ways,	 in	

Chapters	(2-4)	the	crystal	structures	adhere	to	the	following	colour	scheme.	

	

Black/grey:	Carbon	

Red:	Oxygen	

Blue:	Nitrogen	

Purple:	Cobalt,	Antimonite		

Orange:	Iron		

Yellow:	Zinc,	Sulphur,	Boron	

Light	orange:	Phosphorous	

Green:	Chlorine		

Light	green:	Fluorine		

White:	Hydrogen	
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General	experimental		
Unless	stated	otherwise,	all	reagents	were	used	as	received	without	further	purification	

from	 BDH	 and	 Sigma	 Aldrich.	 High	 resolution	 electrospray	 ionisataion	 mass	 spectra	

were	 recorded	with	a	Bruker	maXis	3G	UHR-TOF	mass	 spectrometer.	 Infrared	 spectra	

were	recorded	on	a	Bruker	ALPHA	Platinum	ATR	FT-IR	spectrometer	between	the	range	

4000–450	 cm-1.	 The	 following	 abbreviations	 were	 used	 to	 describe	 the	 signals:	 s	

(strong),	 m	 (medium),	 w	 (weak),	 br	 (broad).	 Elemental	 analyses	 (C,	 H,	 N)	 were	

conducted	 at	 Campbell	Microanalytical	 Laboratories,	 Otago	 University,	 Dunedin.	 TGA	

was	carried	out	on	an	Alphatech	SDT	Q600	TGA/DSC	apparatus.	Samples	were	heated	at	

1.5	°C	min-1	under	a	flow	of	N2	(100	mL	min-1)	in	an	alumina	crucible.	NMR	spectra	(1H,	
19F	and	13C)	were	recorded	at	room	temperature	on	an	Agilent-400	NMR	spectrometer	

operating	at:	400	MHz	for	1H,	376	MHz	for	19F,	and	101	MHz	for	13C.	
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1 Introduction	
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1.1 Supramolecular	chemistry	

Supramolecular	 chemistry	 is	 concerned	with	 the	 formation	 of	 large	multi-component	

structures.	These	aggregate	structures	are	held	together	by	weak	interactions	between	

smaller	molecular	building	blocks.	This	is	in	contrast	to	the	approach	taken	in	traditional	

molecular	chemistry	where	the	emphasis	is	on	forming	strong	covalent	bonds	between	

atoms	within	a	molecule.	For	 this	 reason	 it	 is	 frequently	referred	to	as	“the	chemistry	
beyond	 the	 molecule”.1	 In	 this	 field	 it	 is	 the	 aggregate	 architecture	 formed	 by	 the	

combination	of	many	individual	molecules	that	are	the	focus	of	study,	rather	than	the	

individual	molecules.	The	 first	 synthetic	examples	of	 such	assemblies	were	host-guest	

systems,	 in	 which	 a	 guest	 molecule	 was	 encapsulated	 within	 a	 larger	 host	 by	 non-

covalent	 interactions.	 This	 pioneering	 work	 was	 conducted	 by	 Lehn,2	 Cram3	 and	

Pederson,4	 for	which	 they	were	 awarded	 the	Nobel	 Prize	 in	 Chemistry	 in	 1987.	 Their	

crown	 ether	 and	 cryptand	 systems	 employed	 ion-dipole	 interactions	 or	 hydrogen	

bonding	to	bind	size-specific	ions	within	them.	These	inclusion	complexes	provided	the	

foundation	for	the	design	and	synthesis	of	more	intricate	supramolecular	complexes.		

	

	
Figure	1.1:	From	left	to	right:	18-Crown-6,	cryptand	[2.2.2]	and	a	visual	representation	of	the	cryptand	

[2.2.2]	inclusion	complex	coordinating	a	potassium	cation.	
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1.1.1 The	concept	of	self-assembly	

Supramolecular	 assemblies	 are	 typically	 formed	 by	 a	 “self-assembly”	 process.5	 This	 is	

where	 the	 molecular	 components	 spontaneously	 organise	 into	 a	 larger	 aggregated	

structure,	 due	 to	 complimentary	 stabilising	 interactions	 e.g.	 hydrogen	 bonding.	 The	

directionality	of	the	 interactions,	which	can	be	rationally	designed	 into	the	molecules,	

plays	 a	 key	 role	 in	 determining	 the	 resultant	 topology	 of	 the	 assembly.	 These	

intermolecular	 bonds	 are	 weak	 compared	 to	 covalent	 bonds,	 yet	 provide	 a	 unique	

advantage	 in	 that	 they	 are	 reversible	 under	 ambient	 conditions.	 Therefore,	 any	

kinetically	 favoured	 products	 that	 might	 form	 are	 short-lived,	 which	 ensures	 the	

thermodynamically	 stable	 product	 under	 the	 conditions	 is	 reached	 and	 with	

optimisation,	occurs	 in	high	 yields.	 The	disassembly	of	 any	 kinetic	products	 formed	 is	

referred	to	as	“error	checking”,6	as	the	equilibrium	moves	towards	the	formation	of	the	

thermodynamic	 product,	 as	 shown	 in	 Figure	 1.2.	 Although	 the	 intermolecular	

interactions	are	considered	weak,	exploiting	multiple	interactions	in	combination	or	by	

tailoring	a	specific	interaction	can	impart	structural	rigidity	leading	to	the	formation	of	

robust	 supramolecular	 assemblies.7	 The	 desire	 to	 control	 these	 weak	 interactions	 to	

form	 pre-determined	 structures	 has	 led	 to	 the	 emergence	 of	 the	 field	 of	 crystal	

engineering.8	The	properties	of	the	materials	synthesised	are	not	necessarily	dependant	

on	the	discrete	molecules	but	rather	how	the	molecules	are	arranged	in	space.	

 
Figure	1.2:	A	representation	of	the	self-assembly	process	of	a	square	through	several	incorrectly	

orientated	kinetic	intermediates.	The	“error	checking”	process	reverses	the	formation	of	the	intermediates	

leading	to	the	thermodynamic	product.	Figure	adapted	from	Stang	et	al.9	
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1.1.2 Classic	supramolecular	synthons	

The	 term	 “synthons”10	 in	 supramolecular	 chemistry	 refers	 to	 the	 weak	 interactions	

between	 the	 molecular	 components,	 which	 are	 referred	 to	 as	 “tectons”.11	 Rational	

design	 of	 assemblies	 requires	 the	 careful	 selection	 of	 synthons.	 Hydrogen	 bonding	

interactions,	 due	 to	 their	 directionality,	 have	 been	 responsible	 for	 the	 formation	 of	

many	 novel	 assemblies,12	 where	 complimentary	 hydrogen	 bond	 donor	 and	 acceptor	

sites	 “encode”	 topological	 information	 into	 the	 molecular	 components	 (Figure	 1.3a).	

Hydrogen	bonding	 interactions	 can	 range	 in	 strength	depending	on	 the	nature	of	 the	

donor	 atom	 (D)	 and	 acceptor	 atom	 (A),	 the	 distance	between	 them,	 and,	 the	D-H×××A	

angle.	A	conventional	hydrogen	bond,	where	the	D	and	A	atoms	are	electronegative,	for	

example	 O-H×××N	 interactions,	 typically	 have	 bond	 strengths	 between	 20–40	 kJ	mol-1.	

Whereas	 a	 “non-conventional	 hydrogen	 bond”	 between	 less	 electronegative	 atoms	

such	 as	 C-H×××O,	 have	 bond	 strengths	 between	 2–20	 kJ	 mol-1.	 The	 directionality	 of	

hydrogen	bonding	 arises	 due	 to	 the	 predisposition	 for	 a	D-H×××A	 angle	 of	 180°,	which	

lends	itself	to	use	in	the	rational	design	of	supramolecular	structures.	

	

Attractive	 interactions	 between	 the	 p-systems	 of	 aromatic	 molecules	 occur	 due	 to	

attractive	 p-s	 orbital	 interactions.13	 When	 such	 molecules	 are	 employed	 as	 tectons,	

these	interactions	have	a	stabilising	effect	on	the	resultant	supramolecular	assembly.14	

The	 term	 “offset	 face-to-face	p-p	 stacking”	 refers	 to	 the	parallel	 arrangement	of	 ring	

systems	 that	 are	 slightly	 offset	 to	 minimise	 electron	 repulsion	 and	 maximise	 the	

attractive	p-s	orbital	interaction.15	The	crystallographic	interplanar	distance	separating	

two	 adjacent	 ring	 systems	 for	 these	 interactions	 is	 generally	 between	 3.3–3.8	 Å.	

Typically,	offset	face-to-face	p-p	interactions	have	a	bond	strength	of	approximately	2–

8	kJ	mol-1,	although	greater	stacking	energies	for	large	conjugated	aromatic	systems	of	

up	50	kJ	mol-1	have	been	reported.13	The	second	stabilising	orientation	of	aromatic	ring	

systems	 is	a	T-shaped	orientation,	 referred	to	as	an	“edge-to-face”	 interaction,	where	

the	C–H	group	of	an	aromatic	ring	interacts	with	the	electron	rich	p-system	of	another	

ring.	 The	 two	 possible	 orientations	 of	 two	 benzene	 molecules	 that	 leads	 to	 the	

aforementioned	stabilising	interactions	are	shown	in	Figure	1.3	b. 
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Figure	1.3:	a)	A	hydrogen	bonding	interaction	between	melamine	(blue)	and	barbituric	acid	(red),	figure	

adapted	from	Hud	et	al.16	b)	An	offset	face-to-face	p-p	interaction	and	edge-to-face	CH×××p	interaction	

between	two	benzene	molecules.	

Weaker	 intermolecular	 forces	 include:	 halogen-halogen	 bonding,17	 argentophilic	

interactions,18	 cation-p	 and	 anion-p	 interactions,19,20	 which	 are	 also	 often	 found	 in	

supramolecular	assemblies.	However,	they	are	often	much	weaker	than	those	discussed	

and	 as	 such	 are	 secondary	 in	 determining	 the	 resultant	 shape	of	 assemblies,	 if	 other	

stronger	intermolecular	forces	are	present.	

1.1.3 Metallosupramolecular	chemistry	

While	 organic	 supramolecular	 assemblies	 continue	 to	 be	 extensively	 studied	 the	

interest	of	coordination	chemists	has	resulted	in	the	development	of	a	related	research	

field	 termed	 “metallosupramolecular	 chemistry”.21	 As	 the	 name	 suggests,	

metallosupramolecular	chemistry	involves	the	study	of	supramolecular	architectures	in	

which	 the	 metal-ligand	 (M-L)	 bonds	 play	 an	 important	 structural	 role	 in	 the	 final	

assembly.	 Coordination	 bonds	 with	 bond	 energies	 between	 100–400	 kJ	 mol-1	 are	

considerably	stronger	than	the	previously	described	supramolecular	 interactions.	They	

are	 however,	 reversible	 under	 easily	 accessible	 conditions,	 which	 allows	 the	 self-

assembly	process	to	occur.	The	relatively	high	stability	of	the	M-L	bond	can	be	used	to	

impart	greater	structural	stability	to	an	assembly	more	efficiently	than	a	combination	of	

multiple	weaker	interactions.	

	

Metallosupramolecular	 chemistry	 involves	at	 least	 two	different	 components:	a	metal	

ion	and	an	organic	ligand,	which	may	be	considered	as	nodes	and	linkers,	respectively.	
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The	metal	ion	(often)	provides	a	predictable	coordination	number	and	geometry	which	

can	be	used	to	convey	directionality	to	the	resulting	supramolecular	assembly.	The	large	

array	of	metal	coordination	geometries	that	are	available	offer	angles	that	are	difficult	

to	 achieve	 in	 organic	 chemistry,	 for	 example	 90°,	 facilitating	 the	 formation	 of	 an	

impressive	 range	 of	 diverse	 topologies.22–25	 In	 addition	 to	 the	 geometry	 of	 the	metal	

ion,	the	rational	design	of	a	supramolecular	complex	requires	a	trade-off	when	selecting	

the	metal	cation,	between	facile	assembly	of	the	complex	and	its	enduring	stability	once	

formed.	

 
Figure	1.4:	Examples	of	commonly	encountered	metal	coordination	geometries.	From	left	to	right:	

tetrahedral,	square	planar,	trigonal	bipyramidal,	square	pyramidal	and	octahedral.	

To	 compliment	 the	 choice	 of	 metal	 ion	 used,	 the	 number	 and	 type	 of	 coordinating	

motifs	of	the	ligand	and	the	geometric	positioning	of	these	in	the	ligand,	play	a	key	role	

in	determining	the	resultant	topology	of	the	supramolecular	assembly.	Ligands	can	form	

coordination	 bonds	 with	 a	 metal	 ion	 in	 several	 ways,	 the	 simplest	 ligands	 have	 one	

donor	atom	and	bind	 in	a	mono-dentate	 fashion	 i.e.	pyridine.	However,	many	 ligands	

have	 multiple	 potential	 donor	 atoms,	 which	 may	 bind	 to	 the	 same	 metal	 ion	 via	

chelation	 or	 bridge	 between	 metal	 ions.	 The	 design	 of	 multi-nuclear	 or	 polymeric	

assemblies	requires	that	the	ligand	has	the	capability	to	link	two	metal	ions	together	as	

shown	 in	 Figure	 1.5.	 To	maintain	 thermodynamic	 control	 and	 allow	 self-assembly	 to	

occur,	 one	 must	 consider	 the	 lability	 of	 the	 ligand	 with	 regard	 to	 the	 metal	 ion	

employed.	

	
Figure	1.5:	The	directionalities	provided	through	some	organic	ligands,	linear,	bent	and	triangular	

respectively.	

M M M M M
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The	combination	of	the	wide	variety	of	geometries	available	for	both	the	 ligand	linker	

and	 metal	 ion	 node	 mean	 an	 almost	 endless	 array	 of	 possible	 topologies	 can	 be	

envisioned.	To	add	further	complexity,	different	kinds	of	metal	ion	can	be	incorporated	

within	 one	 assembly	 to	 create	 heterometallic	 structures.26–28	 Likewise,	 ligands	 of	

different	geometries	can	be	employed	to	create	multicomponent	assemblies.29–31	Along	

with	the	topological	and	stability	advantages	of	metallosupramolecular	assemblies,	the	

introduction	of	metal	ions	can	introduce	useful	properties	including:	magnetic,	catalytic,	

electrochemical	and/or	photophysical	behaviours.32		

	

The	geometry	of	the	complimentary	interactions	designed	in	the	molecular	components	

can	 either	 be	 convergent	 or	 divergent.	 This	 creates	 two	 distinct	 classes	 of	 assembly:	

either	infinite,	where	divergent	interactions	result	in	the	continuous	propagation	of	the	

structure	 in	 one	 or	 more	 directions;	 or	 discrete,	 where	 the	 interactions	 converge	

together.	 Infinite	 systems	 such	 as	 metal-organic-frameworks	 and	 coordination	

polymers,	 whilst	 interesting,	 are	 beyond	 the	 scope	 of	 this	 work	 and	 the	 reader	 is	

directed	to	several	excellent	reviews	on	the	subject.33–37	

1.2 Discrete	metallosupramolecular	assemblies	

1.2.1 Overview:	 polygons,	 polyhedra,	 mechanically	 interlocked	
assemblies	and	molecular	machines	

The	key	principle	for	the	rational	design	of	discrete	metallosupramolecular	assemblies	is	

relatively	 straight	 forward:	 to	 create	 a	 singular	 defined	 assembly	 by	 incorporating	

convergent	 interactions	 between	 the	 electron	 donor	 groups	 of	 ligands	 and	 the	

coordination	sites	of	metal	ions.	The	ligand	and	metal	ion	components	can	be	reduced	

into	a	geometric	shape,	by	considering	the	position	of	the	functional	groups	which	will	

be	 responsible	 for	 the	 supramolecular	 interaction.	 To	 create	 convergent	 interactions	

the	 bond	directionality	 of	 either	 the	 ligand	or/and	metal	 ion	must	 be	 less	 than	 180°.	

There	 are	 two	 common	methods	 to	 achieve	 this:	 the	 symmetry	 interaction	 approach	

and	the	directional	bonding	approach.38–40	The	symmetry	interaction	approach	requires	

that	 the	 directionality	 of	 binding	 sites	 in	 the	 ligand	 are	 aligned	 to	 be	 approximately	
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parallel	 to	 each	 other,	 whilst	 the	 directionality	 of	 metal	 ion	 coordination	 is	 not	

restrained.	 In	 contrast,	 the	 directional-bonding	 approach	 utilises	 metal	 ions	 with	

capping	units	to	restrict	the	directionality	of	coordination	to	be	less	than	180°	and	the	

bonding	 functionalities	 of	 the	 ligand	 have	 a	 divergent	 arrangement.	 These	 two	

methodologies	 have	 produced	 a	 wide	 variety	 of	 2D	 shapes	 and	 3D	 polyhedral	

assemblies	 such	 as:	 triangles,41,42	 squares,43,44	 hexagons,45,46	 helicates,47–49	

tetrahedra,50–52	octahedra53–55	and,	cubes.56,57	

 
Figure	1.6:	A	schematic	displaying	geometric	representations	of	individual	molecular	components	as	red	

or	blue	linkers	and	combination	of	these	leading	to	discrete	two	and	three-dimensional	assemblies.	Figure	

adapted	from	Stang	et	al.9	
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In	addition	to	the	synthesis	of	molecular	shapes	and	polyhedra,	metallosupramolecular	

chemistry	 is	 incredibly	 adept	 at	 realising	 interlocked	 molecular	 components	 through	

mechanical	linkages.	Fujita’s	“magic	rings”	were	an	early	example,58	where	it	was	found	

that	 increasing	 the	 concentration	of	 a	Pd(II)	 ring	 system	caused	 the	 rings	 to	 interlock	

together	 to	 form	 a	 [2]catenane,	 as	 shown	 in	 Figure	 1.7,	 where	 the	 driving	 force	 for	

catenation	was	the	hydrophobic	 interactions	 in	between	aromatic	rings	 in	the	 ligands.	

Metal	 ions	have	played	a	key	 role	 in	 the	development	of	 synthetic	 strategies	 towards	

producing	interlocked	structures	of	increasing	complexity.	The	metal	ion	can	provide	a	

template	 to	 hold	 organic	 components	 in	 a	 pre-organised	 arrangement	 before	 the	

organic	components	are	linked	by	the	formation	of	covalent	bonds	between	them.	This	

metal-directed	 template	 approach	 has	 produced	 many	 intricate	 interlocked	 species	

such	 as	 catenanes,59–61	 Borromean	 rings,62	 rotaxanes63–65	 and	 knots.66–68	 Metallo-

helicates	are	particularly	useful	precursors	to	the	formation	of	interwoven	knots,	as	the	

helical	shape	creates	the	perquisite	twisting	of	ligands	about	each	other.	This	approach	

was	 pioneered	 by	 Sauvage	 and	 co-workers,	who	 synthesised	 a	molecular	 trefoil	 knot	

from	a	Cu(I)	dinuclear	double	helicate	in	198969	and	has	been	expanded	upon	with	the	

use	of	circular	helicates	to	create	pentafoil	knots,70	Solomon	links,71	and,	a	Star	of	David	

catenane72	by	Leigh	and	co-workers.	The	catalytic	properties	of	metal	 ions	have	been	

utilised	 to	 form	 interlinked	 assemblies,	 where	 the	 metal	 ion	 provides	 structural	

preorganisation	and	 is	 responsible	 for	 catalysing	 the	 formation	of	 the	 covalent	bonds	

between	ligands.73,74	

 
Figure	1.7:	Examples	of	interlinked	structures:	Left)	A	[2]catenane	synthesised	by	Fujita	et	al.	from	two	

preformed	molecular	rings.58	Right)	A	pentafoil	knot	templated	by	five	Fe(II)	ions	with	a	Cl	ion	held	in	the	

centre,	synthesised	by	Leigh	et	al.70	
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External	 stimuli	 can	 be	 applied	 to	 drive	 the	 dynamic	 motion	 of	 components	 within	

certain	interlocking	structures	creating	molecular	machines.	This	mechanical	movement	

of	molecules	relative	to	each	other	has	generated	a	 large	 interest	 in	recent	times	and	

was	recognised	with	 the	award	 in	2016	of	 the	Nobel	Prize	 in	Chemistry	 to	Stoddart,75	

Feringa76	and	Sauvage77	for	“the	design	and	synthesis	of	molecular	machines.”78	A	large	

portion	of	this	work	focused	on	the	control	of	rotational	and	linear	mechanical	motion	

of	 catenanes	 and	 rotaxanes,	 which	 has	 been	 achieved	 by	 changing	 pH,75,79	

electrochemical	oxidation	and	reduction	of	metal	centres80,81	or	irradiation	by	light.82,83	

A	comprehensive	review	of	molecular	machines	 is	beyond	the	scope	of	this	study	and	

the	reader	is	directed	to	the	following	reviews	on	the	subject.84–87		

1.2.2 Construction	of	metal-organic	polyhedra	

The	 preceding	 section	 touched	 on	 the	 principles	 involved	 in	 the	 synthesis	 of	 discrete	

metallosupramolecular	 assemblies.	Metal-organic	 polyhedra	 (MOP)	 are	 a	 sub-class	 of	

these	assemblies.	This	section	expands	further	on	MOP,	with	an	emphasis	given	to	the	

construction	of	tetrahedral	and	cubic	systems.	The	geometries	of	the	first	two	Platonic	

solids:	a	 tetrahedron	and	cube,	are	displayed	 in	Figure	1.8.	 It	 can	be	seen	 that	at	 the	

vertices	 of	 both	 shapes,	 three	 edges	 and	 three	 faces	 interact.	 It	 is	 the	 angle	 at	 the	

vertices	 and	 the	 shape	 of	 the	 faces	 that	 define	 the	 three-dimensional	 shape.	 For	 a	

tetrahedron	the	angles	at	 the	corners	are	60°	and	the	 faces	are	triangular,	whilst	 in	a	

cube	the	angles	at	the	corners	are	90°	and	the	faces	are	square.	

	

		
Figure	1.8:	The	first	two	Platonic	solids	on	the	left	a	tetrahedron	and	right	a	cube.	
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The	metallosupramolecular	equivalents	of	these	Platonic	solids	may	be	synthesised	by	

encoding	 the	 directionality	 of	 the	 intermolecular	 interactions	 of	 the	 molecular	

components	to	replicate	the	geometry	of	the	shape.	In	the	two	examples	below	(Figure	

1.9)	the	organic	components	act	as	linear	linkers	between	the	metal	nodes	to	replicate	

the	edges	of	the	3D	shapes.	In	the	tetrahedral	cage,	which	was	synthesised	by	Nitschke	

et	al.,88	 the	combination	of	a	bidentate	 ligands	and	an	octahedral	Fe(II)	 ion	create	an	

angle	 of	 approximately	 60°	 between	 the	 ligands.	 Whilst	 in	 the	 cubic	 example	 from	

Thomas,57	which	was	 synthesised	by	a	directional-bonding	approach,	 the	90°	angle	at	

each	of	the	vertex	is	provided	by	a	Ru(II)	ion	with	three	coordination	sites	occupied	by	a	

fac-	coordinating	of	1,4,7-trithiacyclononane	ligand.	Both	MOP	result	as	a	consequence	

of	 maximum	 site	 occupancy,	 where	 the	 self-assembling	 system	 attempts	 to	 fill	 all	

possible	coordination	sites	of	the	metal	ion.	Coordination	is	usually	highly	enthalpically	

favoured	and	outweighs	the	entropic	cost	of	forming	an	ordered	structure.	This	means	

that	coordinatively-unsaturated	intermediates	such	as	an	[M4L4]8+	square,	which	has	the	

potential	to	form	during	the	synthesis	of	Thomas’	cube,	are	short-lived	and	the	species	

with	complete	occupancy	eventually	results.	

	

	
Figure	1.9:	Examples	of	metallosupramolecular	Platonic	solids	reported	by	the	groups	of	Nitschke	and	

Thomas.57,88	The	facile	ligand	on	the	cube	structure	and	five	ligands	on	the	tetrahedron	are	omitted	for	

clarity.	
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There	are	many	ways	to	assemble	a	Platonic	solid,	in	the	two	examples	in	Figure	1.9,	the	

ligands	act	as	the	edges	of	the	shape	and	the	metal	ions	as	the	vertices.	However,	it	is	

also	possible	to	create	MOP	where	the	ligands	act	as	the	vertices	and	metal	ions	as	the	

edges.	In	1999	Stang	and	co-workers	synthesised	a	dodecahedron,89	the	most	complex	

of	the	five	Platonic	polyhedra,	by	combining	20	equivalents	of	the	tritopic	organic	ligand	

tri(4-pyridyl)methanol	 with	 30	 equivalents	 the	 linear	 bis-[4,4’-(trans-Pt(PEt3)2OTf]	

benzene.	Generally,	when	considering	tetrahedral	cages	and	cubic	assemblies,	a	metal	

ion	is	employed	to	form	the	vertices	as	the	angles	and	connectivity	required	are	rare	in	

organic	 chemistry.	 Although,	 recent	 work	 has	 been	 conducted	 on	 synthesising	

tetrahedra	and	cubes	with	metallo-ligands	 to	 create	heterometallic	 assemblies,	which	

can	add	extra	functionality	to	these	systems.90–92	

	

An	alternate	way	to	achieve	the	same	geometric	shape	is	to	increase	the	connectivity	of	

the	 ligand.	 In	 the	 example	 below	 in	 Figure	 1.10,	 the	 tetrahedron	 on	 the	 left	 is	

synthesised	 from	 six	 bis-bidentate	 ligands	 to	 create	 a	 tetrahedron	 of	 [Ga4L6]12-	

composition,	which	 is	described	as	edge-directed	synthesis.93	Whilst	on	the	right,	 four	

tris-bidentate	 ligands	 are	 employed	 in	 a	 face-directed	 (or	 face-capped)	 approach	 to	

create	a	tetrahedron	of	[Ti4L4]8-	composition.94	

	

	
Figure	1.10:	Two	different	tetrahedral	cage	assemblies	with	edge-directed	(left)	and	face-directed	(right)	

reported	by	Raymond	et	al.93,94	Four	ligands	on	the	edge-bridged	tetrahedron	and	three	ligands	on	the	

face-capped	tetrahedron	are	omitted	for	clarity.	
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In	many	bis-bidentate	ligands	the	direction	the	coordination	vectors	are	arranged	is	at	

90°	 to	 the	 directionality	 of	 linker	 component,	 which	 means	 when	 the	 ligands	

coordinate,	in	a	facial	tris-	fashion,	to	an	octahedral	metal	centre	the	ligands	propagate	

from	the	metal	at	60°	from	each	other.	This	 is	perfect	for	the	synthesis	of	tetrahedral	

cages,	but	as	may	be	inferred	from	Figure	1.9,	this	presents	a	challenge	in	synthesising	

metallosupramolecular	edge-bridged	cubes	of	[M8L12]n+	composition	from	an	octahedral	

metal	ion	and	bis-bidentate	ligands.	This	is	because	the	formation	of	tetrahedral	cages	

and	 helical	 species	 are	 entropically	 favoured	 and	 the	 distortion	 of	 the	 coordination	

sphere	 (and	 ligand)	 to	 attain	 angles	 closer	 to	 90°,	 as	 required	 in	 a	 cubic	 system,	 is	

enthalpically	disfavoured.	Ward	and	co-workers	navigated	this	issue	by	using	a	flexible	

ligand,	 which	 contained	 two	 chelating	 pyrazolyl-pyridine	 units	 connected	 to	

naphthalene-1,5-diyl	 via	 flexible	 methylene	 groups	 to	 synthesise	 a	 [M8L12]16+	 cube,	

displayed	in	Scheme	1.1.95	The	methylene	groups	allow	for	rotation	within	the	ligand	to	

reduce	the	strain	on	the	coordination	sphere	of	the	octahedral	metal	ion.	Additionally,	

there	are	extensive	p-p	stacking	 interactions	 in	the	[M8L12]16+	cubic	structure	between	

the	 naphthyl	 groups	 and	 pyrazolyl-pyridine	 groups	 of	 the	 neighbouring	 ligand,	 which	

stabilises	the	resulting	assembly.	

	
Scheme	1.1:	The	synthesis	of	a	molecular	cube	by	Ward	et	al.95	The	crystal	structure	on	the	right	is	shown	

is	space-filling	form	with	ligands	coloured	for	clarity	(anions	and	hydrogen	atoms	omitted).	
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To	 synthesise	 an	 [Fe8L12]16+	 edge-bridged	 cube,	 Nitschke	 modified	 a	 ligand	 that	 was	

used	 previously	 to	 synthesise	 a	 [Fe4L6]8+	 tetrahedral	 cage.88	 The	 directionality	 of	 the	

coordination	 vectors	 relative	 to	 the	 backbone	 of	 the	 linker	 component	 was	 changed	

from	 90°	 to	 120°,	 which	 favours	 the	 formation	 of	 a	 [Fe8L12]16+	 cube	 over	 a	 [Fe4L6]8+	

tetrahedron.96	 This	 was	 achieved	 by	 changing	 from	 a	 antiparallel	 arrangement	 of	

coordinating	 vectors	 in	 a	 ligand	 derived	 from	 a	 4,4’diimino-3,3’-bipyridine,	 which	

produced	 a	 tetrahedron,	 to	 a	 3,3’diimino-4,4’-bipyridine	 analogue.	 In	 this	 ligand,	 the	

coordination	 vectors	 deviate	 from	 the	 directionality	 of	 the	 ligand	 backbone	 by	 120°	

leading	 to	 a	 [Fe8L12]16+	 cubic	 assembly	 (Figure	 1.11).	 The	 geometric	 rearrangement	of	

coordination	vectors	induced	an	unforeseen	structural	effect,	where	the	chirality	at	the	

Fe(II)	centres	 in	the	cubic	assembly	alternate	from	Δ	to	Λ,	 lending	the	cube	a	Th	point	

symmetrical	configuration.	Whilst	generally,	[M8L12]n+	and	[M8L6]n+	cube-like	structures	

have	an	O	symmetric	point	group	with	either	Δ	or	Λ	chirality	present	at	all	eight	of	the	

metal	centres.97–99	

	

	
Figure	1.11:	The	different	orientation	of	coordination	vectors	in	related	ligands	indicated	by	arrows	and	

the	MOP	they	produce	upon	coordination	with	Fe(II).	Tetrahedron	on	the	left	with	five	ligands	omitted	and	

cube	on	the	right	with	eleven	ligands	omitted.	Figure	adapted	from	Nitschke	et	al.96	

The	 two	 MOP	 in	 Figure	 1.11	 were	 realised	 by	 subcomponent	 self-assembly.100	

Subcomponent	 self-assembly	 is	 a	 synthetic	 technique	 that	 involves	 the	 simultaneous	

formation	 of	 covalent	 and	 coordination	 bonds	 around	 a	 metal	 template	 and	 is	 an	

adaption	 of	 the	 template	 synthetic	 methods	 of	 Busch.101	 In	 the	 examples	 above	 the	

covalent	bonds	that	form	in	situ	are	the	C=N	imine	bonds,	formed	by	the	condensation	



 

	 	 	 	

	

15	

of	 the	 aldehyde	groups	 attached	ortho	 to	 the	nitrogen	atoms	of	 the	bipyridyl	 central	

component	 with	 p-toluidine.	 This	 reaction	 is	 templated	 by	 the	 transition	 metal	 ion	

which	acts	as	a	Lewis	acid	and	the	formation	of	the	imine	bonds	are	reversible,	which	

allows	the	“error-checking”	process	of	self-assembly	to	occur.	This	technique	has	been	

studied	extensively	by	Nitschke	and	others	to	produce	an	impressive	array	of	 intricate	

structures	 including:	 helicates,102	 macrocycles,103	 rotaxanes,104	 catenanes,105	 and	 a	

wealth	of	MOP.106	

	

Several	 examples	of	 face-capped	 cubic	 [M8L6]n+	 systems	with	an	octahedral	metal	 ion	

and	 a	 tetrakis-bidentate	 ligand	 have	 been	 synthesised	 via	 subcomponent	 self-

assembly.107–109	The	face-directed	approach	has	two	advantages	over	the	edge-directed	

approach	 in	 the	 formation	 of	 cubic	 systems.	 Firstly,	 it	 does	 not	 compete	 with	

entropically	favoured	smaller	species	such	as	helicates	and	tetrahedral	cages.	Secondly,	

a	face-capping	ligand	extends	to	the	centre	of	the	face	of	the	cube,	this	extension	is	at	

60°	as	preferred	by	an	octahedral	metal	 ion	with	bidentate	ligands,	as	opposed	to	the	

90°	angle	required	in	an	edge-bridged	structure.	However,	the	scarcity	of	90°	angles	in	

organic	chemistry	means	synthesising	a	square	purely	 from	organic	 ligands	 is	difficult.	

This	 is	 generally	 circumvented	 by	 using	metallo-ligands	 such	 as:	 paddle-wheels,108	 or	

porphyrins,	 like	 the	 nickel	 porphyrin	 in	 Scheme	 1.2.110	 The	 large	 cavity	 (>	 1300	 Å3)	

within	 this	 cube	 was	 found	 to	 be	 selective	 for	 C70	 over	 C60	 in	 DMF,	 highlighting	 the	

ability	of	these	systems	to	show	host-guest	behaviour.	

Scheme	1.2:	The	subcomponent	self-assembly	of	a	[Fe8L6]
16+	cubic	assembly,	where	L	is	derived	from	the	

subcomponents	2-pyridinecarboxaldehyde	and	nickel	tetrakis(4-aminophenyl)porphyrin,	synthesised	by	

Nitschke	and	co-workers.110		 	
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This	section	has	been	an	overview	of	the	synthetic	principles	most	relevant	to	the	work	

presented	 herein	 and	 accordingly,	 some	 areas	 are	 only	 touched	 upon	 briefly.	 For	 a	

detailed	 description	 on	 these	 subjects	 including:	 weak	 link	 approach,	 multi-ligand	

systems	 and	 the	 synthesis	 of	 higher	 complexity	 Platonic	 solids,	 see	 the	 following	

reviews.111–113	In	summary,	the	key	considerations	to	realising	a	metallosupramolecular	

tetrahedron	 or	 cube	 include:	 the	 directionality	 of	 all	 components	 involved,	 the	

interactions	between	them,	and	their	stoichiometry.	

1.2.3 Host-guest	behaviour	in	metal-organic	polyhedra	

The	notion	of	host-guest	chemistry,	 introduced	by	the	pioneering	work	of	Lehn,	Cram	

and	Pederson,	has	been	at	the	forefront	of	modern	supramolecular	chemistry.	In	such	

systems,	a	guest	molecule	is	selectively	encapsulated	by	a	larger	host	molecule	with	an	

internal	 cavity	 of	 a	 predesigned	 shape	 and	 size,	 which	 separates	 the	 guest	molecule	

within	a	microenvironment	from	the	bulk	phase.	The	present	study	will	focus	on	MOP	

and	their	host-guest	behaviour.	In	addition,	there	are	organic	molecular	capsules,	which	

may	be	 formed	by	hydrogen-bonding	 interactions	or	 through	dynamic	covalent	bonds	

such	as	imines.114–120	However,	these	systems	are	beyond	the	scope	of	this	thesis.	

	

A	 key	 requirement	 for	 guest	 encapsulation	 is	 a	 thermodynamic	 preference	 for	 the	

formation	of	 the	 inclusion	complex.	This	generally	occurs	due	to	a	solvophobic	effect,	

where	 the	 combination	 of	 a	 suitable	 cavity	 microenvironment	 and	 a	 comparatively	

unsuitable	solvent	encourages	the	encapsulation	of	the	guest.	The	simplest	examples	of	

this	 effect	 utilise	 water	 as	 the	 solvent	 and	 a	 MOP	 which	 provides	 a	 hydrophobic	

microenvironment	 to	 encapsulate	 a	 range	 of	 apolar	 organic	 guest	 molecules.121–123	

Hunter	 and	 Ward	 have	 illustrated	 this	 using	 two	 similar	 [Co8L12]16+	 cubic	 cages,	 one	

which	 was	 soluble	 in	 water	 and	 the	 other	 in	 acetonitrile,	 to	 bind	 a	 range	 of	 neutral	

organic	molecules.	In	the	aqueous	solvent	system	the	binding	affinity	between	host	and	

guest	 was	 found	 to	 increase	 dramatically	 compared	 to	 the	 less	 polar	 acetonitrile	

system.56	 This	 study	 established	 that	 there	 was	 an	 increase	 in	 entropy	 due	 to	 the	

desolvation	of	the	guest	molecule	and	a	subsequent	enthalpic	gain	upon	the	formation	

of	 hydrogen	 bonding	 interactions	 when	 encapsulated.	 This	 enthalpic	 gain	 upon	
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encapsulation	 is	dependent	on	 the	guest	having	 limited	hydrogen	bonding	ability	and	

that	 the	 interactions	 are	 complimentary	 to	 the	 host	 structure,	 otherwise	 it	 will	 be	

energetically	favourable	for	the	guest	to	remain	in	the	external	water	phase.	

	

Electrostatic	 interactions	 are	 an	 important	 factor	 for	 the	 encapsulation	 of	 charged	

species.	 The	 sum	 of	 the	 electrostatic	 charges	 of	 the	molecular	 components	 that	 the	

MOP	 is	 comprised	of	 impart	 a	 charged	 character	 to	 the	MOP	 framework.	 If	 the	MOP	

structure	is	cationic	an	anion	may	be	observed	to	be	encapsulated.	In	a	similar	manner,	

if	 the	 MOP	 structure	 is	 anionic	 cations	 may	 be	 encapsulated.	 Indeed,	 in	 several	

examples	 the	 counter	 ion	 within	 the	 capsule	 has	 been	 observed	 to	 play	 a	 role	 in	

templating	 the	 formation	 of	 the	 structure.124–126	 Furthermore,	 it	 has	 been	 found	 that	

with	certain	systems,	the	formation	of	the	MOP	depends	on	the	stabilising	influence	of	

the	counter	ion	within.127–129	

	

The	 guest	 selectivity	 of	molecular	 capsules	 is	 generally	 based	 on	 the	 fit	 of	 the	 guest	

molecule	within	the	host	and	hence,	the	relative	size	of	the	host	and	guest	molecule	is	a	

major	 consideration.	 Rebek	 and	 Mecozzi	 examined	 this	 with	 a	 molecular	 modelling	

approach	 in	 a	 series	 of	 hydrogen-bonded	 and	 covalently	 bonded	molecular	 capsules.	

They	proposed	 a	 formula	 for	 the	 “ideal	 fit”	 between	a	host	 and	 guest	molecule.	 This	

was	 based	 on	 a	 packing	 co-efficient	 as	 commonly	 used	 in	 crystallography,	 which	

compared	the	van	der	Waals	volume	of	the	guest	to	available	cavity	volume	within	the	

capsule.	This	 study	 found	 that	a	guest	with	a	volume	55	±	9	%	of	 the	available	cavity	

volume	of	the	host	was	optimal.130	

	

Directional	interactions	such	as	hydrogen	bonds	between	the	host	structure	and	guest	

molecule	 can	 be	 specifically	 tailored	when	 designing	 the	molecular	 components	 of	 a	

MOP	 to	 stabilise	 an	 inclusion	 complex.	 Crowley	 and	 co-workers	 synthesised	 a	 quad-

stranded	 di-palladium	 cage,131	 in	which	 two	molecules	 of	 cisplatin	were	 stabilised	 by	

hydrogen	bonding	interactions	between	the	central	nitrogen	atom	of	the	ligand	and	the	

cisplatin	 amine	 groups.	 Indeed,	 this	 encapsulation	 did	 not	 occur	 in	 the	 related	 cage	

system	where	the	hydrogen	bond	acceptor	was	removed	by	using	a	phenyl	 instead	of	
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pyridyl	 analogue.	 The	 synthesis	of	palladium	and	platinum	cages	of	 this	 topology	and	

their	 host-guest	 chemistry	 are	 an	 increasingly	 popular	 research	 area,	 for	 further	

examples	see	the	following	references.132–136	

	

The	 exposure	 of	 a	 molecular	 capsule	 containing	 a	 guest	 molecule	 to	 another	 guest	

molecule,	 for	 which	 the	 capsule	 has	 a	 higher	 bonding	 affinity,	 may	 result	 in	 guest	

exchange.	Generally,	X-ray	crystallography	experiments	show	that	the	size	of	the	portals	

of	a	capsule	are	smaller	than	the	guest	molecule.	Therefore,	the	capsule	must	distort	in	

some	 manner	 to	 allow	 guest	 exchange	 to	 occur	 and	 the	 kinetic	 barrier	 of	 guest	

exchange	will	be	related	to	this	distortion.	Figure	1.12	shows	two	possible	mechanisms	

for	guest	exchange	to	occur	by	either	 full	or	partial	dissociation	of	a	 ligand,	while	 the	

other	mechanism	 allows	 guest	 exchange	 to	 occur	 through	 the	 flexing	 of	 the	 capsule	

with	no	dissociation.	

	

	
Figure	1.12:	Possible	mechanisms	for	the	exchange	of	guests	within	a	simplified	metal-organic	

tetrahedron.		

Raymond	and	co-workers	determined	that	for	their	edge-directed	[Ga4L6]12-	tetrahedral	

cage	 system,	 a	 non-dissociative	 mechanism	 predominated	 for	 a	 range	 of	 cationic	

guests.137,138	This	was	based	on	two	key	observations.	Firstly,	no	discernible	difference	

in	guest	exchange	rates	was	observed	when	the	lability	of	the	metal	cation	was	altered	

by	replacing	Ga(III)	with	either	of	the	comparatively	inert	metal	ions	Ti(IV)	or	Ge(IV).	If	a	

dissociation	event	was	required	for	guest	exchange	it	would	be	expected	that	the	Ti(IV)	

or	Ge(IV)	analogues	would	show	markedly	slower	guest	exchange	rates.	Secondly,	it	was	

found	 that	 larger	 guest	 molecules	 slowed	 the	 rate	 of	 guest	 exchange.	 This	 further	
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indicates	that	flexing	of	the	structure	and	ordering	of	the	guest	to	fit	through	the	portal	

is	 required,	 as	 the	 limiting	 rate	 of	 ligand	 dissociation	 would	 be	 expected	 to	 be	

independent	of	guest	size.		

	

A	 quantitative	 analysis	 of	 the	 factors	 affecting	 guest	 exchange	 in	 a	 water	 soluble	

[Fe4L6]4-	 tetrahedron	 by	 Nitschke	 and	 co-workers	 established	 that	 there	 is	 a	 strong	

correlation	 between	 the	 asphericity	 (a	 measure	 for	 the	 deviation	 from	 a	 spherical	

shape)	of	a	guest	and	its	rate	of	exchange.139	If	a	guest	was	less	spherical	(i.e.	longer	and	

flatter)	 the	 rate	 of	 ingress	 was	 faster	 than	 a	 more	 spherical	 guest	 of	 comparable	

volume,	which	is	due	to	the	smaller	cross-section	requiring	a	lesser	distortion	from	the	

host.	This	allowed	a	system	to	be	designed	in	which	the	sequential	formation	of	three	

host-guest	inclusion	complexes	occurred	over	time	following	the	simultaneous	addition	

of	 the	 three	 different	 guest	 molecules;	 acetone,	 chloroform	 and	 1,3,5-trioxane,	 as	

shown	in	Figure	1.13.	

	

	
Figure	1.13:	The	sequential	formation	of	three	host-guest	complexes	over	time	from	the	simultaneous	

addition	of	three	guests	to	a	[Fe4L6]
4-	tetrahedron.	Figure	from	Nitschke	et	al.139	

This	 section	 has	 outlined	 the	 thermodynamic	 considerations	 for	 the	 formation	 and	

selectivity	 of	 host-guest	 complexes.	 These	 are	 the	 primarily	 based	 on	 solvophobic	

effects,	 electrostatic	 interactions,	 size	 complementary	 and	 the	 specific	 host-guest	

interactions	 designed	 into	 the	 system.	 The	 kinetic	 analysis	 of	 guest	 exchange	 within	

these	systems	can	be	employed	to	establish	 the	mechanism	by	which	guest	exchange	
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occurs.	 These	 are	 important	 considerations	 when	 designing	 MOP	 with	 a	 specific	

function	in	mind	such	as:	sensing,	catalysis	or	the	stabilisation	of	reactive	species.	

1.2.4 The	 physical	 and	 chemical	 effects	 of	 encapsulation	 on	 a	
guest	molecule	

The	 confinement	 of	 a	 molecule	 within	 the	 cavity	 of	 MOP	 is	 reminiscent	 of	 trapping	

substrate	 molecules	 within	 biological	 systems	 like	 enzymes.	 The	 behaviour	 of	 an	

isolated	guest	molecule	within	a	host	structure	is	different	from	that	of	a	free	molecule	

in	 solution.	 The	 number	 of	 interactions	 experienced	 by	 a	 molecule	 is	 significantly	

decreased	when	 it	 is	 trapped	within	 a	 cavity,	 compared	 to	when	 it	 exists	 in	 the	 bulk	

phase.	When	the	guest	molecule	 is	encapsulated,	 the	 interactions	experienced	by	 the	

guest	are	limited	to	host-guest	and	guest-guest	interactions,	which	can	lead	to	changes	

in	 the	guest	molecule’s	physical	 and	 chemical	properties.	 For	example,	 Fujita	 showed	

that	 upon	 encapsulation	 within	 a	 trigonal	 prism	 of	 [Pd6L6L’2]12+	 composition,	 square	

planar	Ni(II)	or	Co(II)	complexes	would	undergo	spin	crossover	from	a	LS	state	to	a	HS	

state	(Figure	1.14).140	This	spin	crossover	was	attributed	to	the	interactions	between	the	

Ni(II)	or	Co(II)	atom’s	dz2 	orbital	and	the	π	orbitals	of	the	aromatic	 ligands	of	the	cage,	

effectively	placing	the	metal	centres	in	a	pseudo	octahedral	ligand	field,	which	stabilises	

the	HS	state.	

 
Figure	1.14:	The	crystal	structure	of	two	Ni(N,N’-ethylenebis(acetylacetoneiminato)	complexes,	which	

convert	from	LS	to	HS	upon	encapsulation	with	a	trigonal	prism	Pd(II)	cage.140	The	crystal	structure	of	

white	phosphorous	encapsulated	within	a	water	soluble	[Fe4L6]
4-	tetrahedral	cage.141	
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The	microenvironment	within	a	metallosupramolecular	host	has	also	been	employed	to	

stabilise	reactive	species.142	In	2009	Nitschke	and	co-workers	demonstrated	the	impact	

that	encapsulation	has	on	the	chemical	properties	of	the	guest,	by	showing	molecules	

of	 pyrophoric	 white	 phosphorus	 could	 be	 stabilised	 within	 a	 [Fe4L6]4-	 tetrahedral	

cage.141	Fujita	utilised	an	octahedral	Pt(II)	cage	to	perform	a	“ship-in-a-bottle”	synthesis	

of	 cyclic	 siloxane	 trimers,	where	 the	 reactive	 siloxane	 trimers	were	 protected	 by	 the	

host	structure.143		

	

The	 microenvironments	 provided	 by	 the	 cavities	 within	 MOP	 have	 been	 extensively	

examined	 regarding	 catalytic	 properties,144	 where	 unlike	 traditional	 metal	 mediated	

catalysis,	 the	 rate	 enhancement	 of	 reactions	 is	 not	 due	 to	 specific	 interactions	 with	

metal	 centres,	 but	 is	 due	 to	 effectively	 increasing	 the	 concentration	 of	 substrates	 by	

encapsulating	them	within	a	host.	Additionally,	 the	restrictions	placed	on	the	size	and	

shape	 of	 the	 transition	 state	 of	 any	 reactions	 that	 occur	 within	 the	 host	 can	 have	

profound	consequences	on	the	stereochemical	outcome	of	the	reaction	and	may	lower	

the	energetic	barriers	to	the	reaction	by	pre-organising	the	subsratates.145	Fujita	found	

that	an	octahedral	Pd(II)	cage,	 in	which	 four	of	 the	eight	 faces	are	capped	by	 trigonal	

ligands,	 increased	 the	 rate	of	Diels-Alder	 reactions.146	Furthermore,	 the	encapsulation	

of	substrates	within	the	host	produced	unusual	regioselectivity	when	catalysing	a	Diels-

Alder	 reaction	 between	N-cyclohexylmaleimide	 and	 9-hydroxymethylanthracene,	 due	

to	 size	 constraints	 within	 the	 MOP.146	 The	 capsule	 enforces	 a	 configuration	 where	

malimide	 reacts	 with	 a	 terminal	 anthracene	 ring	 rather	 than	 the	 central	 ring,	 which	

results	in	the	1,4-Diels-Alder	adduct	as	the	sole	product.	Similar	cage	species	where	also	

shown	to	promote	photochemical	reactions	via	a	guest-to-host	photoinduced	electron	

transfer	process.147,148 MOP	have	also	been	employed	to	encapsulate	traditional	iridium	

catalysts	 for	 selective	C-H	activation149	and	have	been	shown	 to	promote	 the	Wacker	

oxidation	of	styrene	as	a	reverse-phase	transfer	catalyst.150	

	

Raymond	 and	 co-workers	 found	 that	 the	 presence	 of	 a	 [Ga4L6]12-	 tetrahedral	 cage	

caused	an	850-fold	 rate	enhancement	of	an	aza-Cope	rearrangement	shown	 in	Figure	

1.15.151	The	acceleration	of	the	reaction	was	determined	to	be	due	to	the	configuration	
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that	the	cavity	enforces	on	the	ammonium	cation	upon	binding.	The	position	imposed	

on	the	guest	resembles	that	of	 the	transition	state	required	for	 the	rearrangement	to	

occur.	Importantly,	the	neutral	ketone	product	has	a	lower	affinity	for	the	anionic	cage	

structure	than	the	ammonium	cation,	which	prevents	inhibition	of	the	cage	and	results	

in	high	catalytic	turnover.	Furthermore,	the	enantiomeric	resolution	of	the	tetrahedral	

cage	 to	 the	 Δ,Δ,Δ,Δ	 species	 was	 found	 to	 infer	 chirality	 to	 the	 product	 of	 the	

rearrangement	with	 an	 enantiomeric	 excesses	 of	 up	 to	 78%.152	 This	 capsule	was	 also	

found	to	promote	the	acidic	hydrolysis	of	orthoformates	even	in	basic	solution.153	In	a	

more	recent	study,	 it	was	discovered	the	cavity	of	the	tetrahedral	cage	could	catalyse	

nucleophilic	substitution	reactions	with	retention	of	stereochemistry.154	

	

	
Figure	1.15:	The	[Ga4L6]

12-	tetrahedral	cage	employed	by	Raymond	to	catalyse	the	aza-cope	

rearrangement	reaction	displayed	on	the	right.	Only	two	out	of	six	ligands	displayed	in	cage	structure	for	

clarity.151		

1.3 Spin	crossover	

1.3.1 Overview	and	experimental	techniques	to	elucidate	SCO	

Spin	 Crossover	 (SCO)	 is	 a	 phenomenon	 in	 which	 a	 compound	 containing	 a	 transition	

metal	with	a	3d4-7	electronic	configuration	switches	between	the	low-spin	(LS)	and	high-

spin	(HS)	states.	The	spin	switching	of	a	SCO	compound	may	be	induced	by	an	external	

stimulus	including:	a	change	in	temperature	or	pressure,	irradiation	with	light,	or	by	the	

adsorption/desorption	of	 solvents	and	gases	 into	porous	SCO	materials.	 SCO	was	 first	

discovered	by	Cambi	et	al.	 in	the	1930s155,156	and	since	then	research	 into	the	field	of	
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SCO	has	been	very	popular.	Much	of	this	research	has	been	conducted	on	Fe(II),157	as	is	

the	 case	 in	 the	 present	 study.	 Therefore,	 the	 focus	 of	 this	 section	 will	 be	 on	 Fe(II)	

containing	 compounds.	 However,	 SCO	materials	 containing	 Fe(III)	 and	 Co(II)	 are	 also	

found	in	the	 literature158,159	and	there	are	also	rarer	examples	of	SCO	materials	which	

contain	Ni(II),	Co(III),	Mn(II),	Mn(III)	or	Cr(II)	transition	metal	ions.160	

	

When	an	Fe(II)	 ion	 is	placed	 in	an	octahedral	crystal	 field	the	3d-orbitals	are	split	 into	

the	 lower	 energy	 non-bonding	 t2g	 orbitals	 and	 the	 higher	 energy	 anti-bonding	 eg	

orbitals.	 The	 energy	 gap	 between	 these	 two	 sets	 of	 orbitals	 is	 called	 the	 ligand	 field	

splitting	 parameter	 (Δo)	 and	 is	 dependent	 on	 the	 ligand-field	 strength	 of	 the	

coordinating	 ligands.	 The	 coordination	 of	 a	 strong-field	 ligand	 results	 in	 a	 large	 Δo	

between	orbital	subsets,	where	a	weak-field	ligand	will	result	in	a	coordination	complex	

with	a	smaller	Δo.	The	magnitude	of	the	Δo	relative	to	the	spin-pairing	energy,	denoted	

P,	determines	the	manner	 in	which	the	d-electrons	will	occupy	the	t2g	and	eg	orbitals.	

The	 spin-pairing	 energy	 is	 the	 energetic	 penalty	 incurred	 by	 two	 electrons	 occupying	

one	orbital	 due	 to	 the	Coulombic	 repulsion	between	 them,	where	 the	 size	 of	P	 is	 an	

intrinsic	 property	 of	 the	 metal	 centre.	 In	 the	 case	 of	 an	 octahedral	 Fe(II)	 complex	

coordinated	with	strong-field	ligands	such	as	[Fe(CN)6]4-,	Δo	is	considerably	larger	than	P	

and	 it	 is	 favourable	 for	 the	 d6	 electrons	 to	 occupy	 the	 t2g	 orbitals	 in	 accordance	 to	

Hund’s	rule	as	shown	in	Figure	1.16.	This	results	in	a	coordination	complex	in	the	LS	1A1	

state	with	 zero	unpaired	 spins	 (S	 =	0)	which	 is	diamagnetic.	Alternatively,	 if	 the	Fe(II)	

centre	is	coordinated	with	weak-field	ligands,	as	is	the	case	with	the	hexa-aqua	complex	

[Fe(H2O)6]2+,	 the	 Δo	 energy	 is	 lower	 than	 P	 and	 it	 is	 energetically	 favourable	 for	 the	

electrons	 to	 fill	 the	 orbitals	 in	 accordance	 with	 the	 Pauli	 Exclusion	 principle.	 The	

coordination	 complex	 will	 therefore	 have	 a	 HS	 5T2	 (eg2	t2g4)	 d6	electron	 configuration	

with	four	unpaired	spins	(S	=	2)	and	is	paramagnetic.	
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Figure	1.16:	A	crystal	field	splitting	diagram	for	a	d6	transition	metal	ion	showing	the	two	possible	spin	

states	and	the	electronic	configuration	of	each.	Figure	adapted	from	Goodwin	et	al.157	

A	judicious	choice	of	ligands	will	give	a	Δo	value	that	is	comparable	to	P,	which	leads	to	

complexes	with	a	labile	electronic	configuration	in	which	both	the	HS	and	LS	electronic	

states	 are	 accessible	 through	 external	 perturbation.	 For	 a	 particular	 SCO	 octahedral	

Fe(II)	compound,	the	enthalpy	associated	with	the	LS	state	is	slightly	lower	than	that	of	

its	HS	state	in	its	equilibrium	geometry.	Therefore,	at	low	temperatures	the	LS	state	is	

energetically	 favoured,	while	at	high	 temperature	 the	HS	state	 is	 favoured	due	to	 the	

larger	associated	entropy.	The	zero-point	energy	difference	(ΔE0HL)	between	the	HS	and	

LS	in	such	a	compound	is	approximately	equal	to	kBT	where	kB	is	Boltzmann’s	constant,	

allowing	for	thermally	induced	SCO.	

	

The	 dramatic	 changes	 to	 the	 chemical,	 physical	 and	 structural	 properties	 that	

accompany	 a	 SCO	 transition	 in	 an	 octahedral	 Fe(II)	 SCO	 material	 are	 the	 primary	

reasons	why	research	has	been	predominantly	focused	on	Fe(II).	The	SCO	behaviour	of	

a	 material	 can	 be	 tracked	 by	 measuring	 the	 magnetic	 susceptibility	 using	 a	

Superconducting	 Quantum	 Interference	 Device	 (SQUID),	 a	 sensitive	 magnetometer	

which	 may	 be	 cooled	 to	 liquid	 helium	 temperatures.161	 The	 values	 reported	 in	 this	
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thesis	 are	 cT	where	 the	 molar	 magnetic	 susceptibility	 is	 expressed	 as	 a	 function	 of	

temperature	in	Kelvin.	This	parameter	is	sometimes	represented	as	cMT	in	the	literature	

and	can	be	converted	into	γHS,	the	high	spin	fraction	of	the	sample	which	ranges	from	1	

(completely	HS)	to	0	(completely	LS).	The	T1/2	term	refers	to	the	temperature	at	which	

half	the	Fe(II)	centres	within	the	sample	are	HS	and	half	are	LS.	Mössbauer	spectroscopy	

is	another	useful	diagnostic	 tool,162	as	 it	allows	determination	of	 the	ratio	of	HS	to	LS	

fractions	 within	 a	 sample	 while	 simultaneously	 providing	 information	 regarding	 the	

oxidation	 state	 of	 the	 iron	 centre.	 Although	 no	 samples	 presented	 in	 this	 thesis	 are	

analysed	with	Mössbauer	 spectroscopy,	 relevant	 examples	 from	 the	 literature	will	 be	

discussed.	

	

SCO	of	Fe(II)	compounds	can	be	visually	observed	 in	the	solid	or	solution	phase,	as	LS	

Fe(II)	 complexes	 are	 generally	 considerably	 darker	 in	 colour	 than	 HS	 Fe(II).	 This	

thermochromic	 behaviour	 of	 SCO	 Fe(II)	 compounds	make	 them	 suitable	materials	 to	

analyse	with	 spectroscopic	methods	 such	 as	 surface	 reflectivity	measurements	 in	 the	

solid	 state	 and	 variable	 temperature	 UV-vis	 spectroscopy	 as	 dilute	 solutions.	 The	 LS	

state	has	a	characteristic	absorption	band	 in	 the	visible	 region	due	 to	a	 1A1	®	 1MLCT	

transition,	while	the	HS	species	has	a	distinguishing	absorption	band	in	the	near	infrared	

region	(NIR)	caused	by	a	5T2	®	5E	transition.163	Monitoring	the	relative	intensity	of	these	

absorptions	as	the	temperature	 is	varied	affords	 information	about	the	distribution	of	

spin	states	present	in	the	sample.	

	

The	ongoing	 development	 of	 single-crystal	 X-ray	 diffraction	 analysis	 has	 greatly	 aided	

chemists	studying	SCO,	particularly	as	there	are	significant	changes	in	the	coordination	

geometry	 at	 the	 Fe(II)	 centre.	A	 SCO	Fe(II)	 complex	 in	 the	 LS	 state	 typically	has	 Fe–N	

bond	lengths	below	2	Å,	whilst	an	experiment	performed	on	the	analogous	HS	complex	

will	exhibit	Fe–N	bond	 lengths	that	have	expanded	to	around	2.2	Å.164	This	expansion	

occurs	as	two	of	the	d6	electrons	now	occupy	the	anti-bonding	eg	orbitals.	Additionally,	

the	distortion	away	 from	 the	 idealised	octahedral	 symmetry	 increases.	This	distortion	

can	be	quantified	by	calculating	the	S	parameter	using	the	equation	 in	Figure	1.17.164	

The	value	of	S	is	calculated	as	the	sum	of	the	deviations	of	the	cis	angles	away	from	the	
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ideal	 90°	 i.e.	 a	 perfect	 octahedral	 geometry	 would	 have	 a	 S	 value	 equal	 to	 0°.	 This	

parameter	 can	 be	 used	 to	 indicate	 if	 a	 SCO	 has	 occurred	 in	 a	 variable	 temperature	

single	 crystal	 X-ray	 experiment	 on	 a	 SCO	 Fe(II)	 complex.	 A	 SCO	 Fe(II)	 complex	 crystal	

structure,	which	was	collected	at	low	temperature	and	found	to	be	in	the	LS	state,	will	

have	a	lower	S	parameter	and	shorter	Fe–N	bond	lengths	than	the	analogous	structure,	

collected	at	a	suitably	higher	temperature,	where	the	Fe(II)	exists	in	the	HS	state.	

 
Figure	1.17:	The	equation	used	to	calculate	the	S	parameter	that	is	used	to	quantify	the	distortion	of	an	

octahedral	coordination	sphere	away	from	the	ideal	octahedral	geometry.164	

In	addition	to	valuable	structural	insights	into	the	coordination	sphere	around	an	Fe(II)	

centre,	 analysis	 of	 single-crystal	 X-ray	 diffraction	 data	 provides	 information	 regarding	

the	interactions	between	Fe(II)	centres	in	the	crystal	lattice.	This	structural	analysis	may	

provide	 an	 explanation	 for	 the	 magnetic	 behaviour	 observed	 for	 a	 bulk	 material.	

Systems	 that	 contain	 strong	 supramolecular	 interactions	 between	 Fe(II)	 centres	

generally	 exhibit	 high	 cooperativity	 when	 switching	 between	 spin	 states,	 whilst	

materials	with	fewer	or	weaker	interactions	exhibit	low	cooperativity.	Figure	1.18	gives	

some	examples	of	potential	spin	crossover	curves	in	which	the	high	spin	fraction	of	the	

sample	γHS	is	 plotted	as	 a	 function	of	 temperature.	 Figure	1.18	a)	describes	a	 gradual	

SCO	 curve	 in	 which	 there	 is	 low	 cooperativity	 between	 Fe(II)	 centres.	 Figure	 1.18	 b)	

represents	a	system	with	high	cooperativity	in	which	the	material	undergoes	an	abrupt	

conversion	from	HS	to	LS	or	vice	versa	while	an	abrupt	hysteretic	spin	transition	curve	is	

shown	 in	 Figure	 1.18	 c).	 Hysteretic	 behaviour	 arises	 due	 to	 bistability	 where	 the	

compound	 can	 exist	 in	 two	 different	 states	 at	 one	 temperature,	 inferring	 that	 such	

compounds	 have	 memory.	 It	 is	 thought	 that	 such	 materials	 may	 find	 practical	

applications	in	data	storage	or	displays.165	Figure	1.18	d)	shows	a	two-step	SCO	curve,	as	
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the	 temperature	 is	 decreased	 half	 the	 Fe(II)	 centres	 are	 converted	 into	 the	 LS	 state,	

after	which	there	 is	a	plateau	before	the	rest	of	 the	SCO	centres	undergo	a	transition	

into	 the	 LS	 state.	 Finally,	 an	 incomplete	 SCO	conversion	 is	displayed	 in	 Figure	1.18	e)	

where	at	low	temperatures	there	is	still	a	residual	HS	contribution,	inferring	that	there	

are	still	HS	Fe(II)	centres	present.	

	

 
Figure	1.18:	Representations	of	the	principle	types	of	spin	transition	curves,	where	γHS	is	the	high	spin	

fraction	and	T	is	temperature.	a)	gradual;	b)	abrupt;	c)	abrupt	with	hysteresis;	d)	two-step	transition;	e)	

incomplete.	Figure	adapted	from	Goodwin	et	al.166	

1.3.2 Factors	 affecting	 SCO	 behaviour:	 ligand	 field	 strength	
considerations	and	crystal	lattice	interactions	

As	alluded	to	earlier,	the	two	main	factors	that	affect	SCO	behaviour	are	the	ligand	field	

strength	 and	 the	 structural	 interactions	 between	 the	 Fe(II)	 centres	within	 the	 crystal	

lattice.	 The	 following	 discussion	will	 focus	 on	 ligand	 field-strength	 considerations	 and	

where	relevant	 the	crystal	 lattice	effects	will	be	discussed	by	using	selected	examples	

from	the	 literature.	Many	Fe(II)	complexes	with	a	 {N6}	coordination	sphere	have	been	

discovered	that	display	SCO	properties.166	The	current	study’s	 focus	 is	 the	on	the	 tris-

imine-imidazole	 coordination	 motif	 and	 discussion	 on	 other	 ligands	 types	 will	 be	

limited.	 For	 further	 examples	 and	 discussion	 the	 reader	 is	 directed	 to	 the	 following	

references.167–170		

	

One	 approach	 to	 designing	 a	 ligand	 with	 suitable	 ligand	 field	 strength	 for	 SCO	 is	 to	

strategically	add	steric	bulk	to	a	ligand	which	is	known	to	produce	LS	Fe(II)	compounds	
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upon	coordination.	For	example,	the	complex	[Fe(bpy)3]2+	 is	a	LS	Fe(II)	complex,	whilst	

the	 [Fe(mbpy)3]2+	 displays	 gradual	 SCO	 behaviour	 due	 to	 the	 added	 steric	 bulk	

weakening	 the	 ligand	 field	 strength	 (Figure	 1.19).171	 However,	 when	 the	 analogous	

synthesis	was	 attempted	with	 (6,6’-dmbpy),	 the	 tris-coordinated	 Fe(II)	 complex	 could	

not	be	 isolated,172	presumably	due	to	steric	crowding.	Methyl	substitution	at	the	3,3’-	

positions	 of	 bpy	 also	 decreases	 the	 ligand	 field	 strength	 to	 produce	 a	 SCO	 complex	

when	complexed	to	Fe(II)	with	a	HS	state	that	is	accessible	above	250	K,	as	the	methyl	

groups	create	a	 twist	 through	 the	backbone	of	 the	 ligand	which	weakens	both	 the	σ-	

and	π-interactions	with	the	Fe(II)	centre.173		

 

 
Figure	1.19:	Ligands	discussed	in	the	text	above	from	left	to	right:	2,2’-bipyridine	(bpy),	6-methyl-2,2’-

bipyridine	(mbpy),	6,6’-dimethyl-2,2’-bipyridine	(6,6’-dmbpy)	and	3,3’-dimethyl-2,2’-bipyridine	(3,3’-

dmbpy).	

When	 an	 imidazole	 group	 is	 used	 in	 the	 place	 of	 pyridine	 the	 ligand	 field	 strength	 is	

weakened,	 as	 the	 change	 in	 bite	 angle	 creates	 a	 distortion	 away	 from	 octahedral	

geometry.	 2-(2’-Pyridyl)-imidazole	 (Figure	1.20),	when	 coordinated	 in	 a	 tris	 fashion	 to	

Fe(II),	confers	SCO	behaviour	with	a	gradual	SCO	transition	with	a	T1/2	recorded	above	

room	temperature.174	Various	isomers	of	this	form	have	been	synthesised	to	produce	a	

range	of	complexes	that	display	SCO	behaviour.175	However,	an	Fe(II)	metal	centre	that	

is	 tris	 coordinated	 with	 2,2’-biimiadazole	 is	 exclusively	 HS,176	 highlighting	 that	 subtle	

changes	in	ligand	structure	influence	SCO	behaviour.	

 
	

Figure	1.20:	The	ligands	2-(2’-Pyridyl)-imidazole	and	2,2’-biimiadazole.	
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Matsumoto	 and	 Tuchagues	 adapted	 this	 approach	 via	 the	 synthesis	 of	 hexadentate	

tripodal	 ligands	 that	 contain	 three	bidentate	 Schiff-base	 imine-imidazole	 coordination	

motifs.177	This	family	of	ligands	was	expanded	by	Brewer	et	al.	to	create	an	impressive	

array	 of	 ligands	 (Figure	 1.21).178,179	 The	 ligands	 were	 formed	 by	 a	 simple	 1:3	

condensation	 reaction	 between	 tris-(2-aminoethyl)amine	 and	 a	 variety	 of	 imidazole-

carboxaldehydes.	 Subsequent	 complexation	 with	 a	 range	 of	 Fe(II)	 salts	 generated	 a	

variety	of	complexes	that	displayed	SCO.	Variable	temperature	magnetic	susceptibility	

and	 Mössbauer	 studies	 revealed	 that	 the	 SCO	 behaviour	 varied	 depending	 on	 the	

imidazole	 functionality,	 which	 allowed	 for	 tuning	 of	 the	 ligand	 field	 strength.	 In	

addition,	the	protonation	state	of	the	ligands	could	be	varied	by	the	addition	of	sodium	

hydroxide,	which	provided	access	to	mixed	valence	Fe(II)	and	Fe(III)	systems.180	

 

 
Figure	1.21:	Tripodal	hexadentate	ligands	containing	imine-imidazole	coordination	motifs.	

The	relative	ligand	field	strengths	for	the	five	of	these	ligands	was	determined	as:	LA	>	LB	

=	H3LC	>	H3LD	>	H3LE.	The	Fe(LA)2+	complex	is	exclusively	LS	while	the	other	four	ligands	

produce	 SCO	 Fe(II)	 complexes.	 This	 work	 was	 conducted	 by	 Brewer	 and	 co-workers	

using	 Mössbauer	 spectroscopy	 to	 examine	 and	 compare	 the	 magnetic	 behaviour	 in	

Fe(II)	 and	 Fe(III)	 complexes.181	 The	 ligand	 H3LF,	 which	 was	 not	 included	 in	 Brewer’s	

analysis,	would	be	anticipated	 to	have	 the	weakest	 ligand	 field	 strength	due	 to	 steric	
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congestion.	Indeed,	the	complex	was	first	synthesised	as	[FeH3LF](NO3)2	by	Matsumoto	

and	co-workers	and	was	found	to	be	HS	even	at	5	K.182	A	series	of	studies	focused	on	

this	[FeH3LF]2+	complex	revealed	the	extent	the	magnetic	behaviour	of	this	system	was	

influenced	not	only	by	 the	protonation	state	of	 the	H3LF	ligand,	but	by	 the	size	of	 the	

anion	the	complex	was	crystallised	with	and	the	 interactions	within	the	crystal	 lattice.	

[FeH3LF]2+	was	 synthesised	 and	 reported	 as	 the	 [FeH3LF](I)2	 and	 [FeH3LF](Cl·I3)	 salts,183	

which	were	magnetically	 characterised	as	exclusively	HS	and	SCO	active,	 respectively.	

Subsequently,	a	 range	of	 salts	of	 the	 formula	 [FeH3LF](Cl·X),	where	X	=	 I3–,	PF6–,	AsF6–,	

SbF6–	 or	 CF3SO3
–	 were	 synthesised.184	 Upon	 inspection	 of	 crystal	 structure	 of	

[FeH3LF](Cl·I3),	the	role	of	the	Cl–	anion	becomes	apparent.	The	Cl–	ion	not	only	balances	

the	charge	but	hydrogen	bonds	to	three	 imidazole	NH	groups	on	adjacent	complexes,	

which	 facilitates	 the	 formation	 of	 2D	 sheets	 comprised	 of	 alternating	 up-down	

complexes	of	opposing	chirality	as	shown	in	Figure	1.22.		

	

	
Figure	1.22:	Crystal	structure	of	[FeH3LF]Cl·I3	highlighting	the	2D	sheet	structure	formed	via	imidazole-

chloride	hydrogen	bonding	interactions	shown	in	green	(non-involved	hydrogen	atoms	and	counter-ions	

omitted	for	clarity).183	

The	 variable	 temperature	 magnetic	 susceptibility	 traces	 for	 the	 [FeH3LF](Cl·X)	

compounds	 was	 found	 to	 vary	 significantly	 depending	 on	 the	 second	 anion	 X.	 The	

[FeH3LF](Cl·CF3SO3)	 compound	 displayed	 abrupt	 SCO	 and	 hysteretic	 behaviour,	 with	 a	

hysteretic	 loop	 4	 K	 wide	 centred	 at	 82	 K.	 The	 variable	 temperature	 magnetic	

susceptibility	 for	 the	 [FeH3LF](Cl·SbF6)	 compound	 revealed	a	 complete	SCO	conversion	
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with	a	T1/2	value	centred	at	117	K	as	displayed	 in	Figure	1.23	a.	This	SCO	behaviour	 is	

comparable	to	the	previously	reported	[FeH3LF](Cl·I3)	complex	which	had	a	T1/2	value	of	

110	 K.183	 The	 [FeH3LF](Cl·PF6)	 salt	was	 found	 to	 undergo	 incomplete	 SCO	displayed	 in	

Figure	 1.23	 b,	 the	 initial	 transition	 occurs	 abruptly	 with	 a	 T1/2	 value	 equal	 to	 122	 K.	

However,	 below	 110	 K	 the	 magnetic	 susceptibility	 value	 remains	 1.8	 cm3	 K	 mol-1,	

indicating	that	half	the	Fe(II)	centres	in	the	material	are	HS	and	half	are	LS,	hence	this	is	

described	as	a	 [HS	+	LS]/2	state.	X-ray	crystallography	at	93	K	 revealed	 that	 the	Fe–N	

bond	 lengths	of	Fe(II)	 complexes	with	Δ	configuration	were	consistent	with	HS,	whilst	

the	complexes	with	Λ	configuration	had	Fe–N	bond	lengths	consistent	with	a	LS	state.	A	

later	 contribution	 by	 the	 same	 authors	 reported	 a	 series	 of	 isostructural	 SCO	

[FeH3LF](Br·X)	compounds,	which	also	displayed	SCO	behaviour.185	

	

	
Figure	1.23: cT	vs.	T	plots	for	the	complexes:	a)	[FeH3LF](Cl·SbF6);	b)	[FeH3LF](Cl·PF6).	Upward	triangles	

represent	the	heating	mode	and	downward	triangles	represent	the	cooling	mode,	scan	rate	1	K	min-1.183		

In	 addition	 to	 the	 [FeH3LF]2+	 complex,	 the	 triply	 deprotonated	 complex	 [FeLF]–	 was	

synthesised	and	crystallised	in	a	1:1	ratio	with	the	“protonated”	complex	[FeH3LF]2+	and	

one	PF6–	anion.186	Analysis	of	the	single-crystal	structure	of	{[FeLF][FeH3LF]PF6}	revealed	

that	 the	structure	 is	comprised	of	extended	homochiral	2D	sheets,	 linked	 together	by	

imidazole-imidazolate	 hydrogen	 bonds,	 where	 the	 tripod-like	 [FeLF]–	 and	 [FeH3LF]2+	

complexes	 are	 alternately	 arranged	 in	 an	 up-and-down	 fashion.	 The	 variable	

temperature	 magnetic	 susceptibility	 measurements	 of	 the	 imidazole-imidazolate	

{[FeLF][FeH3LF]PF6}	compound	revealed	a	two-stepped	SCO	curve,	shown	in	Figure	1.24.	

At	300	K	both	the	Fe(II)	centres	are	[HS–HS],	the	plateau	region	centred	around	200	K	
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indicates	 that	 the	 deprotonated	 [FeLF]–	 component	 has	 spin-switched	 and	 the	

compound	is	[LS–HS],	while	below	120	K	the	[FeH3LF]2+	component	 is	also	switched	to	

give	a	[LS–LS]	spin	system.	This	neatly	demonstrates	the	electronic	effects	that	need	to	

be	considered	when	designing	a	ligand.	The	deprotonated	electron	rich	LF3–	ligand,	upon	

coordination	 to	 Fe(II),	 stabilises	 the	 LS	 electronic	 configuration,	 which	 makes	 the	 LS	

state	 accessible	 at	 higher	 temperatures	 than	 the	 protonated	 triply	 protonated	

[FeH3LF]2+	 complex.	 There	 has	 been	 an	 extensive	 series	 of	 studies	 on	 this	 family	 of	

tripodal	 Fe	 compounds.187–190	 The	 two	 systems	 discussed	 here,	 [FeH3LF](Cl·X)	 and	

{[FeLF][FeH3LF]PF6},	 illustrate	 the	 significant	 effects	 that	 the	 interactions	 within	 the	

crystal	lattice	and	the	electronic	nature	of	the	ligand	can	have	on	the	SCO	properties	of	

the	material.	

 
Figure	1.24:	cT	vs.	T	plots	for	the	complex	[FeLF][FeH3LF]PF6,	upward	triangles	represent	the	heating	mode	

and	downward	triangles	represent	the	cooling	mode,	scan	rate	1	K	min-1.186	

The	 imine-imidazole	 motif	 used	 in	 the	 hexadentate	 tripodal	 ligands	 was	 adapted	 to	

create	 bidentate	 ligands	 which	 coordinate	 in	 a	 tris-	 fashion	 to	 Fe(II)	 to	 realise	 SCO	

complexes.	Examples	of	such	systems	utilise	isomeric	forms	of	the	two	ligands	shown	in	

Figure	 1.25,	 which	 have	 been	 synthesised	 by	 Matsumoto,191–193	 Kruger194–196	 and	

others.197–199	 The	 SCO	 properties	 of	 the	 Fe(II)	 complexes,	 like	 their	 tripodal	 counter	

parts,	 reported	 so	 far	 have	 been	 diverse.	 The	 nature	 of	 the	 SCO	 behaviour	 of	 these	

compounds	 is	 affected	 by:	 the	 position/presence	 of	 the	 methyl	 substitution,	 the	

position	of	the	non-coordinating	nitrogen	atom	in	the	imidazole	and	the	nature	of	the	R	
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group.	 These	materials	 have	 been	 shown	 to	 undergo	 thermally	 activated	 SCO	 and	 in	

some	cases,	“Light-Induced	Spin-State	Trapping”	(LIESST)	due	to	photoexcitation.	

	

 
Figure	1.25:	Ligands	containing	imine-imidazole	motifs.	

1.3.3 Photo-induced	SCO	and	the	LIESST	effect	

Aside	 from	 thermally	 induced	 SCO,	 changes	 in	 pressure	 or	 light	 irradiation	may	 also	

induce	 SCO.	 When	 pressure	 is	 applied	 to	 a	 material	 containing	 SCO	 centres	 the	 LS	

configuration	 with	 contracted	 ligand-metal	 bond	 lengths	 is	 energetically	 favoured,	

However,	such	work	is	beyond	the	scope	of	this	introduction	and	the	reader	is	directed	

to	 the	 following	 reference.200	 It	 was	 shown	 by	 McGarvey201,202	 that	 complexes	

containing	 Fe(II)	 and	 Fe(III)	 could	 be	 excited	 from	 the	 LS	 state	 into	 the	 HS	 state	 by	

pulsed	 laser	 sequences	 in	 solution.	 It	 was	 then	 discovered	 that	 at	 very	 low	

temperatures	 that	 the	 HS	 state	 can	 be	 “trapped”	 following	 photoexcitation	 of	 the	

sample.	This	phenomenon	 is	described	as	 “Light-Induced	Excited	Spin-State	Trapping”	

(LIESST).203,204	Complexes	that	display	LIESST,	upon	irradiation	of	light,	are	excited	from	

LS	1A1	singlet	ground	state	into	the	ligand-based	1T1	and	1T2	states,	which	quickly	decay	

in	two	intersystem	crossing	processes	to	the	triplet	states,	3T1	and	3T2,	and	finally	to	the	

HS	 5T2	 state.	 The	 decay	 of	 the	 5T2	back	 into	 the	 1A1	state	 is	 strongly	 spin	 forbidden,	

therefore,	at	low	temperature	the	metastable	HS	state	is	stable	or	“trapped”,	and	as	the	

sample	 is	 heated	 it	 will	 thermally	 relax	 back	 to	 the	 LS	 state.	 Research	 into	 this	

phenomenon	has	focused	on	increasing	the	stability	of	the	excited	HS	state,	with	most	

examples	of	LIESST	only	occurring	below	60	K	and	a	few	materials	with	HS	states	stable	

up	to	100	K.205–207	

	

Kruger	et	 al.	 synthesised	 a	 photo-magnetically	 active	 complex	with	 a	 variation	 of	 the	

H3LG	ligand	where	R	=	4-methoxybenzene,	referred	to	here	as	H3LG*.194	A	single-crystal	
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X-ray	diffraction	experiment	at	116	K	determined	that	three	H3LG*	ligands	coordinated	

in	 meridional	 arrangement	 about	 the	 Fe(II),	 with	 two	 ClO4
–	 anions.	 The	 Fe–N	 bond	

lengths	 at	 this	 temperature	 were	 consistent	 with	 a	 LS	 configuration.	 Variable	

temperature	magnetic	susceptibility	measurements	revealed	the	complex	undergoes	an	

abrupt	thermally	 induced	transition	with	a	T1/2	value	at	158	K	(Figure	1.26).	 Irradiation	

of	the	sample	with	red	light	at	10	K	produced	a	pronounced	LIESST	effect	where	the	HS	

state	is	quantitatively	restored	after	3.5	hours	and	heating	to	16	K.	As	the	sample	was	

heated	to	52	K	it	thermally	relaxes	to	its	LS	state.	This	example	demonstrates	the	ability	

of	 imine-imidazole	 systems	 to	 display	 photo-magnetic	 behaviour,	 supporting	 other	

reports	of	the	phenomenon	in	related	systems.208	

	

	
Figure	1.26:	Left)	X-ray	crystal	structure	of	[Fe(H3LG*)3](ClO4)2		(anions	and	hydrogen	atoms	omitted	for	

clarity).	Right)	The	cT	vs.	T	plot	showing	the	LIESST	effect	when	irradiated	with	red	light	(red	dots).194	

1.3.4 SCO	 in	 multinuclear	 discrete	 complexes	 and	 the	 imine-
imidazole	coordination	motif	

As	 discussed	 earlier,	 cooperativity	 between	 Fe(II)	 centres	 can	 result	 in	materials	 that	

display	sought-after	SCO	behaviour	such	as	abrupt	conversion	between	spin	states	and	

hysteresis.	 Systems	 with	 high	 cooperativity	 generally	 contain	 strong	 interactions	

between	Fe(II)	 centres	which	allow	 for	 this	 “communication”	 to	occur.	 Intramolecular	

interactions	between	Fe(II)	centres	enable	direct	communication,	which	has	produced	

polymeric	 materials	 with	 elegant	 SCO	 properties	 such	 as	 the	 1,2,4-triazole	 polymers	

investigated	 by	 Kahn168,209	 and	 the	 2D	 Hoffman	 layers	 studied	 by	 Kepert.210–212	
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Intermolecular	 interactions	 between	 discrete	molecules	 including:	 hydrogen	 bonding,	

p-p	interactions	and	anion/cation-p	interactions	have	also	been	effectively	employed	to	

produce	materials	with	 desirable	 SCO	 properties.213–215	When	 analysing	 the	magnetic	

properties	 of	 crystalline	 discrete	 polynuclear	 assemblies	 both	 the	 intra-	 and	 inter-

molecular	interactions	between	the	Fe(II)	centres	must	be	considered.	An	advantage	of	

polynuclear	species	is	the	potential	to	be	able	to	switch	between	more	combinations	of	

states	(i.e.	multi-stepped	SCO)	as	they	contain	more	than	one	Fe(II)	ion	per	molecule,216	

which	 could	 produce	 applications	 capable	 of	 complex	 logical	 operations.	 In	 solution	

based	 studies,	 the	 intermolecular	 interactions	 are	 mitigated,	 allowing	 the	 SCO	

behaviour	in	solution	to	be	rationalised	purely	by	the	intramolecular	interactions.217	In	

the	 case	 of	 discrete	 polyhedral	 species,	 solution	 based	 experiments	 can	 be	 used	 to	

show	SCO	behaviour	that	is	influenced	by	host-guest	chemistry.218,219	

	

In	the	pursuit	of	multi-stepped	SCO,	di-nuclear	triple	helicates	incorporating	tris-imine-

imidazole	 coordination	 motifs	 have	 been	 synthesised	 by	 Matsumoto	 and	 co-

workers,220,221	where	 the	 two	 chelating	 sites	 are	 linked	 by	 an	 azine	 group	which	 also	

provides	the	two	imine	nitrogen	atoms.	Variations	in	the	methyl	substitution	pattern	on	

the	 4-imineimidazole	 created	 variations	 in	 the	 magnetic	 behaviour.	 Helicates	 with	 a	

methyl	substitution	in	either	the	2	or	5	position	were	exclusively	[LS–LS],	whilst	 in	the	

non-methyl	 substituted	 ring	 system	 a	 reversible	 [HS-HS]	®	 [HS–LS]	 transition	 was	

observed	on	 cooling.	Hannon	et	 al.	 synthesised	 a	di-nuclear	 triple	helicate	where	 the	

ligand	was	prepared	by	the	condensation	of	two	equivalents	of	4-formylimidazole	and	

one	 equivalent	 4,4’-methylenedianiline.197	 Initially	 the	 magnetic	 behaviour	 in	 the	

cooling	 mode	 was	 described	 as	 [HS-HS]	®	 [HS–LS]	®	 [LS–LS],	 implying	 tri-stability.	

However,	this	was	reviewed	using	Mössbauer	spectroscopy	to	be	[HS-HS]	®	([HS–HS]	+	

[HS–LS])/2	®	([HS–HS]	+	[LS–LS])/2	by	Gütlich	and	co-workers.222	The	Kruger	group	has	

reported	 similar	 di-nuclear	 triple	 helicates.195,196	 In	 this	 case,	 a	 ligand	 system	

synthesised	from	two	equivalents	of	1-methyl-2-formylimidazole	and	one	equivalent	of	

4,4’-oxydianiline	 was	 utilised.	 Two	 solvates	 (MeCN	 and	 H2O)	 of	 this	 helicate	 are	

reported,	 one	 exhibits	 complete	 [HS-HS]	↔	[LS–LS]	 thermal	 SCO	 behaviour	 and	 a	

quantitative	 LIESST	 effect	 and	 the	 other	 a	 partial	 SCO	 from	 [HS-HS]	↔	[HS–LS].	 These	
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differences	were	ascribed	to	differences	in	the	intermolecular	interactions	between	the	

solvates.	 The	 helicate	 examples	 discussed	 here	 show	 the	 propensity	 of	 polynuclear	

complexes	to	display	multi-stepped	SCO	behaviours	and	hint	at	what	could	potentially	

be	achieved	with	MOP	of	higher	nuclearity.		

	

There	are	many	examples	of	 impressive	multinuclear	architectures	that	 incorporate	LS	

Fe(II)	centres	coordinated	with	tris-pyridyl-imine	motifs	formed	via	subcomponent	self-

assembly.62,70,109,122	 The	 same	method	may	 be	 adapted	 to	 produce	 large	 polynuclear	

assemblies	 containing	 Fe(II)	 SCO	 centres	 by	 utilising	 the	 various	 tris-imine-imidazole	

coordination	 motifs.	 In	 the	 last	 5	 years,	 large	 multinuclear	 SCO	 complexes	 such	 as	

tetrahedral	cages	and	cubes,	have	been	synthesised	by	this	approach.218,219,223,224		

	

Kruger	 et	 al.	 reported	 a	 tris-imine-imidazole	 coordinated	 face-capped	 [Fe4L4]8+	

tetrahedral	 cage	 complex	 formed	 by	 subcomponent	 self-assembly	 with	 an	 anion	

encapsulated,	 see	 Figure	 1.27,	 which	 undergoes	 SCO	 in	 the	 solid	 state	 and	 in	 dilute	

solution.225	The	SCO	behaviour	in	the	solution	phase	was	found	to	be	abrupt	with	a	T1/2	

value	centred	at	288	K.	The	hierarchal	binding	affinity	of	this	cage	for	a	range	of	anions	

was	 established	 by	 NMR	 assisted	 studies	 on	 its	 LS	 tris-pyridyl-imine	 counterpart.128	

Armed	with	 this	 knowledge	 an	 experiment	was	devised,	where	 a	 solution	of	 [Fe4L4]8+	

SCO	cage	had	a	potential	guest	anion	with	a	higher	affinity	for	the	host	than	the	current	

guest	 added,	 and	 magnetic	 susceptibility	 was	 measured.226	 Although	 the	 magnetic	

susceptibility	traces	have	shifted	T1/2	values	for	some	of	the	added	guests	(Figure	1.27),	

this	cannot	be	necessarily	attributed	to	the	added	guest	exchanging	with	the	previous	

encapsulated	molecule.	 All	T1/2	 values	 are	 shifted	 to	 lower	 temperature,	 as	would	 be	

anticipated	 due	 to	 the	 increase	 of	 the	 ionic	 strength	 of	 solution	 or/and	 increased	

hydrogen	 bonding	 interactions	 with	 the	 imidazole	 NH	 groups,	 both	 of	 which	 would	

stabilise	the	HS	sate.	Therefore,	although	the	guest	exchange	 is	 likely	to	be	occurring,	

the	change	in	magnetic	behaviour	cannot	be	solely	attributed	to	the	encapsulation.		
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Figure	1.27:	Left)	The	crystal	structure	of	a	[Fe4L4]

8+	SCO	tetrahedral	cage	with	a	BF4
–	anion	encapsulated	

(external	anions,	solvent	molecules	and	hydrogen	atoms	omitted	for	clarity).	Right)	The	solution	phase	cT	

vs.	T	plot	as	a	function	of	added	anion.226	

	

Recently,	 an	 octanuclear	 face-capped	 [Fe8L6]16+	 cube	 was	 reported	 by	 Nitschke	 and	

Lützen,219	where	the	ligand	was	derived	from	a	porphyrin	with	tetrakis-bidentate	imine-

imidazole	 coordinating	 functionalities.	 In	 this	 system,	 the	 SCO	 behaviour	 in	 solution	

could	be	tuned	by	the	encapsulation	of	the	C70	fullerene.	The	T1/2	was	calculated	to	be	

20	 K	 lower	 for	 the	 inclusion	 compound	 than	 the	 host	 complex	with	 no	 guest,	 which	

shows	 the	 presence	 of	 the	 large	 guest	 significantly	 stabilises	 the	 HS	 state.	 It	 is	

noteworthy	that	all	 the	Fe(II)	SCO	polyhedral	complexes	reported	currently	comprised	

of	more	than	four	Fe(II)	centres	(apart	from	the	“nanoball”	reported	by	Batten),227	have	

been	synthesised	utilising	a	 tris-imine-imidazole	 coordination	motif	 and	all	bar	one	of	

these	were	 synthesised	 via	 sub-component	 self-assembly	methodology.	 These	 results	

illustrate	the	that	subcomponent	procedure	is	an	effective	means	to	access	SCO	MOP.	
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1.4 Single	molecule	magnets	

1.4.1 Overview	 and	 the	 archetypal	 [Mn12O12(OCCH3)16(H2O)4]	
single	molecule	magnet	

A	 single	molecule	magnet	 (SMM)	 is	 a	molecule	 that	 can	 retain	 an	 induced	magnetic	

moment	in	the	absence	of	an	applied	magnetic	field	below	a	certain	temperature.	This	

temperature	 is	 known	 as	 the	 blocking	 temperature	 (BT).228	 Below	 BT,	 variable	 field	

magnetisation	experiments	on	a	SMM	with	a	ground-state	(S)	that	is	greater	than	0	will	

reveal	hysteretic	behaviour.	Importantly,	under	zero-field	the	spin	projection	quantum	

number	(ms)	of	the	molecule	can	exist	either	as	the	“spin-up”	ms	=	-S	or	“spin-down”	ms	

=	+S	depending	on	 the	direction	of	 the	previously	applied	external	magnetic	 field,	 i.e.	

the	 molecule	 is	 bi-stable.	 As	 opposed	 to	 traditional	 magnetic	 materials,	 the	 slow	

magnetisation	 relaxation	 of	 these	 materials	 is	 an	 intrinsic	 property	 of	 the	 molecule	

itself,	 rather	 than	 the	 long-range	 ordering	 of	 magnetic	 moments	 found	 in	 nanoscale	

domains	of	bulk	magnets.	There	is	a	theoretical	possibility	that	SMMs	could	be	used	to	

store	information	in	nanocomputing	systems	due	to	this	bistablity	and	their	molecular	

size.229	 These	 principles	 will	 be	 further	 discussed	 considering	 the	 archetypal	 SMM	

complex,	[Mn12O12(OCCH3)16(H2O)4],	shown	in	the	left	of	Figure	1.28.	

	

	
Figure	1.28:	Left)	The	X-ray	crystal	structure	of	[Mn12O12(OCCH3)16(H2O)4]	viewed	down	the	

crystallographic	c-axis.	Right)	Plot	of	the	potential	energy	versus	the	magnetisation	direction	for	a	SMM	

under	zero	external	field	with	a	S	=	10	ground	state,	figure	adapted	from	Sessoli	et	al.228	



 

	 	 	 	

	

39	

[Mn12O12(OCCH3)16(H2O)4]	 has	 a	 S	 =	 10	 ground	 state,	 which	 arises	 due	 to	 the	

antiferromagnetic	 interactions	 facilitated	by	 bridging	 oxygen	 atoms	between	 the	 four	

Mn(IV)	(S	=	3/2)	and	the	eight	Mn(III)	(S	=	2)	ions.	The	S	=	10	ground	state	is	split	in	21	

levels	as	show	in	Figure	1.28	by	zero-field	axial	splitting,	for	which	ms	has	the	values	–S	

≤	ms	≤	S.	 To	 transition	 between	 the	 “spin-up”	 and	 “spin-down”	 states,	 an	 energy	

barrier	(Ueff),	must	be	overcome.	Ueff	is	described	as:	

𝑈%&& = 	 𝐷 𝑆*      as	S	=	10,	therefore				𝑈%&& = 	 𝐷 100	

	
D	 is	 the	 axial	 splitting	 parameter,	 which	 for	 [Mn12O12(OCCH3)16(H2O)4]	 has	 been	

determined	to	be	-0.50	cm-1,230	and	therefore,	Ueff	=	50	cm-1.	The	time	for	the	thermally	

activated	reorientation	of	“spin-up”	ms	=	-10	to	the	perpendicular	ms	=	0	state	depends	

exponentially	on	the	energy	barrier	and	the	temperature	of	the	molecule.	If	a	molecule	

of	[Mn12O12(OCCH3)16(H2O)4]	 is	magnetised	at	2	K	by	applying	a	field,	upon	removal	of	

the	 field	 the	 relaxation	 of	 the	 magnetisation	 is	 so	 slow	 that	 after	 two	 months	 the	

magnetisation	 is	≈	 40%	 of	 the	 initial	 saturated	 value.	 High-frequency	 electron	

paramagnetic	 resonance	 and	 frozen	 solution	 experiments	 revealed	 that	 this	

magnetisation	is	an	intrinsic	property	of	the	individual	molecules.231	

	

 
Figure	1.29:	The	variable	field	magnetisation	(M	vs.	H)	experiment	at	2.1	K	for	

[Mn12O12(OCCH3)16(H2O)4].
228	
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The	 variable	 field	 measurements	 reveal	 a	 hysteretic	 loop	 with	 a	 coercive	 field	 of	

approximately	3	T	at	2.1	K	(Figure	1.29).	The	sample	reached	magnetic	saturation	(ms	=	-

10)	when	a	field	over	2	T	was	applied.	When	the	applied	field	was	decreased	to	zero	the	

sample	remained	“spin-up”	at	zero	field.	Subsequently,	the	field	was	reversed	and	the	

magnetisation	 started	 to	 decrease	 until	 the	ms	 =	 10	 “spin-down”	 state	was	 occupied	

below	 -2	 T	 field.	When	 the	 applied	 field	 is	 returned	once	more	 to	 zero	 T	 the	 sample	

maintained	 its	 “spin-down”	 state	 at	 zero	 field.	 The	 loop	 is	 not	 smooth	 with	 steps	

observed	at	regular	 intervals,	which	are	 indicative	of	quantum	tunnelling	(QT).	QT	 is	a	

relaxation	 process	 that	 occurs	 when	 the	 wave	 functions	 of	 the	 ±	 ms	 states	 are	

sufficiently	degenerate	 in	energy.	The	 synthesis	of	 SMM	specifically	 to	 study	QT	 is	an	

area	 of	 ongoing	 research	 beyond	 the	 scope	 of	 this	 work	 and	 the	 reader	 is	 directed	

towards	the	following	references.232–234	The	[Mn12O12(OCCH3)16(H2O)4]	molecule	readily	

undergoes	 site-selective	 carboxylate	 substitution	 of	 acetate	 with	 a	 variety	 of	 other	

carboxylates	 or	 functionalities	 such	 as	 nitrates,	 sulfonates	 and	phosphinates.	 Readers	

interested	 in	 the	magnetic	 properties	 of	 these	 structures	 and	 the	 expansive	 array	 of	

experiments	conducted	on	molecules	containing	the	“Mn12O12”	core	are	directed	to	the	

following	reviews.235–237	

1.4.2 Detecting	SMM	behaviour	

The	BT	 of	many	 SMMs	 is	 often	below	 the	 temperature	 limit	 of	 a	 conventional	 SQUID	

magnetometer.	Therefore,	a	variable	field	magnetisation	(M	vs.	H)	experiment	will	not	

reveal	a	hysteric	loop	as	found	for	[Mn12O12(OCCH3)16(H2O)4].	Instead,	this	experiment	is	

used	to	attempt	to	reach	magnetic	saturation	by	increasing	the	field	strength,	as	shown	

in	 Figure	 1.30.	 In	 this	 example	 reported	 by	 Brooker	 and	 co-workers,238	 the	 M	 vs.	 H	

experiment	 shows	 that	 the	 saturation	 magnetisation	 of	 the	 macrocyclic	 [CuII3GdIIIL]	

complex	 is	 reached	 once	 the	 field	 exceeds	 40000	 Oe.	 However,	 in	 the	 case	 of	 the	

complex	[CuII3TbIIIL]	magnetic	saturation	is	not	obtained.238	
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Figure	1.30:	The	M	vs.	H	plot	for	two	complexes	at	1.8	K,	where	magnetic	saturation	is	reached	for	

[CuII3Gd
IIIL],	but	not	[CuII3Tb

IIIL].	Figures	adapted	from	Brooker	et	al.239	

	

Additional	(M	vs.	H)	experiments	are	usually	performed	at	different	temperatures	and	

plotted	as	 the	 field	dependence	of	 reduced	magnetisation	 (M	vs.	H	T-1).	 If	 the	 curves	

recorded	 at	 different	 temperatures	 are	 superimposable	 the	magnetic	 anisotropy	 and	

related	axial	splitting	parameter	D	are	small,	as	 is	the	case	for	[CuII3GdIIIL].	 In	contrast,	

the	M	vs.	H	T-1	experiment	on	[CuII3TbIIIL]	reveals	significant	anisotropy	in	the	molecule.	

	

 
Figure	1.31:	The	M	vs.	H	T-1	plots	for	[CuII3Gd

IIIL]	and	[CuII3Tb
IIIL],	figures	adapted	from	Brooker	et	al.239	
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The	most	 effective	way	 to	 study	 the	 dynamic	 relaxation	 of	 a	 SMM	 is	 to	 perform	 AC	

magnetic	susceptibility	experiments.	 In	an	AC	susceptibility	experiment,	a	weak	(1	–	5	

Oe)	 oscillating	magnetic	 field	 of	 a	 frequency	 (𝜐)	 is	 superimposed	on	 the	 larger	 (200	 -	

7000	 Oe)	 DC	 field,	 creating	 a	 time	 dependant	magnetic	moment	 in	 the	 sample.	 This	

measurement	 is	highly	 sensitive	 to	very	 small	magnetic	 shifts	 induced	by	 the	AC	 field	

within	a	sample,	even	when	the	absolute	moment	created	by	the	DC	field	 is	 large.	As	

the	frequency	(𝜐)	of	the	AC	field	is	increased	the	magnetisation	of	the	sample	may	lag	

behind	the	AC	 field,	an	effect	 that	 is	detected	by	 the	magnetometers	circuitry.	This	 is	

measured	as	an	increase	in	the	signal	in	the	out-of-phase	or	imaginary	component	𝜒′′,	

while	the	 in-phase	or	real	component	𝜒′	will	decrease.	The	two	components	𝜒′	and	𝜒′′	

are	related	to	the	susceptibility	𝜒	by	the	phase	shift	𝜑	relative	to	the	AC	frequency	by:	

𝜒2 = 𝜒′′ cos𝜑	   ↔   𝜒22 = 𝜒′ sin𝜑	   ↔   𝜒 = 	 𝜒2* +	𝜒22* 
	

AC	susceptibility	measurements	can	be	performed	as	a	function	of	𝜐,	temperature	and	

applied	 DC	 field.	 When	 𝜒′ 	and	 𝜒′′ 	are	 plotted	 as	 a	 function	 of	 𝜐 	at	 different	

temperatures	the	curves	can	be	fitted	to	the	generalised	Debye	model,240	which	gives	

the	relaxation	time	of	the	magnetisation	in	seconds	(𝜏)	at	each	temperature.	A	plot	of	

ln(𝜏)	vs.	1/T	can	be	constructed	and	 fitted	 to	 the	Arrhenius	 law	to	obtain	Ueff	and	 the	

pre-exponential	factor	𝜏:.		

	

𝜏 = 	 𝜏: exp
𝑈%&&
𝑘?𝑇

	

	

In	an	oxalato-bridged	Dy(III)	complex	reported	by	Liao	and	co-workers,	the	AC	magnetic	

susceptibility	measurements	under-zero	field	revealed	slow	relaxation	of	magnetisation	

typical	of	SMM	behaviour.241	The	𝜒′′	vs.	𝜐	was	plotted	at	different	temperatures	(Figure	

1.32)	and	 fitted	 to	a	generalized	Debye	model	 to	extract	 the	 relaxation	 times	at	each	

temperature.240	The	relaxation	times,	when	plotted	 in	 the	 form	 ln(𝜏)	vs.	1/T,	 revealed	

two	relaxation	processes	were	occurring.	At	temperatures	above	7	K	thermal	relaxation	

occurs,	 whilst	 at	 lower	 temperatures	 QT	 relaxation	 processes	 dominate	 and	 the	

relaxation	behaviour	 deviates	 away	 from	Arrhenius	 behaviour.	 Fitting	 the	data	 points	

above	7	K	give	a	Ueff	value	of	29	cm-1	as	shown	in	Figure	1.32.		
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Figure	1.32:	Left)	The	frequency	dependence	of	𝜒′′at	different	temperatures.	Right)	The	𝜏	vs	T-1	plot,	

where	the	solid	line	represents	the	fit	to	the	Arrhenius	law	and	the	dash	line	represents	the	temperature	

region	where	quantum	tunnelling	relaxation	dominates.	Figures	adapted	from	Liao	et	al.241		

It	 is	 necessary	 to	mention	 here	 that	 as	 well	 as	 thermal	 and	 QT	 relaxation	 processes	

SMM	 systems	 can	 display	 other	 types	 of	 relaxation	 including	 Raman	 and	 Orbach	

processes.	 These	 arise	 due	 to	 interactions	 between	 the	 spin	 and	 lattice	 vibrations	

(phonons),	 offering	 additional	 relaxation	 pathways.	 It	 is	 these	 pathways	 and	 the	 QT	

processes	that	cause	deviations	away	from	linearity	in	an	Arrhenius	plot.	The	intricacies	

of	 these	 processes	 are	 a	 specialist	 subject	 outside	 of	 the	 scope	 of	 this	work	 and	 the	

reader	is	directed	to	the	following	references.242–246		

1.4.3 Increasing	D	-	developing	SMMs	containing	Co(II)	

From	 the	 relationship	 of	Ueff	 to	 S	 described	 earlier	 it	 is	 apparent	 why	 increasing	 the	

ground	state	of	a	molecule	was	initially	a	primary	goal	for	those	conducting	studies	on	

SMMs.	 However,	 it	 was	 later	 realised	 that	 D	 is	 proportional	 to	 1/S2,	 limiting	 this	

approach.247–249	 Accordingly,	 attention	 has	 shifted	 towards	 increasing	 the	 axial	 field	

splitting	parameter,	D.	 Incorporating	 	 lanthanide	 ions	due	their	high	spin	ground	state	

and	unquenched	angular	momentum	is	one	approach	focused	on	increasing	both	S	and	

D	parameters.250,251	A	second	approach	 is	to	synthesise	3d	transition	metal	complexes	

with	a	suitable	ligand	field	that	induces	a	large	magnetic	anisotropy.	This	has	led	to	the	

synthesises	of	single-ion	magnets	(SIM),	a	sub-class	of	SMMs.	While	the	ground	state	S,	

of	such	systems	is	limited	to	the	spin	multiplicity	of	the	transition	metal	employed,	the	
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effects	on	the	measured	anisotropy	are	clearly	related	to	the	ligand	field	splitting,	which	

can	 be	 tuned	 by	 synthetic	 modulation.	 It	 is	 important	 to	 note,	 that	 complexes	

containing	 multiple	 metal	 centres	 that	 are	 magnetically	 isolated	 from	 each	 other	

behave	in	a	manner	similar	to	SIMs,	where	the	ground	spin	state	is	determined	by	the	

individual	metal	 ion,	 rather	 than	 the	magnetic	 interactions	between	metal	centres,	as	

occurs	 in	SMM	systems	such	as	the	Mn12O12	complexes.	The	d3-7	 transition	metal	 ions	

Mn(III),	Fe(I),	Fe(II),	Fe(III),	Co(II)	and	Ni(I)	have	all	been	employed	to	synthesise	SIMs.252	

The	focus	of	this	section	will	be	on	relevant	examples	of	SMMs	that	incorporate	Co(II).	

	

The	magnetic	anisotropy	of	Co(II)	is	due	to	zero-field	splitting	(ZFS)	of	the	ground	state,	

which	arises	through	the	coupling	of	the	ground	state	with	excited	states	by	spin-orbit	

coupling.	 ZFS	 creates	 single-ion	 anisotropy,	 in	 a	 multinuclear	 complex	 the	 magnetic	

anisotropy	is	the	sum	of	the	single-ion	anisotropy	at	each	Co(II)	centre.	The	size	of	the	D	

value	is	dependent	on	the	coordination	sphere	of	the	Co(II)	centre,	and	generally,	spin-

orbit	 coupling	 is	 more	 significant	 in	 complexes	 where	 the	 coordination	 sphere	 is	

distorted	 away	 from	 Oh	 symmetry.	 In	 an	 octahedral	 field	 a	 Co(II)	 centre	 has	 a	 4T1g	

ground	state,	but	generally	Co(II)	centres	are	rarely	in	a	strict	octahedral	environment.	

A	tetragonal	distortion	away	from	octahedral	geometry	removes	the	degeneracy	of	the	
4T1g	and	the	ground	state	is	4A2g	with	an	excited	state	4Eg.	When	the	effect	of	spin-orbit	

coupling	is	considered	there	are	six	Kramer’s	doublets.	The	lowest	energy	state	is	then	

ms	 =	±1/2	 and	 the	 first	 excited	 state	ms	±	3/2,	 as	 shown	 in	 Figure	 1.33.	 When	 the	

separation	 between	 4A2g	 and	 4Eg	is	 suitably	 large	 only	 the	 two	 lowest	 energy	 Kramer	

doublets	 are	 occupied,	 whilst	 at	 very	 low	 temperatures	 only	 the	ms	 =	±1/2	 state	 is	

occupied.	Therefore,	it	is	possible	to	describe	the	low	temperature	magnetic	behaviour	

of	Co(II)	using	an	effective	spin	S’	=	1/2	and	incorporate	the	first	order	orbital	moment	

into	 the	 effective	 g’	 value,	which	 is	 anisotropic.	 The	ms	 =	±1/2	 and	ms	 =	±	3/2	 levels	

separated	by	Ueff	of	2D,	when	the	ms	±1/2	states	are	lower	in	energy	then	the	D	value	is	

positive,	whilst	if	ms	±	3/2	states	are	lower	in	energy	then	the	D	value	is	negative.	



 

	 	 	 	

	

45	

 
Figure	1.33:	A	representation	of	the	effect	of	tetragonal	distortion	on	the	energy	levels	of	a	HS	Co(II)	ion	

and	the	effect	of	spin-orbit	coupling,	which	results	in	six	Kramer’s	doublets.	Figure	adapted	from	

Murrie.253	

	

It	is	worth	mentioning	that	Co(II)	SMMs	generally	have	low	Ueff	values	and	for	hysteretic	

SMM	 behaviour	 to	 be	 observed	 variable	 field	 measurements	 are	 required	 to	 be	

performed	at	 temperatures	below	the	 instrumental	 limit	 (1.8	K)	of	most	conventional	

magnetometers.	This	is	because,	despite	the	fact	QT	relaxation	should	be	suppressed	as	

relaxation	between	the	two	ms	=	±1/2	states	is	forbidden	due	to	parity	effects,254	Co(II)	

SMMs	 often	 display	 fast	 QT	 relaxation	 processes	 at	 zero-field.	 Therefore,	 it	 is	 often	

necessary	 the	 AC	 magnetic	 susceptibility	 measurements	 are	 performed	 under	 an	

applied	 DC	 field	 to	 offset	 the	 energy	 levels	 of	 the	 lowest	 energy	 –ms	 state	 and	 its	

counterpart	 the	 +ms	 state	 to	prevent	QT.	 This	 cannot	occur	when	 two	 states	 are	not	

degenerate	 in	energy.	Hence,	there	 is	an	 important	distinction	between	a	SMM	and	a	

field-induced	SMM.	

	

The	 first	 Co(II)	 SMM	 to	 be	 reported	 was	 a	 Co4	 cubane	 with	 the	 composition	

[Co4(hmp)4(MeOH)4Cl4]	 where	 hmp–	 is	 the	 anion	 of	 hydroxylmethylpyridine.255	 The	

molecular	structure	has	S4	symmetry	and	the	local	environment	of	the	Co(II)	centres	is	a	

distorted	 octahedron	 with	 a	 {NO4Cl}	 coordination	 sphere.	 Variable	 magnetic	 field	

measurements	 with	 a	 micro-SQUID	 on	 a	 single	 crystal	 revealed	 hysteretic	 behaviour	
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with	S-shaped	curves	and	a	blocking	temperature	of	1.2	K	(Figure	1.34).	The	axial	zero	

field	 splitting	 parameter	was	 calculated	 to	 be	D	 =	 –2.8	 cm-1	 and	 a	 ground	 state	was	

found	to	be	S	=	6.	High	frequency	electron	paramagnetic	resonance	on	a	related	cubane	

[Co4(hmp)4(ROH)4Cl4]	 determined	 that	 the	 presence	 of	 ZFS	 was	 caused	 by	 significant	

anisotropic	exchange	between	the	four	Co(II)	centres	with	an	effective	S’	=	1/2	spins.256	

	

 
Figure	1.34:	The	variable	field	magnetisation	(M	vs.	H)	of	[Co4(hmp)4(MeOH)4Cl4]	at	four	different	

temperatures	(scan	rate	of	0.140	T	s-1).	Figure	from	Christou	et	al.255	

	

The	most	common	topology	studied	for	SMM	behaviour	is	the	Co7	disc,257–259	which	are	

comprised	of	a	central	cobalt	ion	surrounded	by	six	additional	cobalt	ions	arranged	in	a	

circle.	The	Co7	discs	can	be	synthesised	as	mixed	valance	species	with	different	ligands	

and	oxidation	 states.	 For	example,	a	mixed	valance	 system	containing	 four	Co(II)	 ions	

and	three	Co(III)	ions	with	the	composition	[CoII4CoIII3(HL)6(NO3)3(H2O)3](NO2)2	(H3L	=	2-

amino-2-(hydroxymethyl)-propane1,3,-diol)	was	reported	by	Murrie	and	co-workers.260	

All	 the	 cobalt	 ions	 have	 a	 distorted	 octahedral	 where	 the	 Co(II)	 ions	 have	 a	 {O6}	

coordination	 sphere,	 whilst	 the	 Co(III)	 have	 a	 {N2O4}	 donor	 set	 (Figure	 1.35).	 In	 this	

system,	the	magnetic	data	infers	an	effective	S’	=	2	ground	state	due	to	ferromagnetic	

exchange	 interactions	between	the	four	effective	S’	=	1/2	spins	of	 the	Co(II)	 ions.	The	

variable	 field	 magnetisation	 revealed	 hysteretic	 behaviour	 below	 1	 K.	 Zero-field	 AC	

magnetic	 susceptibility	 studies	 were	 conducted,	 which	 identified	 an	 out-of-phase	

response	below	4	K.	However,	the	maxima	of	the	peaks	occurred	at	lower	temperature	
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than	 the	 instrumental	 limit	 of	 1.8	 K,	 which	 prevented	 fitting	 to	 an	 Arrhenius	 plot	 to	

determine	Ueff.	

	
Figure	1.35:	Left)	X-ray	crystal	structure	of	[CoII4Co

III
3(HL)6(NO3)3(H2O)3](NO2)2,	where	H3L	=	2-amino-2-

(hydroxymethyl)-propane1,3,-diol.	Colour	scheme:	Co(II)	cyan,	Co(III)	magenta,	O	red,	N	blue,	C	black	

(hydrogen	atoms	omitted	for	clarity).	Right)	The	variable	field	magnetisation	(M	vs.	H)	at	three	different	

temperatures	(scan	rate	0.07	T	s-1).	Figures	from	Murrie	et	al.260	

	

In	addition	to	the	use	of	Co(II)	 in	spin	clusters,	 the	 large	magnetic	anisotropy	of	Co(II)	

ions	have	made	Co(II)	 a	 popular	metal	 ion	 in	 the	 synthesis	 of	 SIMs.	 The	 coordination	

number	 and	 geometry	 has	 been	 shown	 to	 play	 a	 significant	 role	 in	 the	 magnetic	

properties	of	Co(II)	SIMs.	For	 instance,	 several	Co(II)	SIMs	have	been	reported,	where	

the	Co(II)	 ion	 is	 restrained	 to	be	 slightly	 above	 the	basal	plane	of	 a	 square	pyramidal	

coordination	geometry.261–263	This	distortion	to	the	square	pyramidal	geometry	creates	

magnetic	 anisotropy	 and	 AC	magnetic	 susceptibility	 measurements	 under	 an	 applied	

field	reveal	Ueff	values	ranging	from	11–23	cm-1.	Pseudo	tetrahedral	coordination	motifs	

have	produced	Co(II)	SIMs	with	higher	(above	50	cm-1)	Ueff	values,264–267	and	in	one	case,	

a	 Ueff	 above	 200	 cm-1	 was	 found	 under	 zero	 field	 AC	 magnetic	 susceptibility	

measurements.268	 Co(II)	 SIMs	 which	 are	 coordinated	 in	 a	 distorted	 octahedral	

environment	 are	 of	 particular	 interest	 to	 this	work,	 as	 the	 tris-pyridyl-imine	 and	 tris-

imine-imidazole	 coordination	 motifs	 may	 provide	 such	 an	 environment	 in	 [M4L4]	

tetrahedral	cages	and	[M8L6]	cubic	assemblies.	Compared	to	Co(II)	SIMs	coordinated	in	

pseudo	 tetrahedral	 geometries,	 the	 Ueff	 values	 of	 octahedral	 Co(II)	 SIMs	 are	 much	

lower,	generally	in	the	range	of	5–25	cm-1,269–271	although	Ueff	values	up	to	83	cm-1	have	
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been	 reported.272	 In	 2013	 the	 [Co(P(S){[N(CH3)NCHC3N2H3]3})](NO3)2	 complex	 was	

shown	to	display	slow	relaxation	of	magnetisation	under	an	applied	field	with	a	Ueff	of	

8.7	cm-1	and	a	D	parameter	of	+16	cm-1	(Figure	1.36).263		

	
Figure	1.36:	Left)	X-ray	crystal	structure	of	[Co(P(S){[N(CH3)NCHC3N2H3]3})](NO3)2	(anions	and	hydrogen	

atoms	omitted	for	clarity).	Right)	Variable-frequency	out-of-phase	component	AC	susceptibility	data	under	

an	applied	field	of	2000	Oe.	Figure	adapted	from	Ruiz	et	al.263	

The	 crystal	 structure	 of	 [Co(P(S){[N(CH3)NCHC3N2H3]3})](NO3)2	 displays	 a	 coordination	

sphere	 with	 several	 structural	 similarities	 to	 the	 tris-imine-imidazole	 and	 tris-pyridyl-

imine	 coordination	 motifs	 employed	 by	 the	 Kruger	 group.	 This	 suggests	 that	 it	 is	

worthwhile	 investigating	 the	 slow	 relaxation	 of	 magnetisation	 of	 any	 [Co4L4]8+	

tetrahedral	cages	and	[Co8L6]16+	cubic	assemblies.	The	large	M–M	separations	 in	these	

metallosupramolecular	assemblies	would	effectively	 isolate	any	magnetic	 interactions,	

rendering	the	metal	centres	to	effectively	behave	as	SIMs.	

1.5 The	present	study	

The	 present	 study	 aims	 to	 synthesise	 multi-nuclear	 metallosupramolecular	

architectures.	 These	 will	 be	 synthesised	 utilising	 the	 tris-imine-imidazole	 and	 tris-

pyridyl-imine	 coordination	motifs,	 which	 are	 formed	 in	 situ	 by	 the	 combination	 of	 a	

multi-amine	 “linker”	 component	 and	 a	 selected	 imidazolecarboxaldehyde	 or	

pyridinecarboxaldehyde	 “head”	 group	 coordinating	 to	 transition	 metal	 ions.	 The	

structural	 aspects	 will	 be	 examined	 primarily	 by	 single-crystal	 X-ray	 diffraction	

experiments	and	the	host-guest	chemistry	of	any	suitable	complexes	will	be	elucidated	
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with	 multinuclear	 NMR	 spectroscopy.	 The	 magnetic	 properties	 will	 be	 probed	 using	

SQUID	and	PPMS	instruments	when	suitable,	where	the	focus	of	the	discussions	will	be	

on	Fe(II)	SCO	and	Co(II)	single	molecule	magnetism.		

	

The	key	aims	of	this	project	are	to:		

	

• Synthesise	a	family	of	metallosupramolecular	structures	of	[M4L4]8+	and	[M8L6]16+	

composition.	

• Discover	 if	 Co(II)	metallo-supramolecular	 assemblies,	when	 coordinated	with	 a	

tris-pyridyl-imine	coordination	motif,	 can	display	 slow	 relaxation	of	magnetism	

and	how	the	metallosupramolecular	structure	affects	this	behaviour.		

• Synthesise	 large	 polynuclear	 Fe(II)	 metallosupramolecular	 structures	 that	

incorporate	 a	 tris-imine-imidazole	 coordination	motif	 and	 investigate	 the	 SCO	

behaviour.	

	

In	this	vein,	Chapter	2	details	the	synthesis	of	a	tris-pyridyl-imine	coordinated	[Co4L4]8+	

tetrahedral	cage	with	four	different	anions.	The	relative	binding	affinity	of	the	cage	for	

five	 anions	 is	 determined	 and	 the	 formation	 of	 cage	 dimers	 is	 studied	 by	 NMR	

spectroscopy	 and	 ESI-MS.	 The	 magnetic	 behaviour	 of	 the	 [Co4L4]8+	 cage	 was	 probed	

using	 DC	 and	 AC	 magnetic	 measurements	 and	 the	 potential	 chemical	 oxidation	 of	

[Co4L4]8+	 to	 [Co4L4]12+	 utilising	 cerium	 ammonium	 nitrate	 is	 explored	 as	 a	 method	 to	

potentially	alter	the	host-guest	chemistry	of	the	system.	

	

Chapter	 3	 describes	 the	 synthesis	 and	 structural	 characterisation	 of	 a	 series	 of	 tris-

pyridyl-imine	coordinated	[M8L6]16+	cubes	where	M	=	Fe(II),	Zn(II)	and	Co(II).	The	X-ray	

crystal	 structures	 are	 compared,	 regarding	 the	 overall	 cubic	 shape	 of	 the	 molecular	

structure.	 Additionally,	 DC	 and	 AC	 magnetic	 measurements	 are	 used	 to	 probe	 the	

nature	of	the	magnetic	and	the	slow	relaxation	of	magnetism	in	the	Co(II)	system.	

	

In	Chapter	4,	the	synthesis	of	variety	of	tris-imine-imidazole	coordinated	[Fe8L6]16+	cubic	

assemblies	 are	 discussed	with	 a	 focus	 on	 the	 structural	 aspects	 of	 the	 cube	 and	 the	
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hydrogen	bonding	behaviour	of	the	uncoordinated	NH	group	of	the	imidazole.	Variable	

temperature	 DC	 magnetic	 measurements	 and	 other	 complimentary	 techniques	 are	

employed	to	elucidate	the	SCO	behaviour	of	the	Fe(II)	centres.	

	

Finally,	Chapter	5	summarises	these	results	and	provides	an	outlook	for	potential	future	

work,	presenting	some	preliminary	results	uncovered	during	the	course	of	this	work.	
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2 Anion	exchange	studies	of	a	
[Co4L4]8+	tetrahedral	cage:	

its	single	molecule	
magnetic	behaviour	and	the	
controllable	formation	of	

dimers	in	solution.	
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2.1 Introduction	

Studies	 into	 the	host-guest	 chemistry	of	metallosupramolecular	 tetrahedral	 cages	 is	 a	

research	area	 that	has	grown	 rapidly	 in	 the	 last	 two	decades.273–275	 The	edge-bridged	

[M4L6]n+	 architecture	 has	 historically	 been	 favoured	 for	 investigating	 host-guest	

chemistry.50,51,88,127,276–279	 Key	 examples	 include	 the	 [M4L6]12-	 systems	 studied	

extensively	 by	 Raymond	 and	 co-workers153,154,280–282	 and	 the	 water-soluble	 [Fe4L6]4-	

capsule122,283	studied	by	Nitschke	et	al.	 to	encapsulate	white	phosphorus.141	However,	

there	are	entropic	and	enthalpic	advantages	to	be	gained	in	the	self-assembly	of	face-

capped	analogues	of	[M4L4]n+	composition.	Recent	work	has	shown	face-capped	species	

to	 be	 as	 apt	 at	 exhibiting	 guest	 encapsulation	 as	 their	 edge-bridged	 cousins.284–286	

Indeed,	the	greater	internal	ligand	surface	area	afforded	by	[M4L4]n+	capsules,	and	more	

tightly	 closed-off	 cavities,	 has	 produced	 equally	 effective	 and	 selective	 guest	 binding	

capsules.52,94,287	

	

There	 are	 two	 feasible	 mechanisms	 by	 which	 guest	 exchange	 can	 occur	 within	

tetrahedral	 cage	 systems.	 Exchange	may	 occur	 either	 by	 a	 non-dissociative,	 through-

aperture	 exchange	 of	 guest	 molecules,	 where	 the	 encapsulated	 molecule	 moves	

through	a	portal	 in	the	host	structure	to	be	replaced	by	another	molecule	that	enters	

the	host	in	the	same	manner.	Alternatively,	an	M–L	coordination	bond	may	temporarily	

dissociate	 allowing	 for	 the	 migration	 of	 guest	 molecules	 through	 a	 gateway	 to	 the	

central	 cavity.	 There	 have	 been	 a	 wide	 range	 of	 studies	 performed	 on	 various	

supramolecular	 cage	 systems	 to	 address	 the	 effects	 of	 the	 presence	 and	 identity	 of	

guests	 within	 molecular	 cages.56,288–291	 An	 extensive	 kinetic	 assessment	 of	 guest	

exchange	 by	 Raymond	 and	 co-workers	 suggested	 that	 guest	 exchange	 occurs	 via	 a	

through-aperture	method	 for	 their	 [M4L6]12-	system,138,292	 the	mechanism	of	 exchange	

is,	however,	likely	to	be	dependent	on	the	chemical,	electronic	and	structural	features	

of	the	host.		

	

Previous	 work	 within	 the	 Kruger	 group	 has	 focused	 on	 the	 SCO	 and	 host-guest	

properties	of	a	family	of	[Fe4L4]8+	cages.128,225	The	tris-bidentate	ligands	reported	were	
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derived	 from	 either	 2,4,6-tris(4-aminophenoxy)triazine	 or	 1,3,5-tris(4-amino-

phenoxy)benzene	 in	 combination	with	 aldehyde-functionalised	 nitrogen	 heterocycles.	

This	 chapter	expands	 further	on	 this	work,	where	a	 series	of	 [X–ÌCo4L14]7+	(X–	 =	BF4–,	

CF3SO3
–,	PF6–,	or	SbF6–)	cages	have	been	synthesised	based	on	the	ligand	L1	 formed	 in	

situ	 by	 the	 combination	 of	 2,4,6-tris(4-aminophenoxy)triazine	 and	 2-

pyridinecarboxaldehyde	in	the	presence	of	a	Co(II)	salt.	The	anion	binding	preference	of	

the	cage	system	was	established	in	solution	by	exchange	experiments	as	traced	through	
19F	 NMR	 spectroscopy,	 and	 the	 magnetic	 properties	 were	 probed	 with	 AC	 and	 DC	

magnetic	measurements.	 Surprisingly,	 despite	multiple	 examples	 of	 Co(II)	 tetrahedral	

cages	 existing	 in	 the	 literature121,273,274,277	 there	 have	 been	 no	 magnetic	 studies	

conducted	on	them.	

2.2 Results	and	Discussion	

2.2.1 Synthesis	 of	 ligand	 subcomponent	 2,4,6-tris(4-amino-
phenoxy)triazine	

The	synthesis	of	the	tri-amine	ligand	subcomponent	2,4,6-tris(4-aminophenoxy)triazine	

was	carried	out,	following	a	literature	procedure,	using	commercially	available	materials	

in	two	steps,	as	shown	in	Scheme	2.1.	

	

	
Scheme	2.1:	Synthetic	route	to	ligand	subcomponent	2,4,6-tris(4-aminophenoxy)triazine.	Reaction	

conditions	and	yields:	i)	NaOH,	H2O,	acetone,	0°C–RT–reflux,	18h,	87	%;	ii)	H2,	Pd/C,	EtOAc,	RT,	48h,	70	%.	

	

Cyanuric	chloride	undergoes	nucleophilic	aromatic	substitution	when	a	basic	solution	of	

nitrophenol	 is	 added	 to	 the	 reaction	 mixture.	 The	 product,	 2,4,6-tris(4-
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nitrophenoxy)triazine	was	 readily	 hydrogenated	under	 a	 hydrogen	 atmosphere	 in	 the	

presence	of	10%	Pd/C,	 to	give	2,4,6-tris(4-aminophenoxy)triazine.	Crystals	suitable	 for	

single	 crystal	 X-ray	 diffraction	 studies	 were	 obtained	 by	 recrystallisation	 from	

chloroform.	The	data	was	solved	and	refined	in	the	hexagonal	space	group	P63/m,	with	

1/3	of	the	molecule	in	the	asymmetric	unit	(R1	=	7.66	%).	There	are	two	molecules	in	the	

unit	 cell	 along	 with	 two	 chloroform	 solvent	 molecules.	 The	 2,4,6-tris(4-

aminophenoxy)triazine	molecules	stack	on	top	of	one	another	offset	by	a	60°	rotation	

with	 face-to-face	 π–π	 stacking	 interactions	 between	 the	 triazine	 rings	 indicated	 by	 a	

separation	of	3.42	Å.	These	are	 referred	 to	as	Piedfort	units	and	have	been	observed	

previously	within	related	C3	systems	based	on	similar	triaryloxy-2,4,6-triazines.293,294	 In	

addition	 to	 the	 face-to-face	 π–π	 stacking	 interactions,	 there	 are	 six	 weak	 hydrogen	

bonds	between	the	ortho-H	atoms	of	the	phenoxy	groups	and	the	nitrogen	atoms	in	the	

adjacent	triazine	ring	as	highlighted	in	Figure	2.1	(hydrogen	bonding	details	 in	Table	A	

1).	

	

	
Figure	2.1:	Crystal	structure	of	2,4,6-tris(4-aminophenoxy)triazine.	a)	View	down	the	crystallographic	c	

axis.	b)	The	interactions	facilitating	the	formation	of	the	Piedfort	units	with	the	π–π	stacking	between	the	

triazine	rings	and	hydrogen	bonds	between	CH	groups	and	triazine	nitrogen	atoms	(hydrogen	atoms	

removed	for	clarity).		

	

2,4,6-Tris(4-aminophenoxy)triazine	provides	the	central	core	of	the	face-capping	ligand	

(L1)	used	in	this	study.	The	in	situ	reaction	of	2,4,6-tris(4-aminophenoxy)triazine	with	2-

pyridinecarboxaldehyde	and	the	Co(II)	salt	of	choice,	yields	the	complete	ligand	L1.	
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2.2.2 Synthesis	of	[Co4L14]8+	(1)	tetrahedral	cages	

The	 same	 subcomponent	 self-assembly	 methodology	 that	 produced	 the	 previously	

reported	 Fe(II)	 cages	 was	 applied	 successfully	 to	 construct	 the	 Co(II)	 analogues	 with	

only	minor	 adjustments.128,225	 In	 the	 case	 of	 the	 Fe(II)	 cages,	 four	 equivalents	 of	 the	

triamine	subcomponent	2,4,6-tris(4-aminophenoxy)triazine	were	combined	with	twelve	

equivalents	of	2-pyridinecarboxaldehyde	in	acetonitrile	briefly,	prior	to	the	addition	of	

the	Fe(II)	salt.	However,	it	was	found	to	be	necessary	with	the	Co(II)	versions	to	mix	the	

selected	Co(II)	salt	with	2-pyridinecarboxaldehyde	in	acetonitrile	prior	to	the	addition	of	

2,4,6-tris(4-aminophenoxy)triazine.	 The	 carbonyl	 group	 is	 then	 activated	 for	 the	

nucleophilic	attack	by	the	amine	via	coordination	to	the	Co(II).	The	reaction	mixture	was	

stirred	and	gently	heated	overnight.	This	 re-ordering	of	subcomponents	 facilitates	 the	

one-pot	assembly	of	 the	 face-capped	Co(II)	 tetranuclear	 cage,	1,	 as	 shown	 in	Scheme	

2.2.	

	

	
Scheme	2.2:	The	self-assembly	of	[Co4L14]

8+	(1)	tetrahedral	cages	from	ligand	subcomponents	2,4,6-tris(4-

aminophenoxy)triazine,	2-pyridinecarboxaldehyde	and	Co(X)2	in	acetonitrile	(X	=	BF4
–,	PF6

–,	CF3SO3
–	or	

SbF6
–).	

	

The	reaction	was	first	attempted	as	described	above	with	Co(PF6)2	as	the	Co(II)	salt.	The	

vapour	 diffusion	 of	 toluene	 into	 the	 reaction	 mixture	 resulted	 in	 the	 formation	 of	

orange	cubic	crystals	suitable	for	single	crystal	X-ray	diffraction.	The	data	set	was	solved	

and	refined	in	the	triclinic	space	group	P1	with	an	R1	=	11.85	%.	As	expected	the	trigonal	
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ligand	L1	spans	the	faces	of	tetrahedron	with	the	four	Co(II)	 ions	forming	the	vertices	

(Figure	2.2).	Each	Co(II)	ion	is	coordinated	by	three	pyridyl-imine	moieties	arranged	in	a	

distorted	 octahedral	 geometry,	 with	 N–Co	 bond	 lengths	 ranging	 from	 2.107(5)	 to	

2.195(5)	 Å	 consistent	 with	 a	 Co(II)	 oxidation	 state.	 A	 PF6–	 anion	 resides	 within	 the	

tetrahedron	and	there	are	seven	external	PF6–	anions	to	balance	the	overall	8+	charge	

of	the	complex,	with	four	acetonitrile	solvent	molecules	also	located	in	the	asymmetric	

unit.	Large	solvent	accessible	voids	(2545	Å3	per	unit	cell,	23.4	%)	exist	within	the	crystal	

lattice	 filled	with	 disordered	 solvent	molecules	 that	 could	 not	 be	modelled	 precisely.	

Therefore,	the	SQUEEZE295	protocol	within	PLATON296	was	applied	finding	316	electrons	

per	 unit	 cell.	 This	 electron	 density	 likely	 corresponds	 to	 solvent	 molecules,	 such	 as	

toluene,	water	and	acetonitrile.	TGA	indicates	that	all	of	the	samples	of	1	presented	in	

this	 Chapter	 exhibit	 rapid	 solvent	 loss	 from	 polycrystalline	 samples,	 as	 shown	 in	

Appendix	3.	

	

 
Figure	2.2:	Asymmetric	unit	of	[PF6Ì1]

7+	showing	encapsulated	PF6
–	anion.	Lattice	anions,	solvent	

molecules	and	hydrogen	atoms	removed	for	clarity.	
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The	 Co–Co	 distances	 are	 14.118(3)	 Å	 (Co1–Co4),	 14.269(5)	 Å	 (Co1–Co2),	 14.359(4)	 Å	

(Co3–Co4),	14.444(6)	Å	(Co2–Co3),	14.478(7)	Å	(Co2–Co4),	and	14.528(5)	Å	(Co1–Co3)	

with	 an	 average	 of	 14.37	Å.	 The	 volume	within	 the	 cavity	was	 calculated	 by	 PLATON	

VOIDS296	to	be	109	Å3,	of	which	the	PF6–	anion	occupies	74.7	Å3	(69	%).287	The	internal	

PF6–	anion	has	F	atoms	directed	at	the	edges	of	the	tetrahedron,	with	the	phenyl	rings	

twisted	so	that	the	ortho	H	atoms	(relative	to	the	O	atom)	are	directed	endo	and	exo.	

The	endo	H	atoms	form	multiple	hydrogen	bonds	with	the	F	atoms	of	the	internal	PF6–	

and	with	the	O	atoms	of	the	adjacent	ligands,	a	table	detailing	the	interactions	between	

the	endo	 CH	 groups	 and	PF6–		anion	 can	be	 found	 in	 Table	A	 2.	 The	 two	enantiomers	

within	the	unit	cell	are	brought	together	via	a	face-to-face	π–π	interaction	between	two	

crystallographically	 equivalent	 triazine	 rings;	 a	 separation	 of	 3.179(4)	 Å	 suggests	 a	

strong	interaction	as	shown	in	Figure	2.3.	The	two	tetrahedra	are	enantiomers	related	

by	a	centre	of	 inversion	with	either	Δ,	Δ,	Δ,	Δ	or	Λ,	Λ,	Λ,	Λ	configuration	at	 the	Co(II)	

centres.	

	

 
Figure	2.3:	Dimeric	packing	of	two	enantiomeric	tetrahedral	[PF6Ì1]

7+	cages	(blue	=	Δ,	Δ,	Δ,	Δ	and	red	=	Λ,	

Λ,	Λ,	Λ)	within	the	unit	cell.	The	centroid-to-centroid	distance	of	the	two	adjacent	triazine	ring	systems	is	

represented	with	a	black	dashed	line	(3.179(4)	Å).	Anions,	solvent	molecules	and	hydrogen	atoms	are	

omitted	for	clarity.	
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The	 1H	NMR	 spectrum	of	 crystals	 of	 [PF6Ì1]7+	 dissolved	 in	 CD3CN	 showed	one	major	

product	 present	 in	 solution	 with	 Td	 point	 symmetry.	 The	 relative	 endo	 and	 exo	

orientation	 of	 the	 phenyl	 protons	 in	 the	 ligand	 creates	 four	 magnetically	 distinct	

environments,	which	provides	a	total	of	nine	peaks	that	are	associated	with	one	arm	of	

the	ligand.	These	are	spread	from	-80	to	250	ppm	and	are	considerably	broadened	due	

to	the	paramagnetic	nature	of	the	Co(II)	ions,	and	were	assigned	as	shown	in	Figure	2.4	

by	 comparison	 to	 similar	 Co(II)	 complexes.121,197,277	 Because	 of	 the	 spin-spin	 coupling	

between	31P	and	19F,	the	19F	NMR	spectrum	displays	two	equivalent	peaks	at	-70.8	and	-

72.7	ppm	that	represent	“free”	PF6–.	The	encapsulation	of	PF6–	in	solution	is	confirmed	

by	 the	 presence	 of	 a	 second	 set	 of	 equivalent	 peaks	 at	 -100.8	 and	 -102.7	 ppm.	 The	

integral	 ratio	 of	 “free”	 to	 encapsulated	 PF6–	peaks	 is	 7:1,	 as	 expected	 from	 the	 X-ray	

crystal	 structure.	 This	 integral	 ratio	 implies	 that	 if	 any	exchange	 is	occurring	 that	 it	 is	

slow	relative	to	the	time	scale	of	the	NMR	experiment.	

	

		
Figure	2.4:	1H	NMR	spectrum	of	[PF6Ì1]

7+	showing	assignments	(CD3CN,	400	MHz,	298	K).	

	

HR-ESI-MS	 showed	 that	 the	 cage	 fragments	 into	 smaller	molecular	 components	 upon	

ionisation.	Despite	this,	three	peaks	can	be	identified	that	correspond	to	the	complete	
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cage	 complex	1,	 each	with	 a	 different	 number	 of	 associated	 PF6–	 anions	 as	 shown	 in	

Figure	2.5.	

 
Figure	2.5:	HR-ESI-MS	spectrum	of	[PF6Ì1]

7+,	which	compares	the	observed	isotope	pattern	(top)	with	a	

simulated	pattern	(bottom)	for	the	{[PF6Ì1](PF6)3}
4+,	{[PF6Ì1](PF6)2}

5+	and	[PF6Ì1]
7+	cations.	

	

When	 Co(SbF6)2	 was	 employed	 in	 the	 self-assembly	 reaction,	 the	 vapour	 diffusion	 of	

benzene	 into	 the	 reaction	mixture	 resulted	 in	 the	 formation	 of	 orange	 cubic	 crystals	

that	were	suitable	 for	single	crystal	X-ray	diffraction.	The	diffraction	data	were	solved	

and	 refined	 in	 the	 triclinic	 space	 group	 P1	(R1	=	 9.48	%).	Within	 the	 asymmetric	 unit	

there	is	one	tetrahedral	cage	encapsulating	an	SbF6–	anion	(Figure	2.6),	seven	external	

SbF6–	 counter	 anions,	 one	 and	 a	 half	 acetonitrile	 and	 two	 partially	 occupied	 benzene	

solvent	molecules.	Large	solvent	accessible	voids	(1574	Å3,	15.4	%	per	unit	cell)	are	filled	

with	disordered	solvent	molecules	that	could	not	be	modelled	precisely.	Therefore,	the	

SQUEEZE295	 protocol	 within	 PLATON296	 was	 employed	 to	 account	 for	 this	 residual	

electron	density	finding	208	electrons	per	unit	cell,	which	likely	corresponds	to	solvent	

molecules,	such	as	benzene,	water	and	acetonitrile.	

	

The	 Co–Co	 distances	 are	 expanded	 compared	 to	 [PF6Ì1]7+,	 in	 the	 case	 of	 [SbF6Ì1]7+	

they	 were	 observed	 to	 14.268(4)	 Å	 (Co1–Co4),	 14.278(5)	 Å	 (Co1–Co3),	 14.392(5)	 Å	

(Co1–Co2),	14.453(4)	Å	(Co3–Co4),14.572(5)	Å	(Co2–Co4),	and	14.770(9)	Å	(Co2–Co3)	at	

an	average	of	14.46	Å,	the	volume	of	the	cavity	also	increases	comparatively,	from	109	

to	120	Å3.	The	larger	SbF6–	anion	(volume	=	84.7	Å3	compared	with	the	volume	of	PF6–	=	

74.3	Å3)287	enforces	this	change	causing	the	ligand	to	flex	outward	about	the	O	atoms	in	

the	ligand	arms.	As	observed	with	the	[PF6Ì1]7+	structure,	the	internal	SbF6–	anion	has	F	

atoms	 directed	 at	 the	 edges	 of	 the	 tetrahedron,	 forming	 an	 extensive	 hydrogen-
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bonding	network	with	the	endo	phenyl	hydrogen	atoms	(details	of	these	can	be	found	

in	Table	A	3).	 The	 increased	 size	of	 SbF6–	pushes	 the	 face-capping	 ligands	out,	 forcing	

the	phenyl	rings	to	flatten	directing	the	C–H	bond	toward	the	O	atoms	of	the	adjacent	

ligand.	The	cages	exist	as	a	dimeric	unit	in	the	solid	state	with	two	cages	separated	by	

π–π	interaction	of	3.215(5)	Å.	The	two	tetrahedra	are	enantiomers	related	by	a	centre	

of	inversion	with	either	Δ,	Δ,	Δ,	Δ	or	Λ,	Λ,	Λ,	Λ	configuration	at	the	Co(II)	centres.	

 
Figure	2.6:	Asymmetric	unit	of	[SbF6Ì1]

7+	showing	encapsulated	SbF6
–	anion.	Lattice	anions,	solvent	

molecules	and	hydrogen	atoms	removed	for	clarity.	

	

The	 1H	 NMR	 spectrum	 of	 [SbF6Ì1]7+,	 recorded	 on	 a	 crystalline	 sample	 dissolved	 in	

CD3CN,	 was	 spread	 over	 a	 broad	 frequency	 range	 consistent	 with	 the	 presence	 of	

paramagnetic	Co(II)	centres.	There	are	nine	unique	proton	environments	identified	due	

to	Td	symmetry.	The	19F	NMR	spectrum	is	complicated	due	to	the	presence	of	Sb.	Sb	has	

two	 NMR	 active	 stable	 isotopes,	 121Sb	 and	 123Sb,	 which	 exist	 in	 57.2%	 and	 42.8%	

abundance,	respectively.	These	two	isotopes	have	a	nuclear	spin	of	5/2	and	7/2,	which	

results	 in	 a	multiplet	 signal	 of	 14	 peaks	 for	 SbF6–.	 The	 19F	NMR	 spectrum	 shows	 two	

isolated	multiplet	 sets,	 indicating	 encapsulation	 of	 SbF6–	 occurs	 in	 solution.	 However,	
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the	multiplet	which	corresponds	to	the	internal	SbF6–	has	a	low	intensity	and	is	hard	to	

discern.	Therefore,	an	approximate	ratio	of	1:10	is	tentatively	assigned.	

	

HR-ESI-MS	 showed	 that	 the	 cage	 fragments	 into	 smaller	molecular	 components	 upon	

ionisation.	Despite	this,	three	peaks	can	be	identified	that	correspond	to	the	complete	

cage	complex	1,	each	with	a	different	number	of	associated	SbF6–	anions,	as	shown	in	

Figure	 2.7.	 In	 the	 case	 of	 the	 {[SbF6Ì1](SbF6)4}3+	 cation,	 a	 second	 set	 of	 peaks	 was	

observed	due	to	the	{[SbF6Ì1]2(SbF6)8}6+	cation,	and	will	be	discussed	further	in	section	

2.2.3	

	
Figure	2.7:	HR-ESI-MS	of	[SbF6Ì1]

7+,	which	compares	the	observed	isotope	pattern	(top)	with	the	modelled	

pattern	(bottom)	for	the	{[SbF6Ì1](SbF6)4}
3,	{[SbF6Ì1](SbF6)2}

5+	and	[SbF6Ì1]
7+	cation.	

When	 Co(BF4)2	 was	 employed	 in	 the	 self-assembly	 reaction,	 the	 vapour	 diffusion	 of	

benzene	 into	 the	 reaction	mixture	 of	 [BF4Ì1]7+	 resulted	 in	 brown	 plate	 crystals	 that	

were	 suitable	 for	 single	 crystal	X-ray	diffraction.	The	diffraction	data	were	 solved	and	

refined	 in	 the	 triclinic	 space	 group	 P1	(R1	=	 10.93	 %).	 There	 is	 one	 tetrahedral	 cage	

structure	 in	 the	 asymmetric	 unit	 with	 an	 encapsulated	 BF4–	 and	 seven	 external	 BF4–	

counter	 anions	 (Figure	2.8).	 The	packing	of	 these	 tetrahedra	within	 the	 crystal	 lattice	

results	in	large	solvent	accessible	voids	(2045	Å3,	21.4	%	per	unit	cell).	The	SQUEEZE295	

protocol	 within	 PLATON296	 was	 utilised	 to	 account	 for	 this	 residual	 electron	 density	

finding	625	electrons	per	unit	cell,	which	likely	corresponds	to	solvent	molecules,	such	

as	benzene,	water	and	acetonitrile.	

	

The	 Co–Co	 distances	 range	 from	 14.084(6)	 Å	 (Co1–Co4),	 14.202(4)	 Å	 (Co2–Co3),	

14.283(5)	Å	(Co1–Co2),	14.285(4)	Å	(Co2–Co4),	14.442(5)	Å	(Co3–Co4),	and	14.563(5)	Å	
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(Co1–Co3)	with	the	shortest	average	Co–Co	distance	yet	observed	for	these	Co(II)	cages	

equal	to	14.31	Å.	The	[PF6Ì1]7+	and	[SbF6Ì1]7+	structures	have	average	Co–Co	distances	

of	 14.37	 and	 14.46	 Å,	 respectively,	 showing	 a	 consistent	 trend	 in	 the	 contraction	 of	

metal-to-metal	 distances	 with	 decreasing	 anion	 size	 (BF4–	 volume	 53.3	 Å3).287	

Surprisingly,	there	is	only	a	very	small	reduction	in	the	cavity	volume	of	[BF4Ì1]7+	to	107	

Å3	compared	to	[PF6Ì1]7+	(109	Å3),	of	this	available	volume	the	BF4–	anion	occupies	~50	

%.	 This	 small	 reduction	 in	 cavity	 volume	would	 appear	 to	 be	 explained	 by	 the	 fewer	

number	of	interactions	between	the	face-capping	ligands	of	1	and	the	internal	BF4–.	The	

fluorine	 atoms	 of	 the	 internal	 BF4–	 anion	 have	 relatively	 high	 thermal	 parameters	

compared	 to	 the	 fluorine	 atoms	of	 the	bound	anions	 in	 the	 [PF6Ì1]7+	 and	 [SbF6Ì1]7+	

crystal	 structures.	 Furthermore,	 the	 fluorine	 atoms	of	 the	 internal	 BF4–	 anion	 are	 not	

directed	 at	 the	 triazine	 rings,	 instead,	 they	 are	 offset	 towards	 the	 edges	 of	 the	

tetrahedral	assembly.	This	perhaps	infers	a	weaker	affinity	for	the	guest	BF4–	anion	by	

the	host	 structure.	The	cage	exists	as	a	dimeric	unit	 in	 the	 solid	 state	with	 two	cages	

separated	by	π–π	interaction	of	3.210(4)	Å.	The	two	tetrahedra	are	enantiomers	related	

by	a	centre	of	inversion	with	either	all	Δ	or	all	Λ	configuration	at	the	Co(II)	centres.	

 
Figure	2.8:	Asymmetric	unit	of	[BF4Ì1]

7+	showing	encapsulated	BF4
–	anion.	Lattice	anions,	solvent	

molecules	and	hydrogen	atoms	removed	for	clarity.	
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The	 1H	NMR	spectrum	of	 [BF4Ì1]7+	was	 recorded	on	a	 crystalline	 sample	dissolved	 in	

CD3CN	 and,	 as	 expected,	 the	 spectrum	 was	 spread	 over	 a	 broad	 frequency	 range	

consistent	 with	 the	 presence	 of	 paramagnetic	 Co(II)	 centres.	 There	 are	 nine	 unique	

proton	environments	identified	due	to	the	cage’s	Td	symmetry.	The	19F	NMR	spectrum	

revealed	 two	 fluorine	environments	 at	 -148.8	and	 -187.9	ppm	 in	a	7:1	 ratio,	which	 is	

consistent	with	a	BF4–	anion	being	encapsulated	inside	the	cage.		

	

HR-ESI-MS	 showed	 that	 the	 cage	 fragments	 into	 smaller	molecular	 components	 upon	

ionisation.	Despite	this,	three	peaks	can	be	identified	that	correspond	to	the	complete	

cage	complex	1	as	shown	in	Figure	2.9.	

	

 
Figure	2.9:	HR-ESI-MS	of	[BF4Ì1]

7+,	which	compares	the	observed	isotope	pattern	(top)	with	the	modelled	

pattern	(bottom)	for	the	{[BF4Ì1](BF4)3}
4+,	{[BF4Ì1](BF4)2}

5+	and	[BF4Ì1]
7+	cations.	

	

When	Co(CF3SO3)2	was	employed	in	the	self-assembly	reaction,	the	vapour	diffusion	of	

chloroform	into	the	reaction	mixture	resulted	in	the	formation	of	orange	cubic	crystals	

that	were	suitable	for	single	crystal	X-ray	diffraction.	The	data	were	solved	and	refined	

in	the	triclinic	space	group	P1	(R1	=	12.99	%)	with	one	tetrahedral	cage	structure	in	the	

asymmetric	 unit	with	 an	 encapsulated	 CF3SO3
–	 anion,	 seven	 external	 CF3SO3

–	 counter	

anions	 and	 two	 acetonitrile	 solvent	 molecules	 (Figure	 2.10).	 Large	 solvent	 accessible	

voids	 (951	 Å3,	 9.8	 %	 per	 unit	 cell)	 exist	 within	 the	 crystal	 lattice.	 The	 SQUEEZE295	

protocol	within	PLATON296	found	347	electrons	per	unit	cell,	which	likely	corresponds	to	

solvent	molecules,	such	as	chloroform,	water	and	acetonitrile.	
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The	 Co–Co	 distances	 range	 from	 14.029(4)	 Å	 (Co2–Co4),	 14.239(4)	 Å	 (Co1–Co4),	

14.396(6)	Å	(Co1–Co2),	14.396(7)	Å	(Co2–Co3),	14.442(4)	Å	(Co3–Co4),	and	14.518(4)	Å	

(Co1–Co3)	 with	 an	 average	 Co–Co	 distance	 of	 14.34	 Å.	 The	 cavity	 of	 [CF3SO3Ì1]7+	 is	

found	 to	 be	 118	Å3	 of	which	 72	%	 is	 occupied	by	 the	CF3SO3
–
	anion,	 this	 is	 similar	 to	

[SbF6Ì1]7+,	 which	 is	 reasonable	 as	 both	 anions	 are	 comparable	 in	 size.	 The	 internal	

CF3SO3
–	anion	is	held	within	the	tetrahedral	capsule	by	twelve	CH	hydrogen	bonds,	two	

to	 each	of	 the	 three	oxygen	atoms	and	 two	 to	 each	of	 the	 three	 fluorine	 atoms,	 see	

Table	A	4	for	details.	The	cage	exists	as	a	dimeric	unit	in	the	solid	state	with	two	cages	

separated	by	π–π	interaction	of	3.222(6)	Å.	The	two	tetrahedra	are	enantiomers	related	

by	a	centre	of	 inversion	with	either	Δ,	Δ,	Δ,	Δ	or	Λ,	Λ,	Λ,	Λ	configuration	at	 the	Co(II)	

centres.	

	

 
Figure	2.10:	Asymmetric	unit	of	[CF3SO3Ì1]

7+	showing	encapsulated	CF3SO3
–	anion.	Lattice	anions,	solvent	

molecules	and	hydrogen	atoms	removed	for	clarity.	

	

The	1H	NMR	spectrum	of	[CF3SO3Ì1]7+	was	recorded	on	a	crystalline	sample	dissolved	in	

CD3CN	 and,	 as	 expected,	 the	 spectrum	 was	 spread	 over	 a	 broad	 frequency	 range	

consistent	 with	 the	 presence	 of	 paramagnetic	 Co(II)	 centres.	 There	 are	 nine	 unique	
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proton	environments	identified	due	to	the	cage’s	Td	symmetry.	The	19F	NMR	spectrum	

revealed	 two	 fluorine	 environments	 in	 a	 7:1	 ratio,	which	 is	 consistent	with	 a	 CF3SO3
–	

anion	being	encapsulated	 inside	the	cage.	HR-ESI-MS	showed	that	the	cage	fragments	

into	 smaller	 molecular	 components	 upon	 ionisation.	 Despite	 this,	 two	 peaks	 can	 be	

identified	 that	 correspond	 to	 the	 complete	 cage	 complex	 1,	 each	 with	 a	 different	

number	of	associated	CF3SO3
–	anions	as	shown	in	Figure	2.11.	

 
Figure	2.11:	HR-ESI-MS	of	[CF3SO3Ì1]

7+,	which	compares	the	observed	isotope	pattern	(top)	with	the	

modelled	pattern	(bottom)	for	the	{[CF3SO3Ì1](CF3SO3)2}
5+	and	[CF3SO3Ì1]

7+	cations.	

2.2.3 Solution	based	studies	following	the	formation	of	dimers	of	
[PF6Ì1]7+as	a	function	of	concentration	

1H	 and	 19F	 NMR	 spectroscopy	 performed	 on	 a	 sample	 of	 [PF6Ì1]7+	 at	 a	 higher	

concentration,	 5.9	 ´	 10-3	 mol	 L-1	as	 opposed	 to	 ca.	 2.5	 ´	 10-3	 mol	 L-1,	 indicated	 the	

presence	 of	 a	 new	 species	 in	 solution.	 In	 addition	 to	 the	 typical	 endo	 and	 exo	

environments	 of	 PF6–	 observed	 in	 the	 19F	 NMR	 spectrum	 for	 [PF6Ì1]7+,	 signals	

representing	a	third	fluorine	environment	appeared.	These	new	peaks	were	located	at	-

99.2	and	-101.1	ppm,	next	to	the	peaks	that	correspond	to	the	endo-	PF6–	(-100.8	and	-

102.7	ppm).	The	new	peaks	correspond	to	a	new	PF6–	inclusion	complex,	in	addition	to	

[PF6Ì1]7+	and	they	exist	with	a	relative	abundance	of	4:6,	as	 indicated	by	the	 integral	

values,	as	shown	in	Figure	2.12.	 Inspection	of	the	1H	NMR	spectrum	also	displayed	an	

additional	set	of	peaks	to	that	of	the	original	spectrum	for	dilute	[PF6Ì1]7+,	confirming	

the	existence	of	a	 second	species	 in	 solution.	A	possible	explanation	 for	 this	could	be	

the	 tetrahedral	 cage	 has	 an	 axillary	 binding	 pocket	 for	 PF6–.	 However,	 this	 can	 be	



 

	  
	
66	

discounted	for	two	reasons;	firstly,	the	ratio	of	the	combined	integrals	of	the	endo-PF6–

peaks	 and	 the	new	peaks	 to	 the	exo-PF6–	 remains	 at	 1:7.	 Secondly,	 axillary	binding	 is	

unlikely	to	be	symmetric,	and	therefore,	multiple	fluorine	atom	environments	would	be	

observed	for	one	externally	bound	PF6–	anion.	

 
Figure	2.12:	19F	NMR	spectrum	of	[PF6Ì1]

7+	(5.9	´	10-3	mol	L-1)	with	peaks	corresponding	to	exo-PF6
–	at	-

68.5	and	-70.4	ppm,	endo-PF6
–	at	-100.8	and	-102.7	ppm	and	to	the	new	endo-PF6

–	at	-99.2	and	-101.8	

ppm	(CD3CN,	376	MHz,	298	K).	

In	 the	 single-crystal	 structures	 of	1	 the	 cationic	 cages	were	 observed	 to	 form	dimers	

through	 a	 π–π	 interaction	 between	 the	 triazine	 rings	 in	 adjacent	 molecules.	 This	

suggests	that	the	new	species	observed	by	19F	and	1H	NMR	spectroscopy	at	 increased	

concentration	 may	 be	 dimers	 forming	 in	 solution.	 There	 are	 two	 other	 possible	

explanations	for	the	emergence	of	a	second	set	of	peaks	in	the	19F	and	1H	NMR	spectra	

at	 increased	 concentration	 that	 were	 also	 considered:	 firstly,	 a	 mixture	 of	 [Co4L14]8+	

diastereoisomers	 exist	 in	 solution;	 the	 original	 [PF6Ì1]7+	 1H	 NMR	 spectrum	 contains	

nine	hydrogen	atom	environments,	consistent	with	Td	symmetry	and	both	Δ,	Δ,	Δ,	Δ	or	

Λ,	 Λ,	 Λ,	 Λ	 chirality	 at	 the	 Co(II)	 ions.	 The	 series	 of	 peaks	 corresponding	 to	 the	 newly	

formed	species	in	the	1H	NMR	spectrum	of	[PF6Ì1]7+	recorded	at	a	higher	concentration	

are	too	numerous	for	Td	symmetry	to	have	been	maintained	in	the	new	species.	There	

are	several	examples	of	edge-bridged	[M4L6]n+	cages	exhibiting	 lower	symmetries	such	

as	S4	and	C3127,279,297	and	if	a	similar	mix	of	diastereoisomers	had	formed	from	[PF6Ì1]7+	

these	would	be	anticipated	 to	give	an	 1H	NMR	spectrum	with	more	distinct	hydrogen	
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atom	 environments.	 The	 second	 explanation	 considered	 was	 that	 a	 novel	

metallosupramolecular	 structure	 had	 formed.	 Evidence	 of	 structural	 reorganisation	

induced	 by	 stimuli	 including	 the	 addition	 of	 a	 new	 anion,	 change	 of	 solvent,	 or	 by	

increasing	 the	 ionic	 strength	 of	 solution,	 exists	 in	 the	 literature.32,298,299	 Reasonable	

possibilities	 for	 the	 system	 presented	 here	 include:	 a	 tri-stranded	 triple	 helicate	 of	

[Co2L3]4+	stoichiometry;	a	[Co3L2]6+	cyclic	helicate	array	with	tetrahedral	coordination	at	

the	 Co(II)	 centres;	 or	 a	 larger	 [Co12L12]24+	 icosahedral	 architecture.	 Each	 of	 these	

structures	could	plausibly	explain	 the	emergence	of	 the	second	set	of	hydrogen	atom	

environments	observed	 in	 the	 1H	NMR	spectrum.	While	 the	ability	of	a	cyclic	helicate	

array	 to	 encapsulate	 a	 PF6–	 anion	 seems	 unlikely,	 the	 other	 two	 structures	 are	

envisioned	 to	 have	 suitable	 cavity	 sizes,	 which	 is	 a	 requirement	 to	 account	 for	 the	

secondary	 encapsulated	 peak	 observed	 in	 the	 19F	 NMR	 spectrum.	 To	 investigate	 this	

further	a	series	of	NMR	experiments	were	devised.	Firstly,	the	19F	and	1H	NMR	spectra	

were	obtained	at	elevated	temperatures	of	40,	55	and	70	°C.	The	19F	spectrum	(Figure	

2.13)	 showed	 that	 at	 70	 °C	 the	 two	 sets	 of	 endo	 peaks	 had	 coalesced.	 The	 1H	 NMR	

spectrum	 behaves	 in	 an	 equivalent	 manner,	 which	 suggests	 that	 just	 one	 species	

remains	at	this	elevated	temperature.	

 
Figure	2.13:	Stack	plot	of	19F	NMR	spectra	of	a	concentrated	sample	(5.9	´	10-3	mol	L-1)	of	[PF6Ì1]

7+at	25,	

40,	55	and	70	°C.	The	spectra	reveal	the	peaks	for	the	internal	PF6
–	environments	merging	together	with	

increasing	temperature	(CD3CN,	376	MHz).	
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In	 the	second	experiment	 the	sample	was	diluted	by	 the	sequential	addition	of	50	µL	

aliquots	of	CD3CN	to	the	NMR	tube.	As	anticipated,	the	19F	NMR	spectra	showed,	as	the	

solution	 was	 diluted,	 peaks	 corresponding	 to	 the	 secondary	 species	 decreasing	 in	

intensity	(Figure	2.14).	Whilst	the	peaks	corresponding	to	the	original	[PF6Ì1]7+	complex	

increase	in	 intensity	this	effect	 is	mirrored	in	the	1H	NMR	spectra,	confirming	that	the	

presence	of	the	secondary	species	is	dependent	on	the	concentration	of	[PF6Ì1]7+.	

	

	
Figure	2.14:	19F	NMR	stack	plot	of	[PF6Ì1]

7+	at	different	concentrations	(5.9	´	10-3	mol	L-1,	5.4	´	10-3	mol	L-

1,	4.9	´	10-3	mol	L-1,	4.5	´	10-3	mol	L-1	and	4.2	´	10-3	mol	L-1).	The	peaks	corresponding	to	the	second	

internal	PF6
–	environment	decrease	as	the	sample	is	diluted	(CD3CN,	376	MHz,	298	K).	

	

In	 the	 final	NMR	experiment,	 aliquots	 of	 a	 standard	 solution	 of	 tetrabutylammonium	

hexafluorophosphate	(TBA·PF6)	(4	eq.	per	cage)	were	added	to	a	NMR	tube	containing	

[PF6Ì1]7+at	 a	 concentration	 of	 5.9	´	 10-3	mol	 L-1.	Subsequently	 after	 each	 addition	 of	

TBA·PF6	the	19F	and	1H	NMR	spectra	were	collected.	The	19F	spectra	revealed	that	as	the	

concentration	 of	 TBA·PF6	 increased	 the	 secondary	 set	 of	 endo	 peaks	 grew	 in	

prominence:	 whilst	 the	 set	 of	 peaks	 representing	 the	 internal	 PF6–	 environment	 of	

[PF6Ì1]7+,	 as	 observed	 at	 lower	 concentrations,	 diminished	 (Figure	 2.15).	 After	 the	

second	 addition	 of	 TBA·PF6	 some	 precipitation	 occurred.	 By	 mass	 4	 eq.	 per	 cage	 of	

TBA·PF6	 was	 added	 in	 each	 aliquot,	 however,	 the	 ratio	 of	 the	 combined	 endo	 peak	

integrals	 compared	 with	 exo-PF6–	 peaks,	 indicated	 a	 decrease	 in	 cage	 concentration.	
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This	 experiment	 proved	 that	 increasing	 the	 ionic	 strength	 of	 solution	 favours	 the	

secondary	species	to	the	point	at	which	the	original	[PF6Ì1]7+	cage	species	is	no	longer	

present	in	solution.		

	

	
Figure	2.15:	19F	NMR	stack	plot	of	[PF6Ì1]

7+	with	subsequent	additions	of	TBA·PF6.	The	eq.	values	were	

derived	by	comparison	of	the	integral	values	of	exo-PF6
–	to	the	endo-PF6

–.	[PF6Ì1]
7+	(5.9	´	10-3	mol	L-1),	+4	

eq.	of	TBA·PF6,	+7.5	eq.	of	TBA·PF6,	+10.7	eq.	of	TBA·PF6	and	+13.5	eq.	of	TBA·PF6	(CD3CN,	376	MHz,	298	K).	

	

Finally,	 an	 ESI-MS	 was	 obtained	 from	 a	 concentrated	 solution	 of	 [PF6Ì1]7+.	 In	 the	

spectrum,	 numerous	 peaks	were	 identified	 that	 correspond	 to	 the	 [PF6Ì1]7+	 complex	

with	varying	number	of	PF6–	anions	associated,	as	found	at	lower	concentrations.	Close	

examination	revealed	several	new	peaks	that	represented	samples	with	atomic	masses	

at	 least	twice	that	of	a	single	cage	structure,	 including	a	peak	that	corresponds	to	the	

{[PF6Ì1]2(PF6)9}5+	 cation	 shown	 in	 Figure	 2.16.	 This	 suggests	 the	 face-to-face	 π–π	

interaction	 first	 observed	 in	 the	 crystal	 structure	 also	 prevails	 in	 solution	 at	 suitable	

ionic	strength	and/or	concentration.	
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Figure	2.16:	HR-ESI-MS	spectrum	of	a	concentrated	solution	of	[PF6Ì1]

7+,	which	compares	the	simulated	

and	experimental	isotope	patterns	for	the	{[PF6Ì1]2(PF6)9}
5+	cation.	

2.2.4 Host-guest	chemistry	of	1	

As	 discussed	 earlier,	 the	 encapsulation	 of	 molecules	 within	 the	 cavities	 of	 these	

capsules	and	their	subsequent	host-guest	chemistry	provides	functionality	and	interest	

to	 these	 systems.	 In	 order	 for	 these	 tetrahedra	 to	 potentially	 find	 use	 as	 devices	 or	

sensors,	a	 thorough	understanding	of	 their	host-guest	behaviour	 is	essential.	 19F	NMR	

spectroscopy	showed	 that,	 in	dilute	 solution,	1	can	encapsulate	 four	different	anions:	

BF4–,	 PF6–,	CF3SO3
–	 and	SbF6–.	 To	assess	 the	binding	affinity	of	1	 for	 these	anions,	 the	

synthesis	of	an	empty	cage	using	anions	too	bulky	to	fit	within	the	cavity	(B(Ph)4–	and	

NTf2–)	was	attempted.	However,	no	complexes	were	formed,	the	1H	NMR	spectra	of	the	

reaction	mixtures	revealed	the	formation	of	numerous	species,	denoting	the	potentially	

crucial	role	played	by	a	suitably	sized	anion	in	templating	the	formation	of	1.	Therefore,	

to	 elucidate	 the	 binding	 preference	 of	 1	 for	 each	 anion,	 crystals	 of	 [XÌ1]7+	 were	

dissolved	 in	 CD3CN	 and	 their	 19F	 and	 1H	 NMR	 spectra	 acquired.	 Subsequently,	

competing	anions	were	added	as	their	n-tetrabutylammonium	(TBA)	salts	and	exchange	

monitored	 with	 19F	 and	 1H	 NMR	 spectroscopy.	 This	 discussion	 will	 include	

representative	examples	of	 these	 spectra,	however,	 to	avoid	 repetition,	 the	complete	

set	of	spectra	can	be	found	in	Appendix	4.	
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For	 the	 [Fe4L14]8+	 analogues	 previously	 studied,128	 the	 anion	 binding	 preference	 in	

acetonitrile	was	revealed	as	PF6–	>	CF3SO3
–	>	ClO4

–	>	BF4–.	Due	to	the	structural	parallels	

between	 these	 systems	 it	 was	 assumed	 the	 Co(II)	 cages	 would	 behave	 in	 a	 similar	

manner.	Guided	by	 this,	 to	 an	NMR	 tube	of	 [BF4Ì1]7+	was	 added	 an	 equivalent	 (with	

regard	BF4–)	amount	of	competing	anion	PF6–,	CF3SO3
–,	ClO4

–	or	SbF6–	as	their	TBA	salts.	

It	became	apparent	that	BF4–	was	readily	exchanged	by	all	of	these	alternative	guests.	In	

each	experiment,	 this	was	evidenced	by	 the	disappearance	of	 the	endo-BF4–	peak	at	 -

187.9	ppm	in	the	19F	spectrum,	which	was	recorded	after	the	sample	had	been	heated	

at	50	°C	for	90	minutes.	The	exchange	of	BF4–	for	either	CF3SO3
–	or	ClO4

–	was	particularly	

rapid	 with	 exchange	 occurring	 at	 room	 temperature.	 Despite	 efforts	 to	 obtain	 a	

spectrum	as	quickly	as	possible	after	the	addition	of	these	competing	anions,	exchange	

was	observed	 regardless	 (see	Figure	2.17	 for	 the	CF3SO3
–	 19F	NMR	spectrum).	 For	 the	

[BF4ÌFe4L14]7+	analogue,	 however,	 heating	 overnight	 at	 50	 °C	was	 required	 to	 ensure	

guest	exchange.	This	would	 imply	that	the	Co(II)	cage	1	binds	BF4–	more	weakly	when	

compared	to	its	Fe(II)	counterpart.	

	

	
Figure	2.17:	19F	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	Blue	spectrum:	

[BF4Ì1]
7+	with	resonances	for	endo	and	exo-BF4

–environments.	b)	Green	spectrum:	recorded	immediately	

after	addition	of	TBA·CF3SO3	showing	resonances	for	endo	and	exo-BF4
–	in	addition	to	endo	and	exo-

CF3SO3
–	showing	incomplete	exchange.	c)	Red	spectrum:	obtained	after	heating	the	solution	at	50	°C	for	

90	mins	showing	resonances	for	exo-CF3SO3
–,	exo-BF4

–	and	endo-CF3SO3
–	indicating	full	conversion	into	

[CF3SO3Ì1]
7+	has	occurred.	Spectra	are	offset	for	clarity	(CD3CN,	376	MHz,	298	K).	
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1H	 NMR	 spectroscopy	 of	 the	 samples	 attained	 after	 heating	 showed	 that	 two	 peaks	

would	noticeably	shift	upon	guest	exchange.	These	corresponded	to	H5	and	H7	found	at	

approximately	243	and	-62	ppm,	respectively.	The	peak	at	243	ppm	is	assigned	to	the	

imine	CH	(H5),	and	its	deshielded	nature,	coupled	with	its	proximity	to	the	paramagnetic	

Co(II)	means	it	is	particularly	sensitive	to	changes	in	environment	and	was	observed	to	

shift	 upfield	 by	 0.5–1.6	 ppm	 with	 exchange	 of	 BF4–	 for	 all	 the	 guests	 trialled	 here.	

Similar	effects	on	imine	protons	have	been	observed	by	Nitschke	et	al.	in	water	soluble	

[Co4L6]4-	systems.121	The	peak	at	-62	ppm,	which	is	assigned	to	the	endo	directed	phenyl	

H7,	is	held	directly	over	the	centre	of	a	phenyl	ring	on	an	adjacent	ligand	as	shown	in	the	

single	crystal	structure	(Figure	2.18).	Therefore,	the	proton	is	shielded	and	the	signal	is	

shifted	 appreciably	 upfield.	 In	 the	 solution	 state	 the	 CH–π	 interaction	 is	 strongest	 in	

[BF4Ì1]7+,	as	exchange	for	all	other	anions	is	accompanied	with	a	downfield	shift	of	this	

peak	by	0.5–2.5	ppm.	As	all	the	introduced	anions	were	larger	than	BF4–	it	is	reasoned	

that	 the	 expansion	 these	 guests	 enforce	 on	 the	 cage	 results	 in	 the	 CH–π	 contact	

weakening,	hence	the	downfield	shift.	

 
Figure	2.18:	A	cut	away	portion	of	the	crystal	structure	of	[BF4Ì1]

7+	showing	the	interactions	of	H7	with	

the	phenyl	rings	centres	(green)	on	adjacent	ligands	in	red.	

Exchange	experiments	conducted	on	[CF3SO3Ì1]7+	versus	PF6–,	SbF6–	and	ClO4
–	showed	

that	 after	 72	 hours	 of	 heating	 at	 50	 °C	 incomplete	 exchange	 occurred.	 After	 heating	

[CF3SO3Ì1]7+	 with	 ClO4
–	 as	 the	 competing	 guest	 19F	NMR	 spectroscopy	 revealed	 the	

integral	 ratio	 of	 internal	 CF3SO3
–	 to	 external	 CF3SO3

–	 had	 decreased	 by	 about	 25	 %,	

which	means,	if	we	assume	the	displaced	CF3SO3
–	was	replaced	by	ClO4

–,	a	ratio	of	3:1	
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of	 [CF3SO3Ì1]7+	 to	 [ClO4Ì1]7+.	 This	 is	 supported	 by	 the	 emergence	 of	 a	 new	 peak	

corresponding	to	H5	of	[ClO4Ì1]7+	in	the	1H	NMR	spectrum	at	243	ppm,	shifted	from	242	

ppm	 in	 the	 [CF3SO3Ì1]7+	 complex	 with	 an	 integral	 ratio	 of	 1:2.9,	 as	 shown	 in	 Figure	

2.19.	 Examining	 the	 19F	 NMR	 spectrum,	 recorded	 after	 addition	 of	 TBA·PF6	 to	

[CF3SO3Ì1]7+	 and	 heating	 period,	 shows	 that	 PF6–	 exchanged	with	 CF3SO3
–	 in	1	more	

efficiently	than	ClO4
–.	Comparison	of	the	integral	values	of	the	endo-PF6–	peaks	at	-102	

and	 -101	 ppm	 with	 the	 endo-CF3SO3
–	 peak	 at	 -106	 ppm	 reveal	 a	 ratio	 of	 2:1	 for	

[PF6Ì1]7+	to	[CF3SO3Ì1]7+.	Whereas	the	addition	of	TBA·SbF6	to	[CF3SO3Ì1]7+	resulted	in	

almost	complete	exchange	of	CF3SO3
–	for	SbF6–,	with	the	integral	values	from	the	final	

19F	NMR	spectrum	suggesting	a	ratio	of	13:1	of	[SbF6Ì1]7+	to	[CF3SO3Ì1]7+.	

	

	
Figure	2.19:	A	portion	of	the	1H	NMR	spectrum	showing	the	incomplete	conversion	of	[CF3SO3Ì1]

7+	to	

[ClO4Ì1]
7+.	Recorded	after	addition	of	TBA·ClO4	and	72	hours	heating	at	50	°C	(CD3CN,	400	MHz,	298	K).	

	

These	 results	 infer	 that	 the	binding	preference	of	1	 is	 SbF6–	>	PF6–	>	CF3SO3
–	>	ClO4

–	>	

BF4–.	To	confirm	this	assessment,	exchange	experiments	for	[PF6Ì1]7+	vs.	ClO4
–,	CF3SO3

–	

and	 SbF6–	 were	 conducted.	 These	 experiments	 showed	 that	 negligible	 conversion	 of	

[PF6Ì1]7+	to	[ClO4Ì1]7+	occurred	and	addition	of	TBA·CF3SO3	converted	between	10	and	

30	%	of	[PF6Ì1]7+	to	[CF3SO3Ì1]7+.	Whilst	1H	NMR	spectroscopy	revealed	the	addition	of	
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TBA·SbF6	 to	 [PF6Ì1]7+	 and	 subsequent	 heating	 produced	 a	 1:2	 ratio	 of	 [PF6Ì1]7+	 to	

[SbF6Ì1]7+.	 To	 confirm	 that	 1	 has	 the	 greatest	 binding	 affinity	 for	 SbF6–	 two	 further	

exchange	experiments	were	carried	out:	[SbF6Ì1]7+	vs.	CF3SO3
–	and	[SbF6Ì1]7+	vs.	PF6–.	

CF3SO3
–	was	unable	to	substitute	any	SbF6–	from	within	1,	evidenced	by	the	absence	of	a	

peak	 at	 -106	 ppm	 for	endo-CF3SO3
–	 in	 the	 19F	NMR	 spectrum.	Addition	 of	 TBA·PF6	 to	

[SbF6Ì1]7+	 followed	by	an	extended	heating	period	of	72	hours,	produced	only	a	very	

small	peak	corresponding	to	encapsulated	PF6–	in	the	19F	NMR	spectrum.	These	results	

establish	that	1	has	the	highest	binding	affinity	for	SbF6–	above	all	other	anions	tested.		

2.2.5 Oxidation	of	Co(II)	 tetrahedral	 cage	 [PF6Ì1]7+	to	 the	Co(III)	
tetrahedron	[PF6Ì2]11+	

A	 prerequisite	 of	 the	 self-assembly	 protocol	 generally	 employed	 to	 synthesise	

supramolecular	architectures	 like	1	 is	 that	 the	 transition	metal	 is	 labile.	The	choice	of	

any	 metal	 cation	 in	 these	 systems	 requires	 a	 trade-off	 between	 facile	 assembly	 and	

enduring	stability.	However,	structures	derived	from	this	method	suffer	when	exposed	

to	 complex	mixtures	due	 to	 ligand	exchange,	which	can	 result	 in	dissociation	and	 the	

subsequent	destruction	of	the	cage.	Recent	work	by	Lusby	et	al.300,301	offers	an	elegant	

solution	 to	 address	 this	 issue,	 in	 the	 form	 of	 an	 “assembly-followed-by-oxidation”	

process,	 whereby	 the	 four	 kinetically	 labile	 Co(II)	 ions	 of	 a	 [Co4L6]8+	 capsule	 were	

oxidised	to	inert	Co(III)	by	the	addition	of	cerium	ammonium	nitrate	(CAN).	This	process	

yields	 the	 corresponding	 kinetically	 inert	 [Co4L6]12+	 cage.	 An	 adapted	 synthetic	

procedure	 was	 applied	 to	 crystals	 of	 [PF6Ì1]7+	 dissolved	 in	 acetonitrile	 shown	 in	

Scheme	2.3.	The	cage	 solution	was	 treated	with	CAN	affording	an	orange	precipitate,	

which	 was	 isolated	 by	 filtration	 and	 eluted	 with	 a	 1:2	 MeCN:H2O	 solvent	 mixture	

resulting	 in	an	orange	 solution.	Upon	addition	of	 aqueous	NH4·PF6	 to	 this	 solution	an	

orange	 precipitate	 formed.	 1H	 and	 19F	 NMR	 spectroscopic	 analysis	 indicated	 that	 a	

mixture	of	partially	oxidised	cages	existed	in	solution.	Therefore,	further	oxidation	steps	

via	 the	 addition	 of	 CAN	 were	 carried	 out	 until	 the	 completely	 oxidised	 product	 was	

formed,	as	evidenced	by	1H	NMR	spectroscopy.	
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Scheme	2.3:	Reaction	scheme	of	the	oxidation	of	[PF6Ì1]

7+	to	[PF6Ì2]
11+.	Reaction	conditions	i)	CAN,	

MeCN;	ii)	1:2	MeCN:H2O;	iii)	aqueous	NH4·PF6;	iv)	MeCN;	v)	CAN,	MeCN.	Steps	ii)	to	v)	were	repeated	three	

times	to	give	x	=	12	and	n	=	0.	

	

The	1H	NMR	spectrum	contained	nine	peaks	corresponding	to	the	cage	structure,	which	

for	[PF6Ì1]7+	were	previously	observed	over	ca.	300	ppm,	are	shifted	to	be	between	5	

and	10	ppm	consistent	with	the	successful	oxidation	to	diamagnetic	Co(III)	(Figure	2.20).	

Comparing	the	19F	NMR	spectra	of	 [PF6Ì1]7+	and	[PF6Ì2]11+	provides	 further	evidence	

that	 oxidation	 has	 occurred.	 As	 mentioned	 previously,	 the	 19F	 NMR	 spectrum	 of	

[PF6Ì1]7+	 has	 two	 sets	 of	 peaks	with	 an	 integral	 ratio	of	 1:7	 for	 the	 internal	 PF6–	and	

external	 PF6–.	 The	 19F	 NMR	 spectrum	 of	 [PF6Ì2]11+	 likewise	 has	 two	 sets	 of	 peaks,	

however,	the	ratio	of	these	is	ca.	1:13,	and	like	the	proton	signals,	the	endo-PF6–	peak	

has	been	shifted	significantly	due	to	the	now	diamagnetic	Co(III).	The	divergence	from	

the	expected	1:11	ratio	suggests	there	is	still	a	slight	excess	of	NH4·PF6	remaining	from	

the	 final	 anion	metathesis.	 A	 broad	 triplet	 at	 approximately	 6.1	 ppm	 in	 the	 1H	 NMR	

spectrum	 is	consistent	with	 the	presence	of	 residual	ammonium	 in	 the	sample,	which	

was	also	observed	by	Lusby	et	al.300,301	
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Figure	2.20:	1H	NMR	spectrum	of	[PF6Ì2]

11+	with	peak	assignments.	

	

The	 oxidation	 was	 further	 confirmed	 via	 ESI-MS	 analysis	 of	 the	 NMR	 sample	 (Figure	

2.21).	 The	 spectrum	 reveals	 a	 peak	 corresponding	 to	 the	 [PF6Ì2]11+	 cage	 with	 eight	

associated	 PF6–	 anions.	 In	 addition	 to	 this	 peak,	 other	 signals	 were	 observed	

corresponding	to	multiple	species	that	have	been	partially	reduced	from	[PF6Ì2]11+	by	

the	ionisation	process.	

 
Figure	2.21:	HR-ESI-MS	of	[PF6Ì2]

11+,	which	compares	the	simulated	and	experimental	isotope	patterns	

for	the	{[PF6Ì2](PF6)8}
3+	cation.	
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To	 assess	 the	 suitability	 of	 [PF6Ì2]11+	 for	 guest	 exchange	 experiments	 the	 stability	 of	

[PF6Ì2]11+	was	investigated.	The	NMR	tube	containing	[PF6Ì2]11+	was	left	for	two	days	

at	room	temperature,	after	this	period,	1H	and	19F	NMR	spectroscopic	analysis	revealed	

that	approximately	20	%	of	[PF6Ì2]11+	had	at	least	one	of	its	Co(III)	centres	reduced	to	

Co(II),	resulting	 in	a	heterovalent	cage	system.	 It	was	discovered	that	the	cage	system	

could	be	oxidised	back	 to	Co(III)	by	 the	addition	of	more	CAN.	However,	after	 time,	a	

portion	 of	 the	 [PF6Ì2]11+	 species	would	 again	 be	 reduced	 to	 the	mixed	 heterovalent	

cage	system.	The	cause	of	this	reduction	is	not	immediately	obvious,	it	is	possible	that	a	

ligand-based	 reduction	 could	 be	 occurring.	 Unfortunately,	 the	 1H	 NMR	 spectra	 is	

complicated	 due	 to	 the	 presence	 of	 a	 paramagnetic	 centre	 and	 the	 loss	 of	 the	 Td	

symmetry	 in	 the	 new	 heterovalent	 cage,	 making	 any	 meaningful	 analysis	 difficult.	

Alternatively,	 an	 in	 situ	 photoreduction	 could	have	occurred,	Crowley	and	co-workers	

observed	 that	when	 [Co2L3]6+	 complexes	 in	DMSO	were	exposed	 to	 light	 the	 complex	

would	be	reduced	at	a	faster	rate	than	in	the	dark.302	Regardless,	[PF6Ì2]11+	due	to	this	

instability	was	not	a	suitable	candidate	for	further	guest	exchange	experiments.	

2.2.6 DC	magnetic	susceptibility	of	[PF6Ì1]7+	

The	paramagnetic	HS	Co(II)	centres	within	[PF6Ì1]7+	can	undergo	zero	field	splitting	of	

the	S	 =	3/2	 spin	 state	 leading	 to	magnetic	anisotropy,	which	provides	precedence	 for	

[PF6Ì1]7+	 to	 potentially	 display	 SMM	 behaviour.	 The	 magnetic	 susceptibility	 of	

[PF6Ì1]7+	 was	 investigated	 using	 DC	 magnetic	 measurements	 with	 a	 SQUID	

magnetometer.	 These	 measurements	 were	 performed	 at	 the	 University	 of	 Bordeaux	

with	 assistance	 from	 Rodolphe	 Clérac,	 Corine	 Mathonière	 and	 Mathieu	 Rouzieres.	

Measurements	were	 undertaken	 on	 both	 a	 dried	 crystalline	 sample	 and	 a	 crystalline	

sample	 frozen	 in	mother	 liquor,	which	produced	almost	 identical	 results,	 inferring	the	

structure	is	maintained	during	the	drying	procedure.	The	large	Co–Co	separation	in	the	

complex	means	any	magnetic	exchange	between	metal	centres	is	likely	to	be	very	weak	

(if	any)	and	the	Co(II)	centres	can	be	considered	 isolated.	At	300	K	a	χT	of	10.7	cm3	K	

mol-1	was	measured	under	an	applied	field	of	1000	Oe,	as	shown	in	Figure	2.22.	This	is	

higher	than	the	expected	7.5	cm3	K	mol-1	for	four	isolated	Co(II)	spin	3/2	centres	(where	
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g	 =	 2.0),	 indicating	 moderate	 anisotropy.	 As	 the	 temperature	 was	 decreased	 the	 χT	

product	decreases	gradually,	due	to	single	ion-anisotropy,	to	7.2	cm3	K	mol-1	at	1.85	K.	

 
Figure	2.22:	The	χT	vs.	T	plot	for	a	dried	sample	of	[PF6Ì1]

7+	measured	under	an	applied	field	of	1000	Oe	

and	with	a	scan	rate	of	0.4	K	min-1.	

The	DC	field	(H)	dependence	of	the	magnetisation	(M)	at	four	temperatures	(1.85,	3,	5	

and	8	K)	shows	that	saturation	is	reached	at	1.85	and	3	K	at	a	field	of	7	T	(Figure	2.23	b).	

At	low	temperatures,	a	spin	effective	S’	=	1/2	is	expected	for	the	Co(II)	centres	and	the	

effective	 g’	 value	 is	 expected	 to	 be	 large	 and	 anisotropic.	 At	 these	 1.85	 and	 3	 K	

temperatures,	the	magnetisation	of	the	sample	at	saturation	is	9.1	µB,	which	 is	higher	

than	 the	 spin-only	 (g	=	2.00)	 expected	value	of	6.9	µB	for	 four	 S’	 =	 1/2	Co(II)	 centres,	

inferring	 that	 g’	 is	 large	 and	 anisotropic,	 as	 anticipated.	 The	 field	 dependence	 of	 the	

reduced	 magnetisation	 plots	 are	 non-superimposable,	 which	 confirms	 the	 magnetic	

anisotropy	of	the	molecule.	

	
Figure	2.23:	Left)	The	plot	of	M	vs.	H	and	right	the	M	vs.	H	T-1plot	for	[PF6Ì1]

7+	at	1.85	(blue	circles),	3	(red	

circles),	5	(purple	circles)	and	8	(black	circles)	K.		
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2.2.7 AC	magnetic	measurements	of	[PF6Ì1]7+	

To	examine	the	magnetisation	dynamics,	AC	magnetic	measurements	were	conducted.	

At	 1.8	 K,	 with	 no	 external	 field	 applied,	 there	 is	 a	 constant	 in-phase	 magnetic	

susceptibility	 (χ’)	 of	 3.4	 cm3	mol-1	 independent	 of	 frequency,	 consistent	 with	 the	 DC	

magnetic	susceptibility	measurements.	However,	upon	the	application	of	a	DC	field	the	

slow	dynamics	of	relaxation	in	[PF6Ì1]7+	are	revealed,	an	out-of-phase	response	(χ’’)	is	

first	revealed	at	200	Hz	with	an	applied	field	of	100	Oe	Figure	2.23.		

	

	
Figure	2.24:	Left)	The	frequency	dependence	of	the	real	χ’	component	of	magnetic	susceptibility	(top)	and	

imaginary	χ’’	(bottom)	parts	of	the	AC	susceptibility	at	1.8	K	at	different	applied	DC	fields	between	0	and	

4000	Oe	for	a	polycrystalline	sample	of	[PF6Ì1]
7+.	Solid	lines	in	the	figures	are	the	best	fits	of	the	

experimental	data	to	the	generalised	Debye	model.240	Right)	The	field	dependence	of	the	magnetic	

parameters	deduced	from	the	fits	of	the	χ’	vs.	𝜈	(red	dots)	and	χ’’	vs.	𝜈	(blue	dots)	data	shown	in	the	left	

part	of	the	figure	using	the	generalised	Debye	mode.	The	top	graph;	χ0	-	𝜒C	amplitude	of	the	relaxation	

mode	with	χ0	and	𝜒C	being	the	in-phase	AC	susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.	

Middle	graph;	α	the	distribution	of	relaxation	times.	Bottom	graph;	𝜈	the	characteristic	ac	frequency.	The	

solid	lines	are	guides	for	the	eyes.	
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At	each	field	strength,	both	χ’	vs.	𝜈	and	χ’’	vs.	𝜈	data	were	fitted	to	a	generalised	Debye	

model,240	with	a	small	α	co-efficient	(<	0.2)	at	1000	Oe	indicating	a	small	distribution	of	

relaxation	times	and	thus	a	relaxation	mode	that	 is	dominated	by	a	single	process.	At	

1000	 Oe,	 the	 characteristic	 frequency	 mode	 of	 this	 relaxation	 is	 1800	 Hz	 and	

continuously	 increases	as	 stronger	 fields	are	applied.	 Therefore,	 the	 temperature	and	

frequency	 dependence	 of	 the	 AC	 susceptibility	 was	 studied	 at	 1000	 Oe,	 as	 shown	 in	

Figure	2.25.	

	

	
Figure	2.25:	Left)	The	temperature	dependencies	of	the	real	χ’	component	(top)	and	imaginary	χ’’	(bottom)	

parts	of	the	AC	susceptibility	under	an	applied	field	of	1000	Oe	between	1.80	and	6.5	K,	for	a	

polycrystalline	sample	of	[PF6Ì1]
7+.	The	solid	lines	are	guides	for	the	eyes.	Right)	The	frequency	

dependencies	of	the	real	χ’	component	(top)	and	imaginary	χ’’	(bottom)	parts	of	the	AC	susceptibility	in	a	

1000	Oe	applied	field	between	10	and	10000	Hz.	The	solid	lines	are	fits	of	the	experimental	data	to	the	

generalised	Debye	model.240	

	

Both	 χ’	and	 χ’’	 components	 exhibit	 frequency	 and	 temperature	 dependant	 relaxation	

processes,	 verifying	 that	 [PF6Ì1]7+	 is	 a	 field-induced	 single	 molecule	 magnet.	 At	 the	
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highest	frequency	measured	here	(10000	Hz),	the	temperature	dependant	out-of-phase	

χ’’	susceptibility	reaches	a	local	maximum	at	3	K,	while	higher	amplitudes	are	reached	at	

lower	frequencies	and	lower	temperatures.	At	1.8	K	under	an	applied	DC	field	of	1000	

Oe,	 the	 frequency	dependence	of	 the	 in-phase	susceptibility	 (χ’),	below	100	Hz,	 is	3.2	

cm3	 mol-1,	 which	 decreases	 above	 100	 Hz	 to	 0.7	 cm3	 mol-1	at	 10000	 Hz,	due	 to	 the	

magnetisation	 of	 the	 molecule	 lagging	 behind	 the	 AC	 field.	 The	 out-of-phase	

susceptibility	 (χ’’),	 at	 1.8	 K,	 under	 an	 applied	 DC	 field	 of	 1000	 Oe,	 reaches	 a	 local	

maximum	at	1900	Hz.	At	increased	temperatures,	the	maximum	amplitudes	of	the	out-

of-phase	susceptibility	(χ’’)	moves	to	higher	frequencies.	The	frequency	dependant	data	

of	both	the	χ’	and	χ’’	components	were	fitted	to	a	generalised	Debye	model,240	which	

gave	 the	 relaxation	 time	 (t)	 at	 each	 temperature.	 Accordingly,	 these	were	 plotted	 as	

ln(t)	 vs.	 T-1	 and	 the	 linear	 data,	 recorded	 at	 higher	 temperatures,	 was	 fitted	 to	 an	

Arrhenius	law,	as	shown	in	Figure	2.26.	The	other	temperature	dependant	parameters	

deduced	from	the	Debye	model,	α	and	χ0	-	𝜒C,	can	be	found	in	Appendix	7.	

	

 
Figure	2.26:	The	ln(t)	vs.	T-1	plot	with	an	Arrhenius	law	fitted	(blue	line)	to	the	high	temperature	region	

(open	blue	dots).	The	filled	blue	dots	deviate	from	linearity	at	low	temperatures	and	are	not	included	in	

the	fit.	Relaxation	times	(t)	are	taken	from	the	frequency	dependant	out-of-phase	χ’’	component,	which	

was	fitted	to	a	generalised	Debye	model.240	

	

At	 high	 temperatures,	 the	 exponential	 increase	 of	 the	 relaxation	 times	 implies	 a	

thermally	 activated	 (Orbach)	 relaxation	process	dominates,	which	obeys	 an	Arrhenius	



 

	  
	
82	

law.	This	process	has	a	pre-exponential	factor,	t0,	of	2.3(5)	´	10-6	s-1	and	an	energy	gap	

(Ueff)	 =	 7.2(5)	 K	 (5.0(3)	 cm-1).	 The	Ueff	 value	 reported	 here	 is	 significantly	 lower	 than	

those	 found	 in	 Co(II)	 spin	 cluster	 SMMs,253	 and	 is	 low	 when	 considering	 Ueff	 values	

found	for	Co(II)	SIMs.252	The	plot	of	t	vs.	T-1,	deviates	from	Arrhenius	behaviour	at	lower	

temperatures,	 suggesting	 that	at	 these	 temperatures	other	 relaxation	processes,	 such	

as,	Raman	and	QT,	occur.	

2.3 Summary	and	Conclusions	

The	 self-assembly	 procedure	 that	 produced	 [Fe4L14]8+	 cages128	 was	 successfully	

modified	to	yield	the	Co(II)	analogue,	1.	The	selection	of	Co(II)	as	 the	transition	metal	

results	 in	 an	 array	 of	 subtle	 changes	 when	 compared	 to	 the	 two	 comparable	 Fe(II)	

crystal	 structures	 which	 were	 reported	 for	 the	 Fe(II)	 series,	 [BF4ÌFe4L1]7+	 and	

[CF3SO3ÌFe4L14]7+.	 A	 notable	 difference	 between	 structures	 is	 the	 average	 M–M	

separations,	 in	 the	 BF4–	 containing	 systems	 the	 [BF4Ì1]7+	 cage	 has	 an	 average	M–M	

separation	over	0.2	Å	 larger	 than	 its	Fe(II)	counterpart,	whilst	 in	 the	CF3SO3
–	 inclusion	

complexes	the	corresponding	increase	in	average	M–M	separation	is	0.1	Å.	The	increase	

in	M–M	separations	 for	 the	Co(II)	 systems	over	 the	Fe(II)	 analogues	 is	 rationalised	by	

the	 larger	 M–L	 bond	 lengths	 due	 to	 the	 HS	 d7	 electron	 configuration	 of	 Co(II),	 as	

opposed	 to	 the	 LS	d6	 configuration	 of	 Fe(II).	 In	 addition,	 the	 ionic	 radius	 of	 HS	 Co(II)	

(0.745	 Å)	 is	 larger	 compared	 to	 that	 of	 LS	 Fe(II)	 (0.61	 Å),303	 contributing	 to	 the	

difference	observed	in	M–M	separations.	The	internal	cavity	volume	of	cage	systems,	as	

found	by	PLATON	VOIDS,296	appears	to	be	relatively	independent	of	the	transition	metal	

employed	 and	 rather	 more	 dependent	 on	 the	 anion	 encapsulated.	 For	 example,	 the	

cavity	 volumes	 found	 for	 [BF4ÌFe4L14]7+	 and	 [BF4Ì1]7+	 were	 105	 Å3	 and	 107	 Å3,	

respectively.	 While	 in	 the	 case	 of	 the	 two	 CF3SO3
–	 inclusion	 complexes,	 the	 internal	

cavity	 volumes	 were	 found	 to	 be	 119	 Å3	 for	 [CF3SO3ÌFe4L14]7+	 and	 118	 Å3	 for	

[CF3SO3Ì1]7+Table	 2.1).	 Clearly,	 the	 size	 of	 the	 anion	 encapsulated	 has	 a	 significant	

effect	on	the	cavity	volume	of	the	host	cage,	which	is	due	to	the	ability	of	the	ligand	to	

flex	around	the	O	atoms	allowing	the	cage	to	adapt	to	the	guest	molecule	regardless	of	

transition	metal	ion	employed.	
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Cage	 Average	M–M	
Separation	(Å)	

Cavity	Volume	
(Å3)	

Anion	Volume	
(Å3)	

%	Of	Cavity	
Occupied	

[SbF6Ì1]7+	 14.46	 120	 84.7	 71	

[PF6Ì1]7+	 14.36	 109	 74.7	 69	

[BF4Ì1]7+	 14.31	 107	 53.3	 50	

[CF3SO3Ì1]7+	 14.34	 118	 85.0	 72	

[BF4ÌFe4L14]7+	 14.05	 105	 53.3	 51	

[CF3SO3ÌFe4L14]7	 14.23	 119	 85.0	 71	

Table	2.1:	Comparison	of	metal-to-metal	distances,	cavity	volumes	within	tetrahedral	cage	structures	

measured	with	PLATON	VOIDS,296	anion	volumes,287	and	the	percentage	of	the	volume	of	the	cavity	

occupied	by	the	anion.	

All	four	crystal	structures	of	1,	regardless	of	the	anion	present,	were	observed	to	form	

dimers	 in	 the	 solid	 state	 via	 a	 π–π	 interaction	 between	 the	 triazine	 rings	 in	 adjacent	

molecules.	Therefore,	when	a	second	supramolecular	species	was	shown	to	be	present	

in	 solution	 by	 19F	 and	 1H	 NMR	 spectroscopy	 at	 an	 increased	 concentration,	 it	 was	

thought	 that	 the	cages	could	be	dimerising	 through	this	π–π	 interaction.	This	appears	

unprecedented	 in	 the	 literature	 and	 initially	 counter-intuitive	 considering	 the	 highly	

cationic	nature	of	these	cages.	The	Co(II)	 ions	are,	however,	stabilised	by	coordination	

and	 the	 ligand	 is	 comprised	 largely	 from	hydrophobic	aromatic	 rings.	 It	 is	well	 known	

that	 increasing	 the	 concentration	 of	 similarly	 charged	 metallo-cyclic	 ring	 systems	

encourages	 catenation.58,304,305	 This	 is	 due	 in	 part,	 to	 the	 increase	 of	 hydrophobic	

interactions	 between	 aromatic	 rings	 yielded	 in	 the	 resultant	 interlinked	 structure.	 A	

similar	interaction	could	be	responsible	for	the	formation	of	dimers	of	[PF6Ì1]7+.	

	

To	 further	 examine	 the	 nature	 of	 this	 newly	 observed	 species	 the	 effect	 of	 changing	

three	 conditions:	 temperature,	 concentration	 and	 the	 ionic	 strength	 of	 solution,	 was	

examined	 by	 19F	 and	 1H	 NMR	 spectroscopy.	 The	 results	 of	 these	 experiments	 were	

consistent	 with	 the	 presence	 of	 a	 dimeric	 cage	 species	 in	 solution.	 When	 the	

temperature	 is	 increased	 or	 the	 concentration	 decreased,	 the	 dimers	 are	 shown	 to	

separate.	This	is	evidenced	by	the	disappearance	of	the	new	endo-PF6–	peaks	in	the	19F	

NMR	 spectra,	 which	 represent	 the	 PF6–	 anion	 encapsulated	 within	 dimerised	 cages.	

Whilst	 increasing	 the	 ionic	 strength	of	 solution	effectively	salts	out	 the	cage	complex,	
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where	 the	 cages	 aggregate	 together	 as	 dimers	 prior	 to	 precipitation.	 At	 high	

concentrations	of	TBA·PF6	only	the	new	endo-PF6–	peaks	of	the	dimerised	cages	remain	

in	 the	19F	NMR	spectra,	showing	there	 is	none	of	 the	singular	 [PF6Ì1]7+cages	present.	

The	conclusive	evidence	 for	 the	 formation	of	dimers	 in	solution	was	provided	when	a	

concentrated	 sample	 was	 analysed	 by	 ESI-MS.	 This	 experiment	 found	 several	 peaks	

exhibiting	isotope	patterns	consistent	with	that	of	two	cationic	units	of	1	and	a	varying	

number	 of	 associated	 PF6–	 anions.	 These	 solution-based	 results,	 combined	 with	 the	

crystallographic	evidence	that	dimers	exist	 in	 the	solid-state,	strongly	 infer	 that	under	

suitable	conditions	in	solution	these	cages	can	exist	as	dimers.	

	

The	 single-crystal	X-ray	diffraction	 studies	gave	useful	 insights	 into	 the	 intermolecular	

interactions	 between	 the	 host	 and	 the	 guest	molecule.	 Numerous	 hydrogen	 bonding	

interactions	 between	 the	 endo	 directed	 phenyl	 CH	 groups	 and	 internal	 anions	 were	

found	for	three	inclusion	complexes:	[SbF6Ì1]7+,	[PF6Ì1]7+	and	[CF3SO3Ì1]7+.	However,	

in	 the	case	of	 [BF4Ì1]7+,	 there	are	 fewer	hydrogen	bonding	 interactions.	Additionally,	

the	thermal	parameters	of	the	F	atoms	of	internal	BF4–	anion	were	considerably	higher	

than	 the	 atoms	 of	 the	 bound	 anions	 in	 the	 other	 crystal	 structures.	1	 was	 shown	 to	

encapsulate	 a	 range	 of	 monocharged	 anions	 with	 different	 shapes	 and	 volumes	 in	

solution	via	19F	and	1H	NMR	spectroscopy	assisted	exchange	studies,	which	established	

the	binding	preference	as	SbF6–	>	PF6–	>	CF3SO3
–	>	ClO4

–	>	BF4–.	The	relative	weak	affinity	

for	 BF4–	 infers	 the	 hydrogen	 bonding	 observed	 in	 the	 solid	 state	 between	 1	 and	 the	

guest	 molecule	 plays	 a	 key	 role	 in	 the	 stabilisation	 of	 the	 inclusion	 complex.	 The	

established	 binding	 affinity	 hierarchy	 digresses	 from	 Rebek’s	 55	 ±	 9	 %	 optimum	

occupancy.130	 The	binding	 series	 reveals	 that	 the	 larger	anions	 such	as:	CF3SO3
–,	SbF6–	

and	PF6–,	which	occupy	72,	71	and	69	%,	respectively	are	more	stabilising.	This	likely	to	

be	due	to	the	flexible	 ligand,	which	can	adapt	to	provide	the	guest	a	more	favourable	

fit.	The	preference	for	the	octahedral	SbF6–	and	PF6–	over	the	larger	CF3SO3
–	infers	there	

is	a	subtle	interplay	between	size	and	shape.	The	octahedral	shape	of	SbF6–	and	PF6–	fits	

the	 tetrahedron	 in	 a	more	 systematic	 fashion	 than	 CF3SO3
–.	 The	 even	 distribution	 of	

hydrogen	bonds	between	the	endo	facing	CH	groups	of	the	phenyl	rings	and	the	fluorine	

atoms	 of	 either	 SbF6–	 or	 PF6–	 would	 seem	 to	 be	 preferable	 to	 the	 comparatively	

irregular	offerings	of	CF3SO3
–.	
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[PF6Ì1]7+	was	oxidised	by	CAN	to	 [PF6Ì2]11+,	by	the	“assembly-followed-by-oxidation”	

process	 established	 by	 Lusby	 et	 al.300	 The	 Co(II)	 centres	 within	 the	 cage	 were	

successfully	 oxidised	 to	 Co(III)	 and	 a	 PF6–	 anion	 was	 still	 encapsulated	 within	 as	

evidenced	 by	 NMR	 spectroscopy	 and	 ESI-MS.	 Unfortunately,	 this	 was	 found	 to	 be	

quickly	 reduced	 to	 a	 mixed-valance	 cage	 species.	 Therefore,	 no	 guest	 exchange	

experiments	were	attempted.	

	

DC	 magnetic	 measurements	 indicated	 that	 there	 were	 no	 magnetic	 interactions	

between	 Co(II)	 centres	 in	 a	 polycrystalline	 sample	 of	 [PF6Ì1]7+	 and	 AC	 magnetic	

susceptibility	 studies	 revealed	 [PF6Ì1]7+	 to	 be	 a	 field-induced	 SMM.	 The	 relaxation	

times	at	different	temperatures	were	elucidated	by	fitting	the	frequency	dependant	in-

phase	 and	 out-of-phase	 components	 of	 the	 susceptibility	 with	 a	 generalised	 Debye	

model.240	An	Arrhenius	analysis	of	these	relaxation	times	at	temperatures	between	2.4	

and	4	K	gives	a	Ueff	=	7.2(5)	K	(5.0(3)	cm-1)	under	an	applied	DC	field	of	1000	Oe.	Whilst	

at	temperatures	lower	than	2.4	K,	other	relaxation	processes	occur	such	as,	Raman	and	

QT,	which	causes	the	plot	of	ln(t)	vs.	T-1	to	deviate	from	linearity.	

	

In	 conclusion,	 a	 Co(II)	 tetrahedral	 cage	 species	 1	 was	 synthesised	 and	 its	 host-guest	

chemistry	 and	 structural	 features	 were	 compared	 to	 the	 previously	 reported	 Fe(II)	

analogues.	 [PF6Ì1]7+	 was	 found	 to	 form	 dimers	 in	 both	 the	 solid-state	 and	 solution	

phase	under	the	right	conditions	and	the	Co(II)	centres	of	[PF6Ì1]7+	could	be	oxidised	by	

CAN	to	Co(III).	The	dynamic	 relaxation	of	magnetism	of	 [PF6Ì1]7+	was	 investigated	by	

AC	 magnetic	 susceptibility	 measurements	 revealing	 that	 [PF6Ì1]7+	 is	 a	 field-induced	

SMM.	
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2.4 Experimental	

2.4.1 AC	and	DC	magnetic	susceptibility	measurements	

The	magnetic	measurements	were	carried	in	collaboration	with	Rodolphe	Clérac,	Corine	

Mathonière	 and	 Mathieu	 Rouzieres	 at	 the	 University	 of	 Bordeaux.	 DC	 magnetic	

susceptibility	 measurements	 were	 carried	 out	 on	 a	 Quantum	 Design	 SQUID	

magnetometer	MPMS-XL	(CRPP)	operating	between	1.8	and	400	K	for	applied	DC	fields	

ranging	 from	 -7	 to	 7	 T.	Measurements	 were	 performed	 on	microcrystalline	 samples.	

Samples	were	prepared	either	in	a	sealed	straw	with	a	layer	of	mother	liquor	carefully	

applied	or	as	filtered	dried	solid	samples	that	were	contained	in	polyethylene	bags	(3	×	

0.5	 ×	 0.02	 cm).	 A	M	 vs.	 H	 measurement	 was	 systematically	 performed	 at	 100	 K	 to	

confirm	the	absence	of	ferromagnetic	impurities.	The	AC	magnetic	measurements	were	

recorded	with	a	PPMS-9	susceptometer	operating	between	1.85	and	270	K	with	applied	

DC	 fields	 ranging	 from	7	 to	 -7	 T	 (MPMS).	 The	DC	measurements	were	performed	 for	

both	a	dried	crystalline	sample	and	a	sample	frozen	in	the	mother	liquor,	as	these	data	

sets	were	virtually	identical,	the	ac	measurements	were	conducted	on	the	dried	sample	

only.	All	the	data	reported	here	were	collected	with	a	dried	sample	of	[PF6Ì1]7+	(mass	

12.78	 mg)	 sealed	 in	 a	 polypropylene	 bag	 (mass	 21.63	 mg).	 Magnetic	 data	 were	

corrected	 for	 the	 sample	 holder	 and	 diamagnetic	 contributions	 for	 all	 magnetic	

measurements.	

2.4.2 Synthesis	of	2,4,6-tris(4-nitrophenoxy)triazine	

2,4,6-tris(4-nitrophenoxy)triazine	was	 prepared	

according	to	literature	procedures.225		

	
1H	NMR	(400	MHz,	CDCl3):	δ	8.30	(d,	J	=	9.0	Hz,	

6H,	H2),	7.34	(d,	J	=	9.0	Hz,	6H,	H1);	m/z	(HR-ESI-

MS):	 493.0739	 [C21H12N6O9	 +	 H]+	 (calc.,	

493.0739);	M.P.	=	209-211	°C.	
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2.4.3 Synthesis	of	2,4,6-tris(4-aminophenoxy)triazine	

2,4,6-Tris(4-aminophenoxy)triazine	was	prepared	

from	literature	procedures.225	Additionally,	2,4,6-

tris(4-aminophenoxy)triazine	 was	 recrystallised	

from	 CHCl3	 giving	 white	 needle-like	 crystals,	

which	 were	 suitable	 for	 single	 crystal	 X-ray	

diffraction	experiments.		
1H	NMR	 (400	MHz,	DMSO-d6):	δ	6.82	 (d,	 J	 =	8.8	

Hz,	 6H,	H1),	 6.52	 (d,	 J	 =	8.8	Hz,	 6H,	H2),	 5.04	 (s,	

6H,	H3);	m/z	 (HR-ESI-MS):	403.1522	[C21H18N6O3	+	H]+	(calc.,	403.1513);	M.P.	=	229-233	

°C.	

2.4.4 General	synthesis	of	[X–Ì1]7+	

A	3	mL	CH3CN	solution	of	Co(X–)2	(0.063	mmol)	(X–	=	BF4–;	CF3SO3
–;	PF6–;	or	SbF6–)	was	

prepared.	 To	 this	 solution,	 2-pyridinecarboxaldehyde	 (18	 μL,	 0.186	mmol)	was	 added	

and	the	solution	stirred	for	10	minutes.	After	this	time	the	reaction	mixture	was	added	

dropwise	to	2,4,6-tris(4-aminophenoxy)triazine	(25	mg,	0.063	mmol)	in	10	mL	of	CH3CN	

with	stirring	and	was	heated	at	~50	°C	overnight,	to	give	an	orange	solution.	

 

 

2.4.4.1 [PF6Ì1](PF6)7	
1H	NMR	(400	MHz,	CD3CN):	δ	242.8	(s,	br,	1H,	H5),	90.5	(s,	br,	1H,	H1),	72.4	(s,	1H,	H4),	

51.9	(s,	1H,	H2),	15.8	(s,	1H,	H3),	13.7	(s,	br,	1H,	H9),	10.9	(s,	br,	1H,	H8),	-8.2	(s,	br,	1H,	

H6),	-61.6	(s,	br,	1H,	H7); 19F	NMR	(376	MHz,	CD3CN):	δ	-70.8	(s,	7F),	-72.7	(s,	7F),	-100.8	

(s,	1F),	 -102.7	(s,	1F);	A	sample	dried	under	high	vacuum	overnight	gave	the	following	
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elemental	 analyses:	 Found	C,	44.76;	H,	2.93;	N,	11.87	%;	Co4C156H108N36O12·8PF6·7H2O	

requires	 C,	 44.61;	 H,	 2.93;	 N	 12.00	 %.;	 m/z	 (HR-ESI-MS):	 436.9399	 [PF6Ì1]7+	 (calc.,	

436.9415);	 669.7031	 {[PF6Ì1](PF6)2}5+	 (calc.,	 669.7041);	 873.3698	 {[PF6Ì1](PF6)3}4+	

(calc.,	 873.3712);	 max/cm-1:	 1598	w,	 1567	 s	 (C=N),	 1494	m,	 1366	 s,	 1218	m,	 1192	 s,	

1012	w,	834	s	(P–F),	768	m.	

2.4.4.2 [SbF6Ì1](SbF6)7	
1H	NMR	(400	MHz,	CD3CN):	δ	241.7	(s,	br,	1H,	H5),	90.4	(s,	br,	1H,	H1),	72.3	(s,	1H,	H4),	

52.0	(s,	1H,	H2),	15.8	(s,	1H,	H3),	13.0	(s,	br,	1H,	H9),	10.5	(s,	br,	1H,	H8),	-7.4	(s,	br,	1H,	

H6),	-60.2	(s,	br,	1H,	H7); 	19F	NMR	(376	MHz,	CD3CN):	δ	-146.5	(m,	10F),	-122.3	(m,	1F);	A	

sample	 dried	 under	 high	 vacuum	 overnight	 gave	 the	 following	 elemental	 analyses:	

Found	C,	38.75;	H,	2.37;	N,	10.38	%;		Co4C156H108N36O12·8SbF6·3H2O	requires	C,	38.75;	H,	

2.62;	 N	 10.26	 %.	 m/z	 (HR-ESI-MS):	 450.0765	 [SbF6Ì1]7+	 (calc.,	 450.0746);	 724.2632	

{[SbF6Ì1](SbF6)2}5+	(calc.,	724.2629);	 max/cm-1:	1598	w,	1568	s	(C=N),	1494	m,	1362	s,	

1216	m,	1191	s,	1012	w,	769	m,	651	s	(Sb–F).	

2.4.4.3 [BF4Ì1](BF4)7	
1H	NMR	(400	MHz,	CD3CN):	δ	243.5	(s,	br,	1H,	H5),	90.6	(s,	br,	1H,	H1),	72.5	(s,	1H,	H4),	

51.9	(s,	1H,	H2),	15.9	(s,	1H,	H3),	13.9	(s,	br,	1H,	H9),	11.0	(s,	br,	1H,	H8),	-8.5	(s,	br,	1H,	

H6),	 -62.5	 (s,	br,	1H,	H7); 19F	NMR	 (376	MHz,	CD3CN):	δ	 -148.8	 (s,	7F)	 -187.9	 (s,	1F);	A	

sample	 dried	 under	 high	 vacuum	 overnight	 gave	 the	 following	 elemental	 analyses:	

Found	C,	48.57;	H,	3.60;	N,	13.06	%;	Co4C156H108N36O12·8BF4·14H2O	requires	C,	48.52;	H,	

3.55;	 N,	 13.06	 %.	 m/z	 (HR-ESI-MS):	 428.6566	 [BF4Ì1]7+	 (calc.,	 428.6615);	 634.9275	

{[BF4Ì1](BF4)2}5+	 (calc.,	 634.9280);	 815.1599	 {[BF4Ì1](BF4)3}4+	 (calc.,	 815.1610);	

max/cm-1:	1597	w,	1568	s,	(C=N),	1494	m,	1361	s,	1216	m,	1190	s,	1010	s	br	(B–F),	770	m.	

2.4.4.4 [CF3SO3Ì1](CF3SO3)7	

1H	NMR	(400	MHz,	CD3CN):	δ	242.0	(s,	br,	1H,	H5),	90.3	(s,	br,	1H,	H1),	72.5	(s,	1H,	H4),	

52.0	(s,	1H,	H2),	15.8	(s,	1H,	H3),	11.3	(s,	br,	2H,	H8,9),	-6.4	(s,	br,	1H,	H6),	-59.8	(s,	br,	1H,	

H7);	(376	MHz,	CD3CN):	δ	-78.6	(s,	7F),	-105.9	(s,	1F);	A	sample	dried	under	high	vacuum	

overnight	gave	the	following	elemental	analyses:	Found	C,	45.46;	H,	3.05;	N,	11.44	%;	

n

n
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Co4C156H108N36O12·8CF3SO3·13H2O	 requires	 C,	 45.32;	 H,	 3.11;	 N	 11.60	%.	m/z	 (HR-ESI-

MS):	 437.5044	 [CF3SO3Ì1]7+	(calc.,	 437.5112);	 672.0918	 [[CF3SO3Ì1](CF3SO3)2]5+	(calc.,	

672.0968);	 max/cm-1:	1596	w,	1568	s	(C=N),	1494	m,	1362	s,	1254	s	(C–F),	1216	s	(C–F),	

1190	s,	1149	s	(S=O),	1028	s	(C–S),	1011	w,	770	m.	

2.4.5 Characterisation	of	[PF6Ì1](PF6)7	at	high	concentration	and	
solution	based	studies	inferring	dimerisation	of	cages	

Crystals	of	[PF6Ì1](PF6)7	were	prepared	as	described	above.	The	1H	and	19F	NMR	spectra	

were	acquired	from	12	mg	of	oven	dried	(50	°C,	15	h)	crystalline	sample	dissolved	in	500	

µL	of	CD3CN	(0.003	mmol,	5.9	´	10-3	mol	L-1).	The	peaks	corresponding	to	the	dimerised	

cage	species	are	assigned	HD,	the	peaks	of	[PF6Ì1]7+	are	assigned	as	above.	HR-ESI-MS	

was	obtained	from	a	sample	of	similar	concentration	in	reagent	grade	CH3CN.	1H	NMR	

(400	MHz,	CD3CN):	δ	255.9	(s,	br,	HD),	242.0	(s,	br,	1H,	H5),	238.5	(s,	br,	HD),	100.3	(s,	br,	

HD),	94.2	(s,	br,	HD),	90.2	(s,	br,	1H,	H1),	82.9	(s,	br,	HD),	79.2	(s,	br,	HD),	73.9	(s,	br,	HD),	

72.2	(s,	br,	1H,	H4),	70.0	(s,	br,	HD),	57.6	(s,	br,	HD),	54.7	(s,	br,	HD),	53.3	(s,	br,	HD),	51.8	

(s,	br,	1H,	H2),	25.7	(m,	HD),	19.6	(m,	HD),	16.9	(s,	br,	HD),	15.8	(s,	br,	1H,	H3),	13.6	(s,	br,	

1H,	H9),	10.9	(s,	br,	1H,	H8),	7.4	(s,	br,	HD),	-3.8	(s,	br,	HD),	-7.6	(m,	1H,	H6),	-57.6	(s,	br,	

HD),	-60.6	(s,	br,	1H,	H9),	-64.2	(s,	br,	HD);	19F	NMR	(376	MHz,	CD3CN):	δ	-68.5	(s,	7F),	-

70.4	(s,	7F),	-99.2	(s,	0.4F),	-100.9	(m,	1F),	-102.7	(s,	0.6F);	m/z	(HR-ESI-MS):	1212.9744	

{[PF6Ì1]2(PF6)8]6+	 (calc.,	 1212.9837);	 1484.5668	 {[PF6Ì1]2(PF6)9}5+	 (calc.,	 1484.5734);	

1891.9556	{[PF6Ì1]2(PF6)11}4+	(calc.,	1891.9579).	

2.4.5.1 Variable	 temperature	 NMR	 studies	 on	 dimerisation	 of	
[PF6Ì1](PF6)7	

[PF6Ì1](PF6)7	(12	mg)	was	dissolved	in	500	µL	of	CD3CN	(0.003	mmol,	5.9	´	10-3	mol	L-1).	
19F	and	1H	NMR	spectra	were	acquired	at	25,	40,	55	and	70	°C.	

n
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2.4.5.2 NMR	 studies	 on	 the	 effect	 of	 concentration	 on	
dimerisation	of	[PF6Ì1](PF6)7	

[PF6Ì1](PF6)7	(12	mg)	was	dissolved	in	500	µL	of	CD3CN	(0.003	mmol,	5.9	´	10-3	mol	L-1).	
1H	and	19F	NMR	spectra	were	acquired	before	and	after	subsequent	additions	of	50	µL	

of	CD3CN	until	200	µL	of	CD3CN	had	been	added.	

2.4.5.3 NMR	 studies	 on	 the	 effect	 of	 the	 ionic	 strength	 of	
solution	on	dimerisation	of	[PF6Ì1](PF6)7	

[PF6Ì1](PF6)7		(12	mg)	was	dissolved	in	500	µL	of	CD3CN	(0.003	mmol,	5.9	´	10-3	mol	L-1).	
1H	and	19F	NMR	spectra	were	acquired	before	and	after	subsequent	additions	of	10	µL	

of	a	stock	solution	of	TBA·PF6	in	CD3CN	(0.012	mmol,	4	eq.,	1.17	mol	L-1)	until	16	eq.	had	

been	added.	

2.4.6 Oxidation	of	[PF6Ì1](PF6)7	to	[PF6Ì2](PF6)11	

Crystalline	 [PF6Ì1](PF6)7	 (22.2	 mg,	 0.005	 mmol)	 was	 dissolved	 in	 5	 mL	 of	 MeCN.	 A	

solution	 of	 CAN	 (55	mg,	 0.1	 mmol)	 in	 5	 ml	 of	MeCN	was	 added	 dropwise	 giving	 an	

orange	precipitate,	which	was	collected	on	a	Celite	pad	and	washed	with	MeCN	(3	x	10	

mL).	The	orange	precipitate	was	eluted	off	the	Celite	with	10	mL	of	1:2	MeCN:H2O,	to	

which	NH4·PF6	(800	mg,	4.9	mmol)	was	added	resulting	in	the	precipitation	of	an	orange	

solid.	A	further	20	mL	of	H2O	was	added	and	the	suspension	stirred	for	10	min	before	

the	solid	was	collected	on	a	Celite	pad.	The	solid	was	redissolved	off	the	Celite	in	10	mL	

of	MeCN	giving	an	orange	solution.	This	process	was	repeated	two	more	times.	 In	the	

last	cycle,	the	orange	precipitant	resulting	from	the	anion	metathesis	was	dried	on	the	

Celite	 pad	 in	 a	 dessicator	 overnight,	 before	 then	 being	 eluted	 from	 the	 Celite	 with	

MeCN	 and	 subsequently	 the	 solvent	 removed	 under	 reduced	 pressure	 to	 give	

[PF6Ì2](PF6)11	(7	mg,	28	%)	as	an	orange	powder.	

	
1H	NMR	(CD3CN,	400	MHz):	δ	8.78	(m,	2H,	H1,2),	8.71	(s,	1H,	H5),	8.11	(dd,	J	=	9.6,	5.6	Hz,	

1H,	H3),	7.43	(dd,	J	=	8.6,	2.7	Hz,	1H,	H9)	7.38	(d,	J	=	5.8	Hz,	1H,	H4)	7.36	(dd,	J	=	8.6,	2.7	

Hz,	1H,	H9),	6.25	(dd,	 J	=	8.6,	2.7	Hz,	1H,	H6),	5.20	 (d,	 J	=	8.6,	2.7	Hz,	1H,	H7);19F	NMR	
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(376	MHz,	CD3CN):	δ	ppm	-71.72	(s,	13F),	-73.20	(s,	1F),	-73.60	(s.,	13F),	-75.10	(s,	1F);	

m/z	(HR-ESI-MS):	1046.1049	{[PF6Ì2](PF6)8}3+	(calc.,	1046.1021).		

2.4.7 Guest	exchange	studies	of	[X–Ì1](X–])7	

General	procedure:	A	500	µL	CD3CN	solution	of	[X–Ì1](X–)7	was	added	to	a	5	mm	NMR	

tube	and	the	19F	and	1H	NMR	spectra	was	collected.	Directly	to	this	was	added	a	CD3CN	

standard	solution	of	the	tetrabutylammonium	salt	(one	equivalent	with	respect	to	anion	

present)	 of	 the	 competing	 anion.	 The	 19F	 and	 1H	 NMR	 spectra	 were	 collected	 again	

immediately	after	addition,	generally	showing	no	or	a	small	amount	of	guest	exchange	

had	occurred.	The	stoppered	NMR	tube	was	then	heated	for	an	interval	of	time,	ranging	

from	 1	 hour	 to	 72	 hours,	 until	 complete	 exchange	 had	 occurred	 or	 equilibrium	 was	

established	and	the	19F	and	1H	NMR	spectra	were	collected.	
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3 Pyridyl-Imine	Coordinated	

[M8L6]16+	

Tetraphenylethylene	Nano-

Boxes.	
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3.1 Introduction		

Self-assembly	 synthesis	 is	 a	 branch	 of	 supramolecular	 chemistry	 that	 can	 be	 used	 to	

produce	 complex	 metal	 organic	 polyhedra	 (MOP).9,22,48,54,145,306–308	 Synthetic	 control	

upon	 these	 systems	 is	 attained	 by	 the	 judicious	 selection	 of	 ligands	 that	 possess	

rationally	 designed	 coordination	 directionality	 and	 transition	 metal	 ions	 with	

predictable	coordination	geometry.	To	date,	self-assembly	has	led	to	the	formation	of	a	

variety	 of	 discrete	 polynculear	 molecular	 architectures,	 including:	 helicates,5,47	

triangles,41,42,309	 squares,43	 tetrahedra122,128,277,310	 and	 octahedra	 complexes.311,312	

Higher	nuclearity	complexes,	whilst	being	aesthetically	pleasing,	have	also	been	offered	

as	 a	 class	 of	materials	 with	 added	 function.	 That	 is,	 increasing	 the	 number	 of	metal	

centres	increases	their	function,	which	may	include	magnetism	(e.g.	SMM255,313–315	and	

SCO316,317),	 catalysis146,153,282	 and	 sensing.45,318	 Furthermore,	 attempts	 to	 create	higher	

nuclearity	 molecular	 polyhedra	 may	 also	 result	 in	 increased	 void	 space	 within	 the	

polyhedra,	 which	 may	 be	 exploited	 for	 potential	 host-guest	 chemistry.	 For	 these	

reasons,	 the	 overarching	 goal	 of	 the	 work	 presented	 in	 this	 chapter	 was	 to	 form	

octanuclear	molecular	cubes	through	self-assembly.	

	

	In	 theory,	 the	 synthesis	 of	 a	 metallosupramolecular	 cube,	 like	 that	 of	 a	 tetrahedral	

cage,	 can	 be	 attempted	 from	 one	 of	 two	 synthetic	 strategies:	 using	 a	 face-capped	

approach	to	produce	a	[M8L6]n+	architecture;	or,	an	edge-bridged	approach	to	create	a	

complex	 of	 [M8L12]n+	 composition.	 The	 synthesis	 of	 both	 systems	 present	 different	

challenges,	 for	 example,	 the	 self-assembly	 of	 edge-bridged	 cubes	 can	 be	 problematic	

due	to	the	propensity	for	formation	of	the	entropically	favoured	edge-bridged	[M4L6]n+	

tetrahedral	cage	and	because	of	this,	examples	of	[M8L12]n+	cuboid	structures	with	rigid	

linear	 ligands	 are	 rare.96	 Usually	 cubes	 of	 the	 [M8L12]n+	 topology	 are	 formed	 due	 to	

secondary	stabilising	interactions,	the	ongoing	work	of	Ward	et	al.	on	a	family	[M8L12]n+	

cubes	stabilised	by	π–π	stacking	interactions	are	a	notable	example.56,319,320		

	

The	formation	of	face-capped	[M8L6]n+	cubes	can	often	be	hindered	by	the	requirement	

of	approximately	square-shaped	ligands,	which	are	a	limited	class	of	compounds	owing	
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to	the	rarity	of	right	angles	in	organic	chemistry.	In	previous	reports	this	has	generally	

been	overcome	with	 the	use	of	preformed	metallo-ligands	 like	porphyrins	or	metallo-

acetate	 paddle-wheel	 motifs.107,108,110	 This	 results	 in	 heterometallic	 systems	 of	

[M8M’6L6]n+	composition	when	the	ligand	is	derived	from	a	porphyrin,	or	[M8M’12L24]n+	

composition	when	a	metal	 paddle-wheel	 component	 is	 employed.	 In	 addition	 to	 this,	

utilising	 a	 metal	 ion	 with	 a	 square	 planar	 or	 trigonal	 bi-pyramidal	 geometry	 as	 the	

central	 component	of	 the	 face-capping	moiety	has	yielded	a	variety	of	heterometallic	

[M6M’8L24]n+	species.90,91,109	Surprisingly,	to	the	best	of	my	knowledge,	only	three	cubic	

systems	 have	 been	 reported	 of	 [M8L6]n+	 composition;	 one	 of	 which	 employs	 a	

demetallated	porphyrin,110	while	the	other	two	(recently	reported	complexes	by	He	and	

co-workers)321	use	the	same	central	component	ligand	that	is	reported	in	this	work.	

	

This	 chapter	 presents	 a	 series	 of	 face-capped	 [M8L26]16+	 cuboid	 species,	 where	 M	 =	

Co(II),	 Fe(II)	 and	 Zn(II),	 and	 L2	 is	 formed	 in	 situ	 from	 the	 subcomponents	 1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	and	2-pyridinecarboxaldehyde.	These	subcomponents	

react	via	a	condensation	reaction	to	produce	the	complete	ligand	L2,	which	coordinates	

via	pyridyl-imine	motifs.	At	the	time	this	was	attempted	it	was	a	rare	example	of	a	face-

capped	cube	by	a	purely	organic	ligand.	However,	as	mentioned	above,	since	this	time	

He	 and	 co-workers	 have	 reported	 two	 [Fe8L6]16+	 systems	based	on	 the	 same	1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	central	subcomponent,321	one	of	which	utilises	the	L2	

ligand	 presented	 here.	While	 the	 studies	 of	 He	 et	 al.	 focused	 on	 the	 ability	 of	 these	

systems	 to	quench	 the	 fluorescence	of	organic	dye	molecules	 and	 their	 suitability	 for	

light	 driven	H2	production	 from	water,	 the	work	presented	 in	 this	 chapter	 focuses	on	

the	synthetic	adaptability	regarding	the	divalent	transition	metal	chosen,	structures	and	

magnetic	behaviour	of	the	[Co8L26]16+	cube.	 	
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3.2 Results	and	discussion	

3.2.1 Synthesis	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	

Tetraphenylethylene	is	a	well-known	molecule	that	behaves	as	an	aggregation	induced	

emission	 (AIE)	 fluorogen,322–324	 due	 to	 the	 low	 frequency	 phenyl	 ring	 rotation	 and	

carbon-carbon	double	bond	twist	behaviours,	which	are	deactivated	 in	the	condensed	

state	 to	 induce	 fluorescence.	 Recent	 work	 by	 Stang	 and	 co-workers	 reported	 the	

incorporation	 of	 TPE	 synthons	 into	 both	 platinum(II)	metallocages325	 and	 platinum(II)	

metallocycles45	 both	 of	 which	 showed	 AIE	 properties.	 However,	 for	 the	 purpose	 of	

making	 a	 face-capped	 cube,	 it	 was	 the	 approximately	 square	 shape	 that	 drew	 our	

attention,	rather	than	the	its	properties	as	a	fluorogen.	We	envisioned	that	addition	of	

amine	groups	to	the	4-position	of	the	phenyl	rings	in	tetraphenylethylene	would	allow	

for	 the	 same	 subcomponent	 self-assembly	 process	 to	 that	 used	 as	 in	 the	 preceding	

chapter;	 this	 time	however,	 to	 synthesise	 cubes	 of	 [M8L6]n+	 composition.	 In	 this	 vein,	

the	 hydrochloric	 salt	 of	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 was	 synthesised	 via	

the	 reductive	 coupling	 of	 4,4’-diaminobenzophenone	 with	 tin	 in	 concentrated	

hydrochloric	 acid,	 as	 shown	 in	 Scheme	 3.1.	 The	 hydrochloric	 salt	 was	 isolated	 by	

filtration,	deprotonated	and	purified	with	an	acid/base	swing	to	give	1,1,2,2,-tetrakis(4-

aminophenyl)ethylene	in	61	%	yield.		

	

	
Scheme	3.1:	Synthesis	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	by	the	reductive	coupling	of	4,4’-

diaminobenzophenone	with	tin.	Reaction	conditions	and	yields:	i)	Concentrated	HCl	acid,	reflux	6h;	ii)	2M	

NaOH	(61	%).	

Crystals	 suitable	 for	 single	 crystal	 X-ray	 diffraction	 studies	 were	 obtained	 by	

recrystallisation	 from	EtOAc.	The	data	was	solved	and	 refined	 in	 the	monoclinic	P21/c	

space	group,	with	three	molecules	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	and	one	

O

NH2H2N

+   Sn

NH2

NH2H2N

H2N

i)

ii)
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water	 molecule	 in	 the	 asymmetric	 unit	 (R1	 =	 5.92	 %).	 Upon	 inspection	 of	 the	 N–N	

separations,	 it	 is	 apparent	 that	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 has	 an	

irregular-rectangular	 shape,	 with	 two	 short	 N–N	 lengths	 parallel	 to	 the	 central	 C=C	

double	 bond,	 and	 two	 comparatively	 long	 lengths	 perpendicular	 to	 the	 central	 C=C	

double	 bond	 (Figure	 3.1	 a).	 1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 displays	 some	

apparent	flexibility	with	regards	to	the	N–N	separations	in	each	of	the	three	molecules	

in	the	asymmetric	unit,	the	short	N–N	distances	vary	by	up	to	approximately	1.2	Å	and	

the	 longer	N–N	distances	by	approximately	0.5	Å.	The	approximately	 square-shape	of	

the	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 molecule	 and	 its	 flexibility	 provides	

promise	 for	 its	 potential	 incorporation	 into	molecular	 cubes	 of	 [M8L6]n+	 composition.	

The	 arrangement	 of	molecules	within	 the	 unit	 cell	 is	 facilitated	 by	 hydrogen	 bonding	

interactions	between	amine	groups	and	the	water	molecule	(Figure	3.1	b),	details	can	

be	found	in	Table	A	5.	

	

	
Figure	3.1:	Crystal	and	molecular	structure	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene.	a)	N–N	distances	

of	a	molecule	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	in	red,	highlighting	the	irregular-rectangular	

shape	(distances	in	Å).	b)	A	section	of	the	crystal	structure	showing	the	hydrogen	bonding	between	

adjacent	molecules	in	orange	(Non-hydrogen	bonding	hydrogen	atoms	omitted	for	clarity).		

3.2.2 Synthesis	of	[Co8L26](ClO4)16	(3)	

The	[Co8L26](ClO4)16	nano-box	3	was	synthesised	by	the	subcomponent	self-assembly	of	

2-pyridinecarboxaldehyde,	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	and	Co(ClO4)2	with	
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24:6:8	 stoichiometry	 in	 a	 1:1	 acetonitrile/DMF	 solution	 (Scheme	 3.2).	 The	 ligand	 L2	

forms	in	situ	and	coordinates	to	the	Co(II)	centres	through	four	bidentate	pyridyl-imine	

motifs.	 The	 reaction	mixture	was	 heated	 and	 stirred	 overnight	 at	 50	 °C	 to	 produce	 a	

dark	orange	solution.		

	

	
Scheme	3.2:	Synthesis	of	3	by	the	subcomponent	self-assembly	of	2-pyridinecarboxaldehyde,	1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	and	Co(ClO4)2	with	a	24:6:8	stoichiometry	in	a	1:1	acetonitrile/DMF	

solvent	mixture.	Only	one	of	six	complete	ligands	L2	shown	for	clarity.	

	

Vapour	 diffusion	 of	 benzene	 into	 the	 reaction	 mixture	 yielded	 large	 orange	 plate	

crystals	suitable	for	a	single	crystal	X-ray	diffraction	study,	performed	at	the	Australian	

Synchrotron.	The	structure	was	solved	and	refined	in	the	triclinic	space	group	P1		with	

an	R1	=	16.84	%.	This	high	R1	value	is	due	to	the	large	asymmetric	unit	and	considerable	

disorder	 in	 the	 ClO4
–
	 anions.	 There	 is	 one	 complete	 nano-box	 structure	 in	 the	

asymmetric	 unit	with	 sixteen	 ClO4
–
	anions	 and	 five	DMF	 solvent	molecules.	 The	 ClO4

–
	

anions	were	modelled	over	seventeen	positions	and	thirteen	were	restrained	with	DFIX	

commands	to	adhere	to	the	expected	tetrahedral	geometry.	The	thermal	parameters	of	

the	oxygen	atoms	of	eleven	of	ClO4
–
	anions	were	constrained	to	be	equal	(EAPD).	There	

are	six	L2	ligands	across	the	faces	of	the	cube	(Figure	3.2	a),	which	coordinate	via	a	bi-

dentate	pyridyl-imine	motif	to	the	eight	Co(II)	centres	at	the	vertices	of	the	cube.	The	

N–Co	bond	distances	range	from	2.066(7)	to	2.245(6)	Å,	consistent	with	the	HS	state	for	
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Co(II),	 for	 the	 all	 Co–N	 bond	 lengths	 see	 Table	 A	 6.	 Crystals	 of	 3	 were	 further	

characterised	with	infrared	spectroscopy,	ESI-MS	and	microanalysis.	

	
Figure	3.2:	X-ray	crystal	structure	of	3.	a)	Asymmetric	unit	with	the	six	L2	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	removed	for	

clarity).	b)	Cut-away	portion	of	the	crystal	structure	showing	the	Co–Co	separations	with	the	two	opposing	

approximately	square	faces	in	red,	which	are	separated	by	four	longer	lengths	shown	in	grey.	

	

The	overall	molecular	 structure	of	3	 is	 an	 irregular	 cubic	 shape	with	Co–Co	distances	

ranging	from	10.059(3)	to	11.355(4)	Å	(Figure	3.2	b).	The	distortion	away	from	a	perfect	

cube	arises	as	a	consequence	of	the	 irregular-rectangular	shape	of	the	 ligand.	On	two	

opposing	faces	the	ligand	is	disordered	over	two	possible	orientations,	modelled	at	50	

%	 each.	 This	 disorder	 creates	 two	 relatively	 square	 faces,	 where	 Co1,	 Co2,	 Co3,	 Co4	

form	 one	 approximately	 square	 face	 and	 Co5,	 Co6,	 Co7,	 Co8	 the	 other,	 the	 Co–Co	

distances	 in	 these	 faces	 range	 from	 10.059(3)	 to	 10.471(3)	 Å.	 These	 two	 faces	 are	

separated	 by	 four	 rectangular	 faces,	 with	 comparatively	 elongated	 Co–Co	 distances	

between	 Co1–Co5,	 Co2–Co8,	 Co3–Co7	 and	 Co4–Co6	 which	 range	 from	 11.260(4)–

11.355(4)	Å.	The	ligands	on	these	faces	are	orientated	in	the	same	manner,	where	the	

C=C	double	bond	is	perpendicular	to	the	longer	Co–Co	separations	(between	Co1–Co5,	

Co2–Co8,	Co3–Co7	and	Co4–Co6)	with	no	disorder.	It	is	lack	of	disorder	in	the	ligand	on	

four	 faces	 that	 creates	 the	 rectangular	 shape,	 which	 in	 turn	 results	 in	 the	 observed	

distortion	from	a	cubic	shape.	
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There	are	significant	voids	throughout	the	crystal	 lattice	 filled	with	disordered	solvent	

molecules	which	could	not	be	sensibly	modelled	atomically.	To	accommodate	this,	the	

SQUEEZE295	 protocol	 within	 PLATON296	 was	 applied	 finding	 solvent	 accessible	 voids	

totalling	 3966	 Å3	 (21.7	 %)	 with	 1006	 unassigned	 electrons	 per	 unit	 cell,	 which	 likely	

correspond	to	disordered	molecules	of	benzene,	DMF	and	acetonitrile.	The	nano-boxes	

pack	reasonably	efficiently	despite	these	voids	as	shown	in	Figure	3.3.	This	is	facilitated	

by	a	multitude	of	 supramolecular	 interactions	 including:	p–p	 interaction	between	 the	

pyridine	 rings	 of	 adjacent	 nano-boxes;	 a	 two-fold	 aryl	 embrace;	 and	 numerous	

hydrogen	bonds	between	aromatic	CH	groups	and	 the	oxygen	atoms	of	ClO4
–	 anions.	

The	 cavity	within	 the	 nano-box	 is	 equal	 to	 250	Å3	encompassing	 58	 electrons,	 such	 a	

large	void	space	and	residual	electron	density	 infers	 that	 this	 system	can	behave	as	a	

container	molecule.	The	diffuse	electron	density	found	within	the	cavity	 is	not	able	to	

be	accurately	modelled	without	other	evidence	to	support	an	assignment,	although	it	is	

likely	to	be	disordered	solvent	molecules.	

	
Figure	3.3:	Crystal	packing	diagrams	of	3.	a)	View	down	the	a-axis.	b)	View	down	the	b-axis.	c)	View	down	

the	c-axis	(Hydrogen	atoms,	solvent	molecules,	disorder	and	anions	removed	for	clarity).	

The	 crystals	 of	 3	 were	 found	 to	 be	 only	 very	 slightly	 soluble	 in	 common	 laboratory	

solvents	 and	when	 dissolved	 in	 DMSO	 appeared	 to	 dissociate.	 Therefore,	 analysis	 by	

NMR	 spectroscopy	 was	 not	 preformed.	 However,	 crystals	 of	 3	 were	 suspended	 in	

acetonitrile	with	a	drop	of	 formic	acid,	 sonicated	at	50	 °C	 for	an	hour,	and	 filtered	 to	

remove	the	remaining	crystalline	material.	Subsequent	analysis	of	this	solution	by	high	

resolution	 electrospray	 ionisation	mass	 spectrometry	 found	 four	 peaks	 corresponding	

to	complex	3	with	varying	number	of	associated	ClO4
–	anions,	as	shown	 in	Figure	3.4.	

Additionally,	 multiple	 peaks	 were	 identified	 that	 corresponded	 to	 3	 with	 associated	

formate	anions,	as	shown	in	Appendix	4.	
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Figure	3.4:	HR-ESI-MS	spectrum	of	3	with	the	observed	isotope	pattern	(top)	compared	with	the	simulated	

pattern	(bottom)	for	the	[3(ClO4)8]
8+,	[3(ClO4)9]

7+,	[3(ClO4)10]
6+	and	[3(ClO4)11]

5+	cations.	

3.2.3 DC	magnetic	susceptibility	measurements	of	3	

Reports	in	the	literature	have	described	heterometallic	[M6M’8L24]n+	cuboid	species	that	

display	 intramolecular	 magnetic	 exchange,326–329	 with	 some	 of	 these	 even	 showing	

single	 molecule	 magnetic	 behviour.313	 Because	 of	 this,	 complex	 3	 which	 contains	

isolated	HS	Co(II)	centres	(which	can	undergo	zero	field	splitting	of	the	3/2	state,	leading	

to	 anisotropy)43–46	 was	 studied	 for	 its	 SMM	 behaviour.	 Initially,	 to	 investigate	 the	

magnetic	behaviour	of	complex	3	DC	magnetic	measurements	were	undertaken	with	a	

SQUID	 magnetometer.	 These	 measurements	 were	 performed	 at	 the	 University	 of	

Bordeaux	 in	 collaboration	 with	 Rodolphe	 Clérac,	 Corine	 Mathonière	 and	 Mathieu	

Rouzieres.	Measurements	on	both	a	dried	 crystalline	 sample	and	a	 crystalline	 sample	

frozen	 in	 mother	 liquor	 produced	 almost	 identical	 results,	 inferring	 the	 structure	 is	

maintained	 during	 the	 drying	 procedure.	 The	 large	 separation	 of	 the	 Co(II)	 centres	

means	 that	 any	 magnetic	 coupling	 is	 anticipated	 to	 be	 negligible	 so	 that	 the	 Co(II)	

centres	 can	 be	 considered	 isolated.	 Beginning	 at	 300	 K	 a	 χT	of	 19.0	 cm3	 K	mol-1	was	
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measured	under	applied	field	of	1000	Oe	(Figure	3.5).	This	is	higher	than	the	expected	

15	cm3	K	mol-1	 for	eight	 isolated	Co(II)	 spin	3/2	centres	 (g	=	2.0),	 indicating	moderate	

anisotropy.	As	the	temperature	was	decreased	the	χT	product	decreases	gradually,	due	

to	single	ion-anisotropy,	to	11.1	cm3	K	mol-1	at	1.85	K.	

																																																 	
Figure	3.5:	The	χT	vs.	T	plot	for	3	measured	under	an	applied	field	of	1000	Oe	and	scan	rate	of	0.4	K	min-1.	

The	DC	field	(H)	dependence	of	the	magnetisation	(M)	at	four	temperatures	(1.85,	3,	5	

and	8	K)	shows	that	saturation	is	reached	at	1.85	and	3	K	at	a	field	of	70000	Oe	(Figure	

3.6).	At	low	temperatures,	a	spin	effective	S’	=	1/2	is	expected	for	the	Co(II)	centres	and	

the	 effective	 g’	 value	 is	 expected	 to	 be	 large	 and	 anisotropic.	 At	 1.85	 and	 3	 K,	 the	

magnetisation	of	the	sample	at	saturation	is	15.7	µB,	which	is	higher	than	the	spin-only	

(g	=	2.00)	expected	value	of	13.8	µB	for	eight	S’	=	1/2	Co(II)	centres,	 inferring	that	g’	 is	

large	 and	 anisotropic,	 as	 anticipated.	 The	 field	 dependence	 of	 the	 reduced	

magnetisation	plot	 is	non-superimposable,	which	confirms	the	magnetic	anisotropy	of	

the	molecule.	

					 	
Figure	3.6:	Left	the	plot	of	M	vs.	H	and	right	the	M	vs.	H	T-1plot	for	a	sample	of	3	at	1.85	(blue	circles),	3	

(red	circles),	5	(purple	circles)	and	8	(black	circles)	K.	
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3.2.4 AC	magnetic	susceptibility	measurements	of	3	

To	examine	the	magnetisation	dynamics,	AC	magnetic	measurements	were	conducted.	

At	 2	 K,	 with	 no	 applied	 external	 field,	 there	 is	 a	 constant	 in-phase	 magnetic	

susceptibility	 (χ’)	 of	 6.1	 cm3	mol-1	 independent	 of	 frequency,	 consistent	 with	 the	 DC	

magnetic	susceptibility	measurements.	However,	upon	the	application	of	a	DC	field	the	

slow	 dynamics	 of	 relaxation	 in	 3	 are	 revealed,	 an	 out-of-phase	 response	 (χ’’)	 is	 first	

revealed	at	200	Hz	with	an	applied	field	of	200	Oe	(Figure	3.7).	

	
Figure	3.7:	Left)	The	frequency	dependence	of	the	real	χ’	component	of	magnetic	susceptibility	(top)	and	

imaginary	χ’’	(bottom)	parts	of	the	AC	susceptibility	at	2	K	at	different	applied	DC	fields	between	0	and	

10000	Oe	for	a	polycrystalline	sample	of	3.	Solid	lines	in	the	figures	are	the	best	fits	of	the	experimental	

data	to	the	generalised	Debye	model.240	Right)	The	field	dependence	of	the	magnetic	parameters	deduced	

from	the	fits	of	the	χ’	vs.	𝜈	(red	dots)	and	χ’’	vs.	𝜈	(blue	dots)	data	shown	in	the	left	part	of	the	figure	using	

the	generalised	Debye	mode.	The	top	graph;	χ0	-	𝜒C	amplitude	of	the	relaxation	mode	with	χ0	and	

𝜒C	being	the	in-phase	ac	susceptibilities	in	the	zero	and	infinite	ac	limits,	respectively.	Middle	graph;	α	the	

distribution	of	relaxation	times.	Bottom	graph;	𝜈	the	characteristic	ac	frequency.	The	solid	lines	are	guides	

for	the	eyes.	
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At	each	field	strength,	both	χ’	vs.	𝜈	and	χ’’	vs.	𝜈	data	were	fitted	to	a	generalised	Debye	

model,240	with	a	small	α	co-efficient	(<	0.1)	at	1000	Oe	indicating	a	small	distribution	of	

relaxation	times	and	thus	a	relaxation	mode	that	 is	dominated	by	a	single	process.	At	

1000	 Oe,	 the	 characteristic	 frequency	 mode	 of	 this	 relaxation	 is	 1600	 Hz	 and	

continuously	 increases	as	 stronger	 fields	are	applied.	 Therefore,	 the	 temperature	and	

frequency	 dependence	 of	 the	 AC	 susceptibility	 was	 studied	 at	 1000	 Oe,	 as	 shown	 in	

Figure	3.8.	

	
Figure	3.8:	Left)	The	temperature	dependencies	of	the	real	χ’	component	(top)	and	imaginary	χ’’	(bottom)	

parts	of	the	AC	susceptibility	at	in	a	1000	Oe	applied	field	between	1.85	and	15	K,	for	a	polycrystalline	

sample	of	3.	The	solid	lines	are	guides	for	the	eyes.	Right)	The	frequency	dependencies	of	the	real	χ’	

component	(top)	and	imaginary	χ’’	(bottom)	parts	of	the	AC	susceptibility	in	a	1000	Oe	applied	field	

between	10	and	10000	Hz.	The	solid	lines	are	fits	to	the	generalised	Debye	model.240	

Both	 χ’	and	 χ’’	 components	 exhibit	 frequency	 and	 temperature	 dependant	 relaxation	

processes,	 verifying	 that	 3	 is	 a	 field-induced	 single	 molecule	 magnet.	 At	 the	 highest	

frequency	 measured	 here	 (10000	 Hz),	 the	 temperature	 dependant	 out-of-phase	 χ’’	

susceptibility	reaches	a	 local	maximum	at	4	K,	while	higher	amplitudes	are	reached	at	

lower	frequencies	and	lower	temperatures.	Interestingly,	there	is	incomplete	relaxation	
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observed	 in	the	frequency	dependence	of	χ’	at	1.9	K	with	an	applied	DC	field	of	1000	

Oe.	The	 in-phase	susceptibility	χ’	at	 frequencies	below	100	Hz	 is	5.4	cm3	mol-1,	as	 the	

frequency	 is	 increased	 the	 susceptibility	 χ’	 decreases,	 as	 the	 magnetisation	 of	 the	

molecule	 lags	behind	the	AC	field,	to	plateau	at	approximately	2.4	cm3	mol-1	at	10000	

Hz,	 which	 indicates	 that,	 under	 these	 conditions,	 approximately	 44	 %	 of	 the	 Co(II)	

centres	maintain	their	magnetisation.	This	suggests	there	could	be	a	second	relaxation	

mode	 at	 higher	 frequencies	 than	 measured	 here.	 The	 frequency	 dependant	 data	 of	

both	the	χ’	and	χ’’	components	were	fitted	to	a	generalised	Debye	model,240	which	gave	

the	relaxation	time	(t)	at	each	temperature.	Accordingly,	these	were	plotted	as	ln(t)	vs.	

T-1	 and	 the	 linear	 section,	 at	 higher	 temperatures,	was	 fitted	 to	 an	Arrhenius	 law,	 as	

shown	in	Figure	3.9.	The	other	temperature	dependant	parameters	deduced	from	the	

Debye	model,240	α	and	χ0	-	𝜒C,	can	be	found	in	Appendix	7.	

																													 	
Figure	3.9:	the	ln(t)	vs.	T-1	plot	with	an	Arrhenius	law	fitted	(blue	line)	to	the	high	temperature	region	

(open	blue	dots).	The	filled	blue	dots	deviate	from	linearity	at	low	temperatures	and	are	not	included	in	

the	fit.	Relaxation	times	(t)	are	taken	from	the	frequency	dependant	out-of-phase	χ’’	component,	which	

was	fitted	to	a	generalised	Debye	model.240	

At	 high	 temperatures,	 the	 exponential	 increase	 of	 the	 relaxation	 times	 implies	 a	

thermally	 activated	 (Orbach)	 relaxation	process	dominates,	which	obeys	 an	Arrhenius	

law.	This	process	has	a	pre-exponential	factor,	t0,	of	1.1(5)	´	10-6	s-1	and	an	energy	gap	

(Ueff)	 =	12.9(5)	K	 (9.0(3)	 cm-1).	 The	Ueff	 value	 reported	here	 is	 significantly	 lower	 than	

those	found	in	Co(II)	spin	cluster	SMMs,253	but	is	comparable	to	those	found	for	Co(II)	

SIMs.252	The	plot	deviates	from	Arrhenius	behaviour	at	lower	temperatures,	suggesting	

that	at	these	temperatures	other	relaxation	processes,	such	as,	Raman	and	QT,	occur.	
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3.2.5 Synthesis	of	[Fe8L26](BF4)16	(4)	

The	[Fe8L26](ClO4)16	nano-box	4	was	synthesised	by	the	subcomponent	self-assembly	of	

2-pyridinecarboxaldehyde,	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 and	 Fe(BF4)2	 with	

24:6:8	stoichiometry	 in	acetonitrile.	The	reaction	mixture	was	then	heated	and	stirred	

overnight	 at	 50	 °C	 to	 produce	 a	 dark	 purple	 solution.	 Vapour	 diffusion	 of	

dichloromethane	 into	 the	 reaction	 mixture	 yielded	 large	 irregular	 block-like	 crystals	

suitable	for	a	single	crystal	X-ray	diffraction	experiment.	The	structure	was	solved	and	

refined	in	the	triclinic	space	group	P1	with	a	R1	=	11.71	%.	There	is	one	complete	nano-

box	structure	 in	 the	asymmetric	unit	with	sixteen	BF4–	anions	and	seven	DCM	solvent	

molecules	 (Figure	3.10	a).	The	BF4–	anions	are	modelled	over	seventeen	positions	and	

eight	 of	 these	 positions	 were	 refined	 isotopically,	 of	 these	 four	 had	 the	 B	 atoms	 iso	

fixed	 to	 be	 similar	 to	 the	 F	 atoms	 of	 the	 anion.	 Additionally,	 eight	 BF4–	anions	 were	

restrained	with	DFIX	commands	to	adhere	to	the	expected	tetrahedral	geometry.	There	

are	 six	 L2	 ligands	 spanning	 across	 the	 faces	 of	 the	 cube,	 which	 coordinate	 via	 a	 bi-

dentate	 pyridyl-imine	motif	 to	 the	 eight	 iron	 centres	 at	 the	 vertices.	 The	 N–Fe	 bond	

distances	range	from	1.955(6)	to	1.993(5)	Å,	consistent	with	Fe(II)	in	the	LS	state,	for	all	

Fe–N	bond	lengths	see	Table	A	7.	

	 		
Figure	3.10:	X-ray	crystal	structure	of	4.	a)	Asymmetric	unit	with	the	six	L2	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	removed	for	

clarity).	b)	Cut-away	portion	of	the	crystal	structure	showing	the	Fe–Fe	separations.	
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Compared	to	3,	 the	cubic	shape	of	4	 is	 far	more	regular	with	Fe–Fe	distances	ranging	

from	 10.497(2)	 to	 10.897(1)	 Å,	 as	 shown	 in	 Figure	 3.10	 b.	 In	 the	 structure	 of	 4,	 the	

ligands	are	disordered	over	 the	 two	possible	orientations	on	all	 six	 faces	of	 the	cube.	

Three	 faces	 are	 modelled	 with	 the	 ligand	 equally	 disordered	 over	 the	 two	 possible	

orientations	(0.5:0.5),	whilst	the	other	three	faces	are	modelled	with	a	0.6:0.4	ratio.	The	

occupancies	 were	 determined	 by	 refining	 the	 two	 possible	 positions	 for	 the	 carbon	

atoms	of	the	central	C=C	double	bond	against	a	free	variable,	then	fixing	to	the	nearest	

0.1.	 This	 consistent	 disorder	 over	 all	 the	 faces	 of	 the	 cuboid	 structure	 produces	 the	

comparatively	regular	cubic	shape.	

	

There	are	significant	voids	throughout	the	crystal	 lattice	 filled	with	disordered	solvent	

molecules	which	could	not	be	sensibly	modelled	atomically.	To	accommodate	this,	the	

SQUEEZE295	 protocol	 within	 PLATON296	 was	 applied	 finding	 solvent	 accessible	 voids	

totalling	 5910	 Å3	 (30.2	 %)	 with	 2037	 unassigned	 electrons	 per	 unit	 cell,	 which	 likely	

correspond	 to	 disordered	molecules	 of	 dichloromethane,	 water	 and	 acetonitrile.	 The	

packing	 arrangement	 of	 the	 cubes,	 shown	 in	 Figure	 3.11,	 is	 facilitated	 by	 numerous	

hydrogen	bonds	 between	 aromatic	 CH	 groups	 and	 the	 fluorine	 atoms	of	 BF4–	 anions.	

However,	there	are	no	direct	supramolecular	interactions	between	cubes	as	are	found	

in	the	packing	of	3,	which	results	 in	 less	efficient	packing,	evidenced	by	an	increase	in	

solvent	accessible	void	space	within	the	lattice.	The	cavity	within	the	nano-box	offers	a	

void	of	228	Å3	encompassing	105	electrons.	 The	diffuse	electron	density	 found	within	

the	cavity	 is	not	able	to	be	accurately	modelled	without	other	evidence	to	support	an	

assignment,	although	it	is	likely	to	be	disordered	solvent	molecules.		

	
Figure	3.11:	Crystal	packing	diagrams	of	4.	a)	View	down	the	a-axis.	b)	View	down	the	b-axis.	c)	View	

down	the	c-axis	(Hydrogen	atoms,	solvent	molecules,	disorder	and	anions	removed	for	clarity).	
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Unfortunately,	complex	4	crystallised	in	a	sporadic	manner,	therefore,	a	large	crystalline	

sample	 could	 not	 be	 attained	 for	 analysis	 such	 as	 infrared	 spectroscopy,	 TGA	 and	

microanalysis.	However,	ESI-MS	was	performed	on	a	sample	of	the	crude	reaction	with	

an	added	drop	of	formic	acid.	Despite	a	large	amount	of	fragmentation	upon	ionisation,	

two	peaks	corresponding	to	complex	4	with	varying	number	of	associated	BF4–	anions	

were	 identified,	 as	 shown	 in	 Figure	 3.12.	 Multiple	 peaks	 were	 also	 identified,	 which	

corresponded	 to	 4	 with	 associated	 formate	 anions,	 as	 shown	 in	 Appendix	 4.	 These	

results	 indicate	 that	 complex	 4	 is	 forming	 (at	 least	 in	 small	 amounts)	 prior	 to	

crystallisation.		

 
Figure	3.12:	HR-ESI-MS	spectrum	of	an	acetonitrile	solution	of	4	with	the	observed	isotope	pattern	(top)	

compared	with	the	simulated	pattern	(bottom)	for	the	[4(BF4)9]
7+	and	[4(BF4)10]

6+	cations.	

3.2.6 Synthesis	of	[Zn8L26](ClO4)16	(5)	

The	[Zn8L26](ClO4)16	nano-box	5	was	synthesised	by	the	subcomponent	self-assembly	of	

2-pyridinecarboxaldehyde,	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	and	Zn(ClO4)2	with	

24:6:8	stoichiometry	in	a	1:1	acetonitrile/DMF	solution.	The	reaction	mixture	was	then	

heated	and	stirred	overnight	at	50	°C	to	produce	a	yellow	solution.	

	

Vapour	 diffusion	 of	 benzene	 into	 the	 reaction	 mixture	 produced	 large	 yellow	 plate	

crystals	 suitable	 for	 a	 single	 crystal	 X-ray	 diffraction	 experiment	 at	 the	 Australian	
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Synchrotron.	The	structure	was	solved	and	refined	in	the	monoclinic	space	group	P21/c	

with	 a	 R1	 =	 15.57	 %.	 This	 high	 R1	 value	 is	 due	 to	 the	 large	 asymmetric	 unit	 and	

considerable	disorder	in	the	ClO4
–
	anions.	There	is	one	complete	nano-box	structure	in	

the	asymmetric	unit	with	sixteen	ClO4
–	anions	and	five	DMF	solvent	molecules	(Figure	

1.13	a).	The	ClO4
–
	anions	were	refined	 isotopically	and	were	modelled	over	seventeen	

positions,	 eleven	 were	 restrained	 with	 DFIX	 commands	 to	 adhere	 to	 the	 expected	

tetrahedral	 geometry.	 Additionally,	 six	 of	 the	 coordinating	 pyridine	 groups	 had	 their	

thermal	 parameters	 constrained	 to	 be	 equal	 (EADP).	 As	 observed	 in	 the	 previous	

examples,	there	are	six	L2	ligands	across	the	faces	of	the	structure,	coordinated	to	the	

eight	 Zn(II)	 centres	 at	 the	 vertices	 of	 the	 cube	 via	 a	 bi-dentate	 pyridyl-imine	 motif.	

Crystals	 of	 5	 were	 characterised	 in	 the	 solid	 state	 by	 infrared	 spectroscopy	 and	

microanalysis.	

	
Figure	3.13:	X-ray	crystal	structure	of	5.	a)	Asymmetric	unit	with	the	six	L2	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	removed	for	

clarity).	b)	Cut-away	portion	of	the	crystal	structure	showing	the	Zn–Zn	separations	with	the	two	opposing	

approximately	square	faces	in	red,	which	are	separated	by	four	longer	lengths	shown	in	grey.	

	

The	disorder	of	the	ligands	over	the	six	faces	of	the	molecular	box	structure	is	similar	to	

that	observed	for	3,	where	two	opposing	faces	are	capped	with	ligands	disordered	over	

the	 two	 possible	 orientations	 modelled	 at	 0.5	 occupancy	 each.	 This	 results	 in	 two	

approximately	 square	 faces,	 with	 Zn–Zn	 separations	 ranging	 from	 10.093(3)	 to	
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10.460(3)	Å.	The	 ligands	on	the	other	 four	 faces	are	not	disordered	and	are	therefore	

rectangular	with	longer	Zn–Zn	separations	ranging	from	11.413(3)	to	11.493(3)	Å	which	

separate	the	two	square	faces.	The	central	C=C	bond	of	the	ligands	on	these	rectangular	

faces	 is	 arranged	 perpendicular	 to	 the	 longer	 Zn–Zn	 distances,	which	 produces	 these	

elongated	Zn–Zn	separations.	

	

There	are	significant	voids	throughout	the	crystal	 lattice	 filled	with	disordered	solvent	

molecules	which	could	not	be	accurately	modelled	atomically.	To	accommodate	this	the	

SQUEEZE295	 protocol	 within	 PLATON296	 was	 applied	 finding	 solvent	 accessible	 voids	

totaling	 9713	 Å3	 (25.9	 %)	 with	 3002	 unassigned	 electrons	 per	 unit	 cell,	 which	 likely	

correspond	to	disordered	molecules	of	DMF,	benzene	and	acetonitrile.	The	cavity	within	

the	nano-box	5	 exhibits	 a	 void	of	253	Å3	encompassing	52	electrons,	 this	 implies	 that	

this	 system	 can	 behave	 as	 a	 container	 molecule.	 The	 diffuse	 electron	 density	 found	

within	the	cavity	is	not	able	to	accurately	modelled	without	other	evidence	to	support	

an	assignment,	although	it	is	likely	to	be	disordered	solvent	molecules.	The	boxes	pack	

together	as	shown	in	Figure	3.14	with	multiple	hydrogen	bonding	interactions	through	

aromatic	CH	donors	and	ClO4
–	acceptors.	

	
Figure	3.14:	Crystal	packing	diagrams	of	5.	a)	View	down	the	a-axis.	b)	View	down	the	b-axis.	c)	View	

down	the	c-axis	(Hydrogen	atoms,	solvent	molecules,	disorder	and	anions	removed	for	clarity).	

	

Crystals	of	5	were	dissolved	in	acetonitrile	for	NMR	spectroscopic	and	ESI-MS	analysis.	

The	1H	NMR	spectrum	showed	a	convoluted	aromatic	region	with	multiple	broad	signals	

overlapping.	Additionally,	three	signals	were	observed	in	the	region	associated	with	an	

imine	 hydrogen	 atom	 environment,	 which	 suggests	 the	 complex	 5	 dissociates	 upon	
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dissolving,	to	a	dynamic	mixture	of	partially	formed	species.	HR-ESI-MS	did	not	discover	

any	peaks	that	correspond	to	5,	confirming	that	5	dissociates	upon	dissolving.	

3.3 Conclusions	

The	 approximately	 square	 ligand	 subcomponent	 1,1,2,2,-tetrakis(4-aminophenyl)-

ethylene	was	synthesised	by	the	reductive	coupling	of	4,4’-diaminobenzophenone	with	

tin	 in	 hydrochloric	 acid.	 Subsequently,	 subcomponent	 self-assembly	 with	 2-

pyridinecarboxaldehyde,	 transition	 metal	 salts	 of	 Co(ClO4)2,	 Fe(BF4)2	 and	 Zn(ClO4)2	

produced	 three	 molecular	 cuboids	 of	 [M8L6]16+	 composition.	 This	 work	 clearly	

demonstrates	 the	 adaptability	 of	 the	 self-assembly	 process,	with	minimal	 changes	 to	

the	synthetic	conditions	the	transition	metal	ion	was	successfully	varied	between	Co(II),	

Fe(II)	 and	Zn(II)	 to	produce	 three	nano-box	 structures;	3,	4	 and	5,	 respectively.	These	

structures	all	crystallised	with	one	complete	complex	in	the	asymmetric	unit	and	M–M	

separations	 ranging	 from	 ca.	 10–11.5	Å.	 The	molecular	 box	 structures	 of	3	 and	5	 are	

both	rectangular	prism-like	with	four	elongated	M–M	lengths	separating	two	relatively	

square	faces,	whilst	the	box	structure	of	4	more	closely	resembles	a	cube.	The	internal	

cavity	 volumes	 found	 using	 the	 SQUEEZE	 routine	 for	 each	 structure	 reflect	 the	

difference	in	M–M	separations,	as	the	box	structures	of	3	and	5	exhibit	larger	cavities	of	

250	and	253	Å3	than	4,	which	encases	a	cavity	of	228	Å3.	The	overall	shape	of	the	box	

structure	 and	 cavity	 volume	 is	 clearly	 linked	 to	 the	 disorder	 of	 ligands	 over	 the	 two	

possible	 orientations	 in	 each	 face	 of	 the	 cuboid	 structures.	 In	 4,	 the	 most	 cube-like	

structure	presented	here,	the	ligands	are	disordered	over	the	two	possible	orientations	

on	all	six	faces	of	the	cube,	whilst	in	the	rectangular	prism-like	3	and	5,	only	the	ligands	

on	 two	opposing	 faces	 are	 significantly	disordered.	 The	nature	of	 any	potential	 guest	

molecules	could	not	be	determined	crystallographically.	However,	the	residual	electron	

density	 found	 within	 the	 internal	 cavity	 by	 the	 SQUEEZE	 protocol	 does	 imply	 these	

complexes	 can	 behave	 as	 molecular	 containers,	 capable	 of	 encapsulating	 guest	

molecules.	
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DC	 magnetic	 susceptibility	 measurements	 on	 3	 confirmed	 that	 there	 was	 moderate	

anisotropy	of	 the	Co(II)	 centres	and	 there	was	no	 ferromagnetic	or	antiferromagnetic	

interactions	between	the	Co(II)	centres.	The	AC	magnetic	susceptibility	measurements	

on	3	 revealed	the	slow	relaxation	of	the	magnetisation	under	an	applied	field	of	1000	

Oe,	 confirming	 that	3	 behaves	 as	 a	 field	 induced	 SMM,	where	 the	Arrhenius	 analysis	

gives	an	energy	barrier	for	spin	reversal	Ueff	=	12.9(5)	K.	The	Ueff	is	considerably	higher	

than	 what	 was	 found	 for	 [PF6Ì1]7+	 (Ueff	 =	 7.2(5)	 K),	 which	 could	 be	 due	 to	 the	

supramolecular	cubic	structure	of	3,	enforces	an	increase	in	distortion	of	the	octahedral	

coordination	sphere	of	Co(II).	Because	LS	Fe(II)	and	Zn(II)	are	diamagnetic,	complexes	4	

and	5	as	were	excluded	from	magnetic	studies.	

	

In	 conclusion,	 three	 octanuclear	 cuboid	 complexes	 of	 [M8L6]16+	 composition	 were	

synthesised	utilising	the	ligand	subcomponent	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	

in	combination	with	2-pyridinecarboxaldehdye	 to	 form	L2	 in	 situ.	Upon	complexation,	

the	 transition	 metal	 was	 varied	 between	 Co(II),	 Fe(II)	 and	 Zn(II)	 showing	 the	

subcomponent	 self-assembly	 process	 to	 be	 a	 simple	 and	 adaptable	 method.	 It	 was	

revealed	 that	 complex	 3	 is	 a	 field-induced	 SMM	 by	 AC	 magnetic	 susceptibility	

measurements,	 showing	 that	 isolated	 Co(II)	 centres	 contained	within	 a	metal	 organic	

polyhedra	can	exhibit	slow	relaxation	of	the	magnetic	moment.		

3.4 Experimental	

3.4.1 AC	and	DC	magnetic	susceptibility	measurements	

Both	 the	 AC	 and	 DC	 magnetic	 susceptibility	 measurements	 were	 performed	 at	 the	

University	of	Bordeaux	 in	 collaboration	with	Rodolphe	Clérac,	Corine	Mathonière	and	

Mathieu	 Rouzieres.	 DC	 magnetic	 susceptibility	 measurements	 were	 carried	 out	 on	 a	

Quantum	 Design	 SQUID	magnetometer	MPMS-XL	 (CRPP)	 operating	 between	 1.8	 and	

400	K	 for	applied	DC	 fields	 ranging	 from	 -7	 to	7	T.	Measurements	 in	 solid	 state	were	

performed	on	microcrystalline	samples.	Samples	were	prepared	either	in	a	sealed	straw	

with	 a	 layer	 of	mother	 liquor	 carefully	 applied	 or	 as	 filtered	 dried	 solid	 samples	 that	

were	contained	in	polyethylene	bags	(3	×	0.5	×	0.02	cm).	A	M	vs.	H	measurement	was	
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systematically	performed	at	100	K	to	confirm	the	absence	of	ferromagnetic	impurities.	

The	AC	magnetic	measurements	were	recorded	on	a	PPMS-9	susceptometer	operating	

between	 1.85	 and	 270	 K	 with	 applied	 DC	 fields	 ranging	 from	 7	 to	 -7	 T.	 Because	 DC	

measurements	 revealed	 virtually	 identical	 results	 for	 dried	 samples	 and	 samples	

collected	 within	 the	 mother	 liquor,	 AC	 measurements	 were	 only	 performed	 on	 the	

dried	 sample.	 All	 data	 reported	 here	 were	 collected	 on	 a	 dried	 sample	 of	 3	 (mass	

13.3mg)	 sealed	 in	 a	 polypropylene	 bag.	Magnetic	 data	was	 corrected	 for	 the	 sample	

holder	and	diamagnetic	contributions	for	all	magnetic	measurements.	

3.4.2 Synthesis	of	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	

The	 synthetic	 method	 was	 adapted	 from	 a	

previously	 reported	 procedure.330	 To	 a	 stirred	

suspension	 of	 4,4’-diaminobenzophenone	 (1	 g,	

4.7	 mmol)	 in	 40	 mL	 of	 concentrated	 HCl	 was	

added	 granular	 tin	 (1	 g,	 8.4	 mmol).	 This	 was	

stirred	 and	 heated	 at	 110	 °C	 for	 6	 hours.	 After	

this	 time,	 a	 white/yellow	 crystalline	 solid	 had	

formed	and	the	solution	was	gently	cooled	to	R.T.	The	solid	was	removed	by	filtration	

and	washed	with	EtOH	(3	×	10	mL)	giving	a	white	crystalline	powder.	This	was	dissolved	

in	20	mL	distilled	water	and	filtered,	upon	addition	of	2	M	NaOH	(5	ml,	10	mmol)	to	the	

filtrate	 a	 yellow	 solid	 precipitated	 which	 was	 collected	 by	 filtration	 and	 dried	 in	 a	

desiccator	overnight	 (yield:	 0.575	g,	 62%).	 1H	NMR	(d-DMSO,	400	MHz):	δH	6.54	 (d,	 J	 =	

8.0	 Hz,	 8H,	 H1),	 6.23	 (d,	 J	 =	 8.0	 Hz,	 8H,	 H2),	 4.80	 (s,	 8H,	 H3);	 13C	 NMR	 (d-

DMSO,	100	MHz):	δc	146.5,	137.1,	133.4,	132.1,	113.6;	M.P	=	285–287	°C;	m/z	(HR-ESI-

MS):	[C26H24N4	+	H]+	393.2139,	(calc.,	393.2074).	);	 	max/cm-1:	3356	m	br,	1618	s,	1510	

s,	1275	m,	1176	m,	832	m,		786	w,	582	m,	534	m,	498	m.	

	 	

ν
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3.4.3 Synthesis	of	[Co8L26](ClO4)16	(3)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 (100	 mg,	

0.25	 mmol)	 was	 combined	 with	 2-

pyridinecarboxaldehyde	 (97.2	µL,	 1.02	mmol)	 in	 25	

mL	 CH3CN	 and	 stirred	with	 heating	 at	 50	 °C	 for	 15	

min.	A	25	mL	DMF	solution	of	Co(ClO4).6H2O	(124.4	

mg,	0.34	mmol)	was	added	dropwise	to	the	reaction	

mixture,	 which	 resulted	 in	 the	 formation	 of	 an	

orange-coloured	 solution,	 which	 was	 stirred	 overnight	 at	 50	 °C.	 From	 this,	 vapour	

diffusions	were	prepared	with	benzene	yielding	 large	orange	plate-like	crystals,	which	

were	 dried	 under	 vacuum	overnight	 (yield:	 206	mg,	 75	%).	 Sample	 dried	 to	 constant	

weight	under	vacuum	gave	the	following	elemental	analyses:	Found	C,	51.83;	H,	3.74;	N,	

9.95	%;	 [Co8C300H216N48][ClO4]16·5C3H7NO·20H2O	requires	C,	51.94;	H,	4.06;	N	10.19	%;	

m/z	 (HR-ESI-MS):	 719.9838	 [3(ClO4)8]8+	 (calc.,	 719.9865);	 836.9758	 [3(ClO4)9]7+	 (calc.,	

836.9772);	 993.1304	 [3(ClO4)10]6+	 (calc.,	 993.1315);	 1211.5470	 [3(ClO4)11]5+	 (calc.,	

1211.5475);	 1539.4225	 [3(ClO4)12]4+	 (calc.,	 1539.4214);	 	max/cm-1:	 1651	 w,	 1627	 w,	

1594	m,	(C=N),	1499	m,	1444	w,	1078	s,	(Cl–O),	1016	m,	913	w,	839	m,	772	m,	621	s.	

3.4.4 Synthesis	of	[Fe8L26](BF4)16	(4)	

Fe(BF4)2.6H2O	 (26.0	 mg,	 0.08	 mmol)	 was	 combined	

with	2-pyridinecarboxaldehyde	(24.0	µL,	0.26	mmol)	in	

25	mL	CH3CN	and	 stirred	with	heating	at	50	 °C	 for	15	

min.	 To	 this	 solution	 1,1,2,2,-tetrakis(4-

aminophenyl)ethylene	(25	mg,	0.07	mmol)	was	added,	

resulting	 in	 a	 purple	 solution	 which	 was	 stirred	

overnight	 at	 50	 °C.	 From	 this	 vapour	 diffusions	 were	

prepared	with	DCM	and	produced	large	irregular-shaped	purple	crystals	amongst	a	fine	

purple	powder,	making	the	collection	of	crystals	 for	bulk	analysis	difficult.	ESI-MS	was	

performed	on	diluted	sample	of	the	crude	reaction	mixture.	m/z	(HR-ESI-MS):	817.3360	

[4(BF4)9]7+	(calc.,	817.3367);	968.0590	[4(BF4)10]6+	(calc.,	968.0602).	

ν
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3.4.5 Synthesis	of	[Zn8L26](ClO4)16	(5)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 (100	mg,	 0.25	

mmol)	 was	 combined	 with	 2-pyridinecarboxaldehyde	

(97.2	 µL,	 1.02	 mmol)	 in	 25	 mL	 CH3CN	 with	 a	 drop	 of	

acetic	acid.	This	solution	was	stirred	and	heated	at	50	°C	

for	15	min.	A	25	mL	solution	of	Zn(ClO4).6H2O	(126.4	mg,	

0.34	mmol)	in	DMF	was	added	dropwise	to	the	reaction	

mixture,	resulting	in	a	yellow	solution	which	was	stirred	

overnight	 at	 50	 °C.	 From	 this,	 vapour	 diffusions	 were	

prepared	with	 benzene	 and	 yielded	 large	 yellow	 plate-like	 crystals,	which	were	 dried	

under	vacuum	overnight	(yield:	170	mg,	62	%).	Sample	dried	to	constant	weight	under	

vacuum	 gave	 the	 following	 elemental	 analyses:	 Found	 C,	 51.87;	 H,	 3.85;	 N,	 10.07	%;	

[Zn8C300H216N48][ClO4]16·7C3H7NO·18H2O	 requires	 C,	 51.78;	 H,	 4.10;	 N	 10.35	 %;	 	

max/cm-1:	1629	w,	1592	m,	(C=N),	1568	w	1499	m,	1384	w,	1073	s,	(Cl-O),	1016	m,	911	w,	

839	m,	767	m,	620	s.	 	

ν
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4 Spin	Crossover	in	

Octanuclear	[Fe8L6]16+	

Nano-Boxes	 	
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4.1 Introduction	

The	 pursuit	 of	 materials	 that	 display	 multiple-stepped	 SCO	 conversions,	 a	 desirable	

property	 for	 potential	 applications	 in	 nano-sized	 data	 storage,165,209	 has	 led	 to	 the	

synthesis	of	many	di-nuclear	systems.316,331,332	This	has	been	achieved	primarily	through	

the	 use	 of	 bridging	 ligands	 i.e.	 ligands	 incorporating	 two	 separate	 binding	 domains	

capable	of	binding	two	Fe(II)	centres	within	one	complex.	Furthermore,	 increasing	the	

nuclearity	to	four	Fe(II)	ions	by	constructing	2	´	2	grids	has	yielded	complexes	capable	

of	 multi–bistability,	 with	 multiple	 states	 that	 are	 accessible	 thermally	 or	 by	

photoexcitation.216,333,334	An	example	of	a	multinuclear	SCO	complex	is	the	impressive	3	

nm	“nano-ball”	 reported	by	Batten	and	co-workers,227,335	which	 incorporates	 six	Fe(II)	

centres.	 These	 nano-balls	 show	 partial	 SCO	 that	 can	 be	 induced	 thermally	 or	 under	

irradiation	 by	 green	 light.	 The	 SCO	 behaviour	 can	 then	 be	 varied	 controllably	 by	

desolvation	under	vacuum	and	selective	resolvation	of	the	crystal	lattice.	

	

Metal	organic	polyhedra	incorporating	Fe(II)	SCO	centres	have	the	potential	to	provide	

an	alternative	pathway	to	access	multiple	stable	states	within	a	system.	In	addition	to	

increased	 nuclearity,	 the	 ability	 to	 selectively	 encapsulate	 guest	 molecules	 may	 yet	

provide	 a	method	 for	 sensing	 via	 a	 guest	 influenced	 SCO	 conversion.	 Several	 studies	

have	 now	 reported	 the	 synthesis	 of	 tetrahedral	 cage	 species	 capable	 of	 undergoing	

SCO.218,223,225,317	 Yet,	 despite	 the	 well-researched	 host-guest	 chemistry	 of	 related	 LS	

systems,	the	realisation	of	a	significant	guest-influenced	SCO	conversion	has	remained	

elusive	 in	 these	 systems.	 For	 these	 reasons,	 synthetically	 adapting	 the	 [Fe8L26]16+	

system	 presented	 in	 Chapter	 3	 to	 incorporate	 SCO	 centres	 is	 an	 appealing	 research	

avenue.	 Substantial	 research	on	 the	 tris-bidentate	 imine-imidazole	 coordination	motif	

has	shown	that	such	ligands	are	of	an	appropriate	ligand	field	strength	to	facilitate	SCO	

in	Fe(II)	complexes.181,184,197,208,222,336	Work	within	the	Kruger	group	utilising	the	 imine-

imidazole	 coordination	motif	 in	 the	 past	 has	 produced:	mono-nuclear	 systems;194	 di-

nuclear	helicates;195,196	and	recently,	tetrahedral	cages,225	that	undergo	SCO.	A	strategic	

advantage	 of	 the	 subcomponent	 self-assembly	 process	 is	 its	 synthetic	 flexibility;	

afforded	 by	 the	 rational	 selection	 of	 each	 of	 the	 subcomponents.	 A	 trigonal	 triamine	
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central	 component	 produced	 a	 tetrahedral	 architecture,	 whilst	 a	 square	 tetraamine	

gave	 a	 cubic	 box-like	 structure.	 Varying	 the	 metal	 salt	 used	 in	 the	 synthesis	 then	

produced	analogous	box	structures	incorporating	either	of	Co(II),	Fe(II)	or	Zn(II).	In	this	

chapter,	the	aldehyde	functionalised	heterocyclic	ring	component,	also	described	as	the	

head	group,	will	be	varied.	By	switching	the	2-pyridinecarboxaldehyde	component	used	

in	 Chapter	 3	 for	 either	 4-imidazolecarboxaldehyde,	 1-methyl-2-imidazole-

carboxaldehyde	 or	 2-imidazolecarboxaldehyde	 to	 generate	 three	 new	 ligands	 (L3,	 L4	

and	L5).	 It	 is	anticipated	that	these	new	ligands	when	combined	with	Fe(II)	salts	could	

generate	nano-box	systems	capable	of	undergoing	SCO.	

4.2 Results	and	discussion	

4.2.1 In	situ	formation	of	ligands	L3,	L4	and	L5	

To	create	a	family	of	SCO	nano-boxes	a	series	of	ligands	were	designed	based	upon	the	

central	1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 scaffold	used	 in	Chapter	3.	 These	are	

formed	 in	situ	by	a	condensation	reaction	between	an	aldehyde	and	amine	to	give	an	

imine	in	the	presence	of	a	Fe(II)	salt.	To	achieve	the	required	intermediate	ligand	field	

strength	 to	 allow	 for	 potential	 SCO	 the	 previously	 utilised	 2-pyridinecarboxaldehyde	

subcomponent,	 was	 changed	 to	 4-imidazolecarboxaldehyde,	 1-methyl-2-

imidazolecarboxaldehyde	or	2-imidazolecarboxaldehyde,	leading	to	the	formation	of	L3,	

L4	and	L5,	respectively	(Figure	4.1).	

	

	
Figure	4.1:	The	ligands	L3,	L4	and	L5	formed	in	situ	by	the	reaction	of	1,1,2,2,-tetrakis(4-

aminophenyl)ethylene	and	4-imidazolecarboxaldehyde,	1-methyl-2-imidazolecarboxaldehyde	or	2-

imidazolecarboxaldehyde,	respectively	in	the	presence	of	an	Fe(II)	salt.	
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Previously,	 Fe(II)	 centres	 with	 a	 tris-imine-imidazole	 coordination	 sphere	 have	 been	

shown	to	undergo	SCO	in	mono-,	di-	and	tetranuclear	complexes.194,195,225	The	current	

study	aims	to	expand	upon	this	work	in	forming	octanuclear	SCO	complexes.	Within	this	

study,	the	 introduction	of	subtle	differences	between	ligands	L3,	L4	and	L5	have	been	

designed	to	provide	variation	in	the	ligand	field	strength.	Which	may	in	turn,	impact	on	

the	SCO	behaviour,	including	the	T1/2	value,	upon	complexation	with	Fe(II).	

4.2.2 Synthesis	of	[Fe8L36](PF6)16	(6)	

To	 synthesise	 6,	 the	 ligand	 subcomponents	 4-imidazolecarboxaldehyde	 and	 1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	were	combined	with	Fe(PF6)2	in	a	24:6:8	stoichiometry	

in	acetonitrile	(Scheme	4.1)	to	produce	a	dark	green	solution.	

	
Scheme	4.1:	Synthesis	of	6	by	the	subcomponent	self-assembly	of	4-imidazolecarboxaldehyde,	1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	and	Fe(PF6)2	in	acetonitrile,	with	a	24:6:8	stoichiometry.	Only	one	of	six	

ligands	L3	shown	for	clarity.	

Large	yellow	octahedron-shaped	crystals	suitable	for	diffraction	studies	were	obtained	

by	 spiking	 the	 reaction	 mixture	 with	 ascorbic	 acid,	 converting	 the	 green	 solution	 to	

yellow,	 followed	 by	 vapour	 diffusion	 of	 benzene.	 Single	 crystal	 structural	 data	 was	

collected	at	120	K	and	solved	and	refined	in	the	tetragonal	space	group	P4/nnc	with	a	R1	

of	8.90	%	(Figure	4.3	a).	The	asymmetric	unit	contains	one	Fe(II)	centre,	three	quarters	

of	the	L3	ligand,	two	PF6–	anions	and	one	acetonitrile	molecule	(Figure	4.2).		
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Figure	4.2:	The	asymmetric	unit	of	6	with	the	Fe(II)	atoms	and	coordination	sphere	labelled	(anions,	

solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

The	 overall	 structure	 of	 6	 takes	 the	 form	 of	 a	 cube	 that	 is	 slightly	 elongated	 in	 one	

direction.	 Consequently,	 there	 are	 four	 rectangular	 faces	 of	 the	 cube	 and	 two	

crystallographically	square	faces	capping	the	ends.	A	C4	 rotation	axis	runs	through	the	

square	 faces	 of	 the	 cuboid	 giving	 rise	 to	 Fe1–Fe1	 separations	 of	 10.432(1).	 The	 four	

rectangular	 faces	 exhibit	 a	 second	 Fe1–Fe1	distance	of	 11.354(1)	Å	 produced	by	 a	C2	

operation	(Figure	4.3	b).	

	
Figure	4.3:	X-ray	crystal	structure	of	6.	a)	Molecular	structure	with	the	six	L3	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

b)	Cut-away	portion	highlighting	the	Fe–Fe	separations,	the	two	crystallographically	unique	distances	

shown	in	green	and	orange.	
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The	Fe–N	bond	lengths	are	found	to	range	from	2.109(3)	to	2.371(3)	Å	(Table	4.1)	and	

the	octahedral	distortion	parameter	S	is	equal	to	93.4°,	which	is	consistent	with	the	HS	

state	of	Fe(II).164	All	eight	of	Fe(II)	centres	in	a	cuboid	exhibit	either	Λ	or	Δ	chirality	with	

two	enantiomers	contained	within	a	unit	cell	related	by	a	centre	of	inversion.	

	

Fe–N	Imine	(Å)	 Fe	-	N	Imidazole	(Å)	

Fe1–N17	 2.203(3)	 Fe1–N11		 2.188(4)	

Fe1–N37	 2.371(3)	 Fe1–N31	 2.109(3)	

Fe1–N57	 2.179(3)	 Fe1–N51	 2.112(4)	

Average	 2.25	 Average	 2.14	

Table	4.1:	Selected	bond	lengths	from	the	crystal	structure	of	6	at	120	K.	

The	internal	cavity	has	a	void	volume	of	253	Å3	as	found	by	PLATON	VOIDS.296	Because	

the	centre	of	the	box	lies	on	a	four-fold	symmetry	axis,	modelling	of	any	potential	guest	

molecules	(including	solvents	and	anions)	could	not	be	accurately	performed.	As	such,	

the	 electron	 density	 contribution	 within	 the	 void	 was	 subtracted	 from	 the	 reflection	

data	 by	 the	 SQUEEZE295	 method	 within	 PLATON.296	 Following	 this	 procedure,	 70	

electrons	were	found	within	this	cavity	suggesting	a	PF6–	anion	(69	electrons)	or	solvent	

molecules,	may	reside	within.	When	compared	to	complex	4	(LS	[Fe8L26]16+,	Chapter	3)	

the	internal	cavity	of	6	was	found	to	be	larger	by	25	Å3.	This	is	likely	due	to	the	HS	state	

of	the	Fe(II)	centres	in	6	and	the	resultant	expanded	coordination	sphere.	The	ligands	in	

6	 can	 be	 seen	 to	 bow	 outwards	 from	 the	 faces	 of	 the	 cube	 in	 the	 crystal	 structure,	

increasing	 the	cavity	volume	within.	 In	addition	 to	 the	central	 cavity	within	each	box,	

the	 crystal	 lattice	 contains	 other	 solvent	 accessible	 voids	 between	 boxes.	 Using	 the	

SQUEEZE295	routine	within	PLATON296	the	total	solvent	accessible	void	space	within	the	

structure	was	equal	to	6895	Å3	(33.0	%)	and	1984	electrons	per	unit	cell	(using	a	probe	

radius	 1.2	 Å).	 This	 electron	 density	 likely	 corresponds	 to	 solvent	 molecules,	 such	 as	

acetonitrile,	water	or	benzene.	

	

The	packing	between	 cubes	 is	 supported	by	a	 series	of	hydrogen	bonds	between	 the	

vertices	 of	 the	 box	 structures	 (details	 in	 Table	 A	 8),	 a	 PF6–	 anion	 and	 an	 acetonitrile	

molecule,	as	shown	in	Figure	4.4	a.	N301	of	the	acetonitrile	molecule	acts	as	a	hydrogen	

bond	acceptor	to	the	imidazole	N	atom	N33	at	a	D–A	distance	of	2.902(4)	Å.	N301	also	
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accepts	a	hydrogen	bond	from	a	neighbouring	cube	via	an	imidazole	C	atom	C12	with	a	

D–A	distance	of	3.511(2)	Å.	This	relatively	weak	interaction	between	these	two	cubes	is	

supported	by	three	further	hydrogen	bonding	interactions,	where	the	fluorine	atoms	of	

the	PF6–	anion	behave	as	acceptors:	N13–F105	=	2.998(6)	Å;	C19–F107	=	3.378(4);	and	

C19–F104	=	3.113(4)	Å.	A	 third	cube	hydrogen	bonds	 to	 the	same	PF6	anion	via	N53–

F103	and	C52–F102,	with	D–A	distances	of	 3.020(7)	 and	3.057(4)	Å,	 respectively.	 The	

other	 highly	 disordered	 PF6–	 anion	 does	 not	 participate	 in	 any	 significant	 hydrogen	

bonding	 interactions	 between	 the	 cubes.	 Instead,	 they	 line	 the	 channels	 extending	

between	the	cubes	in	the	direction	of	the	a	and	b	axes	shown	in	Figure	4.4	b.	There	are	

two	cubes	in	the	unit	cell,	which	are	related	by	an	inversion	centre	and	exhibit	either	Λ	

or	Δ	chirality	at	all	eight	of	the	Fe(II)	centres.		

 
Figure	4.4:	a)	Crystal	structure	highlighting	the	supramolecular	interactions	between	three	adjacent	cubes	

shown	in	blue,	purple	and	red.	Orange	contacts	represent	hydrogen	bonds	(non-involved	anions,	solvent	

molecules,	disorder	and	hydrogen	atoms	omitted	for	clarity).	b)	Packing	of	6	viewed	down	the	

crystallographic	a-	and	b-axis.	c)	Packing	of	6	as	viewed	down	the	crystallographic	c-axis.	
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4.2.3 Synthesis	of	[Fe8L46](BF4)16	(7)	

To	 synthesise	 7,	 the	 ligand	 subcomponents	 1-methyl-2-imidazolecarboxaldehyde	 and	

1,1,2,2,-tetrakis(4-aminophenyl)ethylene	 were	 combined	 with	 Fe(BF4)2	 with	 24:6:8	

stoichiometry	in	acetonitrile	to	produce	a	dark	green	solution.	Large	purple	octahedron-

shaped	 crystals	 of	 7	 suitable	 for	 diffraction	 studies	 were	 obtained	 by	 spiking	 the	

reaction	mixture	with	ascorbic	acid,	 converting	 the	green	solution	 to	purple,	 followed	

by	vapour	diffusion	of	EtOAc.	Single	crystal	structural	data	was	collected	at	120	K	and	

solved	and	refined	in	the	tetragonal	space	group	P4/nnc	with	a	R1	of	8.38	%	(Figure	4.6	

a).	The	asymmetric	unit	contains	one	Fe(II)	centre,	three	quarters	of	the	L4	ligand,	two	

BF4–	anions	and	one	water	molecule	(Figure	4.5).		

	

 
Figure	4.5:	The	asymmetric	unit	of	7	with	the	Fe(II)	atoms	and	coordination	sphere	labelled	(anions,	

solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

	

The	 overall	 structure	 of	 7	 takes	 the	 form	 of	 a	 cube	 that	 is	 slightly	 elongated	 in	 one	

direction.	 Consequently,	 there	 are	 four	 rectangular	 faces	 of	 the	 cube	 and	 two	

crystallographically	square	faces	capping	the	ends.	A	C4	 rotation	axis	runs	through	the	

square	 faces	 of	 the	 cuboid	 giving	 rise	 to	 Fe1–Fe1	 separations	 of	 10.283(7).	 The	 four	

rectangular	 faces	 exhibit	 a	 second	 Fe1–Fe1	distance	of	 10.977(1)	Å	 produced	by	 a	C2	

operation	(Figure	4.6	b).	
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Figure	4.6:	X-ray	crystal	structure	of	7.	a)	Molecular	structure	with	the	six	L4	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

b)	Cut-away	portion	highlighting	the	Fe–Fe	separations,	the	two	crystallographically	unique	distances	

shown	in	green	and	orange.	

	

The	Fe–N	bond	lengths	are	found	to	range	from	1.949(3)	to	2.045(3)	Å	(Table	4.2)	and	

the	Fe(II)	 centres	have	an	octahedral	distortion	parameter	S	of	72.1°,	 consistent	with	

the	 LS	 state	 at	 120	 K.164	 This	 shows	 that	 the	 contraction	 of	 the	 Fe(II)	 coordination	

sphere	 affects	 the	 Fe–Fe	 separations,	 which	 are	 comparatively	 shorter	 than	 in	 the	

corresponding	 crystal	 structure	 of	 6	 (10.423(1)	 and	 11.354(1)	 Å).	 All	 eight	 of	 Fe(II)	

centres	in	a	cuboid	exhibit	either	Λ	or	Δ	chirality	with	two	enantiomers	contained	within	

a	unit	cell	related	by	a	centre	of	inversion.	

	

Fe–N	Imine	(Å)	 Fe–N	Imidazole	(Å)	

Fe1–N18	 1.976(3)	 Fe1–N11		 1.963(3)	

Fe1–N38	 2.045(3)	 Fe1–N31	 1.961(3)	

Fe1–N58	 2.000(3)	 Fe1–N51	 1.949(3)	

Average	 2.007(3)	 Average	 1.958(3)	

Table	4.2:	Selected	bond	lengths	from	crystal	structure	of	7	at	120	K.	

	

The	internal	cavity	has	a	void	volume	of	236	Å3	as	found	by	PLATON	VOIDS.296	Because	

the	centre	of	 the	box	 lies	on	a	 four-fold	 symmetry	axis,	modelling	of	guest	molecules	

(including	solvents	and	anions)	could	not	be	accurately	performed.	As	such,	the	electron	
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density	 contribution	 within	 the	 void	 was	 subtracted	 from	 the	 reflection	 data	 by	 the	

SQUEEZE295	 method	 within	 PLATON296.	 Following	 this	 procedure,	 86	 electrons	 were	

found	within	this	cavity,	these	may	correspond	to	two	BF4–	anions	(41	electrons	each)	or	

solvent	molecules.	As	anticipated,	the	cavity	volume	is	found	to	be	smaller	than	that	of	

6	(253	Å3)	and	is	similar	to	that	found	for	the	LS	Fe(II)	pyridyl-imine	analogue	(228	Å3).	In	

a	similar	manner	as	the	structure	of	6	the	ligands	bow	out	from	the	face	of	the	cube.	In	

addition	to	the	central	cavity	within	each	box,	the	crystal	lattice	contains	other	solvent	

accessible	 voids	 between	 boxes.	 Using	 the	 SQUEEZE295	 routine	 within	 PLATON296	 the	

total	 solvent	accessible	void	space	within	 the	structure	was	equal	 to	6582	Å3	(32.5	%)	

and	1850	electrons	per	unit	cell	(using	a	probe	radius	1.2	Å).	This	electron	density	likely	

corresponds	to	solvent	molecules,	such	as	acetonitrile,	water	or	ethyl	acetate.	Attempts	

to	collect	the	structure	of	7	at	higher	temperature	were	unsuccessful,	exposure	of	the	

crystals	to	increased	temperature	saw	degradation	of	crystallinity.	

	

The	packing	between	cubes	is	supported	by	eight	hydrogen	bonds	between	the	vertices	

of	 three	 box	 structures	 and	 two	 BF4–	 anions.	 Each	 BF4–	 provides	 hydrogen	 bonding	

interactions	 between	 cubes	 as	 depicted	 in	 Figure	 4.7.	 There	 is	 a	 hydrogen	 bonding	

interaction	between	 the	methyl	C15	 to	F208	with	a	D–A	distance	of	3.19(3)	Å.	This	 is	

supplemented	 by	 a	 second	 hydrogen	 bond	 between	 C52–F207	 at	 a	 D–A	 distance	 of	

3.21(2)	Å.	A	hydrogen	bonding	 interaction	between	C13–F209	with	a	D–A	distance	of	

3.28(2)	Å	propagates	the	hydrogen	bonding	network	to	the	adjacent	cube.	The	second	

BF4–	 anion	 provides	 hydrogen	 bonds	 to	 three	 cuboids.	 F105	 hydrogen	 bonds	 to	 two	

methyl	 groups	 of	 the	 same	 cube,	 C35	 and	 C55	 with	 D–A	 distances	 of	 3.30(1)	 and	

3.454(9)	Å,	respectively.	Additionally,	a	third	hydrogen	bond	to	the	same	cube	through	

C32	and	F102	at	a	D–A	distance	of	3.173(5)	Å,	exists.	The	network	propagates	further	

through	F102	and	F103	to	the	two	adjacent	cubes	via	imidazole	CH	groups	C12	and	C53,	

with	 D–A	 distances	 of	 3.363(5)	 (C12–F102)	 and	 3.211(6)	 Å	 (C53–F103).	 For	 the	 full	

details	of	this	hydrogen	bonding	network	see	Table	A	9.	
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Figure	4.7:	a)	Crystal	structure	highlighting	the	supramolecular	interactions	between	three	adjacent	cubes	

shown	in	blue,	purple	and	red.	Orange	contacts	represent	hydrogen	bonds	(non-involved	anions,	solvent	

molecules,	disorder	and	hydrogen	atoms	omitted	for	clarity).	b)	Packing	of	the	7	viewed	down	the	

crystallographic	a-	and	b-axis.	c)	Packing	of	7	as	viewed	down	the	crystallographic	c-axis.	

	

4.2.3.1 Optical	reflectivity	of	7	

To	 investigate	 potential	 solid-state	 thermochromic	 properties	 of	 7	 a	 polycrystalline	

sample	 was	 dried	 in	 an	 oven	 at	 50	 °C	 overnight,	 diluted	 with	 barium	 sulphate	 and	

optical	 reflectivity	 measurements	 preformed.	 Reflectivity	 measurements	 were	

conducted	 under	 white-light	 irradiation	 of	 0.05	 mW	 cm-2	 and	 spectra	 recorded	 at	

intervals	between	270–10	K	 following	a	cooling	 rate	of	4	K	min-1.	As	 the	 temperature	

was	 decreased	 an	 increase	 of	 the	 absolute	 reflectivity	 in	 the	 NIR	 component	 was	

observed	 (NIR,	>800	nm),	while	a	 slight	decrease	of	absolute	 reflectivity	 in	 the	visible	



 

	  
	
128	

component	(400–700	nm)	was	observed.	This	thermochromic	behaviour	 is	typical	of	a	

SCO	 conversion	 occurring	 (Figure	 4.8).163	 As	 the	 temperature	 is	 decreased	 the	

population	of	Fe(II)	centres	within	the	sample	are	converted	from	the	HS	state,	which	

absorbs	 in	 the	 NIR	 region,	 to	 the	 LS	 state	 which	 absorbs	 in	 the	 visible	 region.	 This	

cooling	process	was	carried	out	with	a	tight	isosbestic	point	at	ca.	770	nm.	The	sample	

was	 returned	 to	 287	 K	 and	 during	 the	 heating	 process,	 after	 245	 K,	 an	 event	 occurs,	

which	results	in	higher	reflectivity	values	across	the	measured	spectrum	than	observed	

at	the	corresponding	temperatures	in	the	cooling	mode.	Noticeably,	below	770	nm	the	

reflectivity	is	increased	by	ca.	0.025.	There	is	a	chance	this	may	be	due	to	instrumental	

error	 (i.e.	 the	sample	was	disturbed	during	measurement).	Alternatively,	 it	may	 imply	

that	the	thermally	induced	SCO	conversion	from	LS	to	HS	is	accompanied	by	a	structural	

transition,	as	observed	when	high	temperature	crystallography	was	attempted.	

	
Figure	4.8:	Optical	reflectivity	measurements	of	7	under	weak	white	light	irradiation	(0.05	mW	cm-2)	and	a	

scanning	temperature	rate	of	4	K	min-1.	a)	Cooling	mode	270	to	10	K;	b)	heating	mode	from	10	to	270	K.	

	

Examining	the	thermal	dependence	of	the	absolute	reflectivity	at	900	±	5	nm	reveals	an	

increase	in	reflectivity	from	0.251	at	270	K	to	0.321	at	10	K.	The	potential	light-induced	

SCO	behaviour	in	7	was	investigated	by	cooling	the	sample	to	10	K	and	irradiating	with	

white	light	for	5	hours	at	0.4	mW	cm-2.	A	decrease	of	absolute	reflectivity	was	observed	

after	this	irradiation	at	900	nm	from	0.321	to	0.251	(Figure	4.9),	suggesting	that	some	of	

the	Fe(II)	ions	are	being	excited	into	their	HS	sate.	The	complex	thermally	relaxes	as	the	

temperature	was	 increased	giving	an	absolute	 reflectivity	 value	of	0.315	at	78	K.	This	

shows	that	the	complex	is	weakly	photomagnetically	responsive.	
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Figure	4.9:a)	Optical	reflectivity	measurements	of	7	at	900	nm,	at	a	scan	rate	of	4	K	min-1,	in	cooling	mode	

(blue).	The	green	line	represents	the	dependence	of	the	absolute	optical	reflectivity	(heating	mode)	after	

irradiation	at	10	K	with	white	light	(P	=	0.4	mW	cm-2)	for	5	hours.	b)	Optical	reflectivity	measurements	of	7	

at	10	K	before	(red)	and	after	(blue)	a	5	hour	white	light	irradiation	of	the	sample	(0.4	mW	cm-2).	

The	wavelength	that	induces	the	greatest	photomagnetic	response	in	7	was	determined	

to	 be	 660	 nm	 by	 irradiating	 the	 sample	 at	 10	 K	 using	 14	 different	 LED	 sources	 with	

wavelengths	ranging	from	365	to	1050	nm	(Figure	A	14).	Therefore,	optical	reflectivity	

measurements	 were	 performed	 before	 and	 after	 exposure	 of	 the	 sample	 to	 660	 nm	

light	(1	hours,	5	mW	cm-2).	These	experiments	revealed	a	decrease	in	reflectivity	in	the	

infrared	 region	and	slight	 increase	 in	 the	visible	 region	 (Figure	4.10).	The	dependency	

was	visualised	at	900	nm,	showing	that	the	absolute	reflectivity	decreases	from	0.306	to	

0.229	after	 irradiation,	proving	 that	7	 is	more	photoactive	 to	 the	 red	 light	 than	white	

light.	As	the	temperature	is	increased	the	complex	relaxes	to	0.306	at	84	K.	

	
Figure	4.10:	a)	Optical	reflectivity	measurements	of	7	at	900	nm	at	a	scan	rate	of	4	K	min-1	(heating	

mode),	after	irradiation	at	10	K	with	red	light	660	nm	(P	=	5	mW	cm-2)	for	1	hour.	b) Optical	reflectivity	

measurements	of	7	at	10	K	before	(blue)	and	after	(red)	a	1	hour	red	light	(660	nm)	irradiation	of	the	

sample	(5	mW	cm-2).	
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4.2.3.2 UV-visible	spectroscopy	of	7	

To	investigate	the	SCO	behaviour	in	solution,	crystals	of	7	were	dissolved	in	acetonitrile	

at	a	concentration	of	2.01	´	10-5	mol	L-1	and	1	mL	of	this	solution	was	transferred	to	a	

quartz	 cuvette	 for	 analysis.	 The	 solution	 was	 cooled	 to	 268	 K	 and	 left	 to	 thermally	

equilibrate,	 after	 which	 time,	 the	 absorbance	 spectrum	 was	 collected.	 A	 broad	

absorption	 band	 was	 observed	 at	 551	 nm	 as	 is	 commonly	 seen	 for	 LS	 Fe(II)	

complexes.163	 This	 is	 due	 to	 a	metal-to-ligand	 charge	 transfer	 (MLCT)	 process,	 in	 this	

case	 t2	®	 p*.	 A	 strongly	 absorbing	 peak	 at	 310	 nm	 is	 also	 present,	 indicative	 of	 an	

interligand	 band	 (p®	 p*).	 As	 the	 temperature	 is	 increased	 in	 5	 K	 intervals	 the	

absorption	 intensity	 in	 the	 visible	 region	 decreases,	 symptomatic	 of	 the	 conversion	

from	LS	to	HS	(Figure	4.11).	This	gives	a	tight	 isosbestic	point	at	460	nm,	 implying	the	

box	structure	remains	stable	throughout	the	experiment	and	that	SCO	behaviour	occurs	

in	solution.	The	sample	was	cooled	to	293	K,	the	UV-visible	spectrum	was	collected,	and	

found	 to	 be	 consistent	 with	 the	 previous	 spectrum	 at	 293	 K,	 which	 implies	 the	 SCO	

behaviour	is	reversible.	

	

 
Figure	4.11:	UV-vis	spectra	for	7	in	acetonitrile	(2.01	´	10-5	mol	L-1)	following	the	heating	mode	from	268	

to	343	K.	
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4.2.4 Synthesis	of	[Fe8L56](ClO4)16	(8)	

To	 synthesise	 8,	 the	 ligand	 subcomponents	 2-imidazolecarboxaldehyde	 and	 1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	 were	 combined	 with	 Fe(ClO4)2	 with	 24:6:8	

stoichiometry	in	acetonitrile	to	produce	a	dark	green	solution.	The	reaction	mixture	was	

treated	with	a	methanol	solution	of	ascorbic	acid,	this	was	followed	by	vapour	diffusion	

of	ethyl	 acetate	producing	dark	purple	octahedron-shaped	crystals.	 Two	single	 crystal	

data	 sets	were	 collected	at	 the	Australian	Synchrotron,	 the	 first	 at	250	K,	 the	 sample	

was	 then	 cooled	 at	 4	 K	 min-1	 and	 a	 second	 collection	 performed	 at	 100	 K.	 Upon	

inspection	of	 the	 two	data	 sets	 it	 became	apparent	 the	quality	of	 the	 structural	 data	

collected	at	250	K	was	far	superior	to	the	data	collected	at	100	K.	Possible	reasons	for	

this	will	be	reviewed	after	the	following	structural	description.	At	100	K	the	structure	of	

8	was	solved	and	refined	in	the	chiral	cubic	space	group	F432	to	a	R1	of	13.58	%	and	an	

ambiguous	flack	parameter	of	0.366(5),	which	is	meaningless	under	these	experimental	

conditions.	 The	asymmetric	unit	 contains	1/24th	of	 the	 cuboid	 structure,	 consisting	of	

1/4th	of	a	the	L5	ligand	(Figure	4.12).		

 
Figure	4.12:	The	asymmetric	unit	of	8	with	the	Fe(II)	atoms	and	coordination	sphere	labelled	(anions,	

solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

	

As	expected,	the	ligands	span	each	face	of	the	box	and	eight	Fe(II)	centres	occupy	the	

vertices	 (Figure	 4.13	 a).	 Due	 to	 the	 cubic	 space	 group	 the	 overall	 box	 structure	 is	 a	

perfect	cube,	unlike	compounds	6	and	7,	with	a	Fe1–Fe1	distance	of	10.811(2)	Å.	Due	to	

the	 highly	 symmetric	 nature	 of	 the	 structure	 the	 two	 carbon	 atoms	 in	 the	 central	

ethene	 bond	 of	 L5	 are	 disordered	 at	 0.5	 occupancy	 across	 four	 symmetry	 equivalent	
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positions	 in	 each	 face	 of	 the	 cube.	 The	 two	 unique	 Fe–N	 bond	 lengths	 are	 equal	 to	

2.074(7)	 and	 2.05(1)	 Å	 for	 the	 imine	 and	 imidazole	 nitrogen	 atoms	 respectively,	

suggesting	 that	 the	 crystal	 is	 in	 an	 intermediate	 phase	 between	 HS	 and	 LS	 at	 this	

temperature.	

	

	
Figure	4.13:	X-ray	crystal	structure	of	8.	a)	Molecular	structure	with	the	six	L5	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

b)	Cut-away	portion	highlighting	the	Fe–Fe	separations.	

	

The	internal	cavity	has	a	void	volume	of	250	Å3	as	found	by	PLATON	VOIDS.296	Because	

the	centre	of	 the	box	 lies	on	a	 four-fold	 symmetry	axis,	modelling	of	guest	molecules	

(including	solvents	and	anions)	could	not	be	accurately	performed.	As	such,	the	electron	

density	 contribution	 within	 the	 void	 was	 subtracted	 from	 the	 reflection	 data	 by	 the	

SQUEEZE295	 method	 within	 PLATON.296	 Following	 this	 procedure,	 25	 electrons	 were	

found	within	this	cavity,	these	likely	correspond	to	solvent	molecules.	In	addition	to	the	

central	cavity	within	each	box,	the	crystal	lattice	contains	other	solvent	accessible	voids	

between	 boxes.	 Using	 the	 SQUEEZE295	 routine	 within	 PLATON296	 the	 total	 solvent	

accessible	 void	 space	 within	 the	 structure	 was	 equal	 to	 12325	 Å3	 (31.2	 %)	 and	 678	

electrons	 per	 unit	 cell	 (using	 a	 probe	 radius	 1.2	 Å).	 This	 electron	 density	 likely	

corresponds	to	solvent	molecules	such	as	acetonitrile	or	ethyl	acetate.		
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The	cubes	of	8	pack	together	via	two	sets	of	hydrogen	bonds	as	shown	in	Figure	4.14.	

The	 vertices	 of	 four	 adjacent	 cubes	 are	 joined	 by	 12	 hydrogen	 bonds	 that	 are	

crystallographically	equivalent,	produced	by	four	C3	rotation	axes	that	converge	on	the	

ClO4
–	anion,	causing	the	anion	to	appear	to	have	an	octahedral	geometry.	The	aromatic	

C	atom	C12	acts	as	a	hydrogen	donor	 to	 the	O	atom	of	a	ClO4
–	anion	O102	at	a	D–A	

distance	of	3.31(2)	Å.	The	other	ClO4
–
	anion	 is	 located	at	 the	edge	of	 the	cube	where	

three	of	its	oxygen	atoms	are	hydrogen	bond	acceptors	for	the	uncoordinated	imidazole	

N14	 and	 the	 imine	 C16.	N14	 hydrogen	 bonds	 to	 two	ClO4
–	 anions	 through	O204	 and	

O201	with	D–A	distances	of	3.13(5)	and	3.27(6)	Å,	 respectively,	whilst	C16	 forms	one	

unique	hydrogen	bond	to	O203	with	a	D–A	separation	of	3.11(5)	Å.	A	C4	 rotation	axis	

reproduces	 these	 interactions	 four	 times	 within	 the	 pocket,	 for	 details	 of	 hydrogen	

bonding	see	Table	A	10.	

	

	
Figure	4.14:	X-ray	crystal	structure	of	8	displaying	the	two	hydrogen	bonding	pockets.	a)	The	vertices	of	

four	cubes	are	held	together	by	one	crystallographically	unique	hydrogen	bond	between	a	C	atom	in	the	

imidazole	ring	C12	and	an	O	atom	of	a	ClO4
–	O102.	b)	The	second	hydrogen	bonding	pocket	comprised	of	

three	unique	hydrogen	bonds,	the	imidazole	NH	and	imine	CH	are	hydrogen	donors	to	the	oxygen	atoms	

of	the	ClO4
–	(non-involved	hydrogen	atoms	and	solvent	molecules	are	omitted	for	clarity).	

	

A	single	crystal	data	set	for	8	 that	was	collected	at	250	K,	prior	to	the	100	K	data	set,	

was	 solved	 and	 refined	 in	 the	 cubic	 space	 group	 F432	 to	 a	 R1	 of	 8.44	 %,	 with	 an	

ambiguous	flack	parameter	of	0.412(4).	The	structure	is	isostructural	to	the	structure	of	

8	that	was	collected	at	100	K.	The	Fe–N	bond	lengths	are	equal	to	2.132(3)	and	2.086(5)	
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Å	for	the	imine	and	imidazole	nitrogen	atoms,	respectively,	at	250	K	(Table	4.3).	These	

bond	 lengths	suggest	 that	at	 this	 temperature	the	sample	 is	 in	an	 intermediate	phase	

between	HS	and	LS.	The	observation	of	 longer	Fe–N	bond	lengths	at	250	K,	compared	

with	 the	 shorter	 Fe–N	 bond	 lengths	 in	 the	 structure	 collected	 at	 100	 K,	 implies	 a	

thermal	 SCO	 conversion	 from	 HS	 to	 LS	 is	 under	 way,	 but	 is	 perhaps	 incomplete.	 A	

reduction	in	the	distortion	of	the	coordination	sphere,	as	evidenced	by	the	octahedral	

distortion	parameter	S,	is	observed	as	the	crystal	is	cooled,	which	is	consistent	with	the	

population	 of	 Fe(II)	 centres	 in	 the	 crystal	 converting	 from	 HS	 to	 LS	 with	 decreasing	

temperature.	 The	 contraction	 in	 Fe–N	 bond	 lengths	 at	 lower	 temperatures	 sees	 a	

corresponding	decrease	in	the	unit	cell	volume	from	41169(2)	Å3	at	250	K	to	39451(2)	Å3	

at	 100	 K.	 Cooling	 the	 crystal	 at	 a	 slower	 rate	 and/or	 to	 a	 lower	 temperature	 could	

induce	a	complete	conversion	to	the	LS	state.	However,	attempts	made	to	characterise	

this	were	precluded	due	to	the	rapid	loss	of	crystallinity	upon	cooling.	The	contraction	

of	the	bond	lengths	 in	the	coordination	sphere	of	the	Fe(II)	centre	upon	cooling	has	a	

subtle	effect	on	the	overall	molecular	structure,	as	shown	in	Figure	4.15,	with	the	Fe1–

Fe1	distances	decreasing	by	approximately	0.1	Å.	

	

Temperature	 Fe–N11	imidazole	(Å)	 Fe1–N17	imine	(Å)	 S	(°)	 Fe1–Fe1	(Å)	

100	K	 2.05(1)	 2.086(5)	 	70.2	 10.811(2)	

250	K	 2.074(7)	 2.132(3)	 	73.5	 10.924(2)	

Table	4.3:	Selected	crystallographic	parameters	for	8	at	two	different	temperatures	100	and	250	K.	

The	PLATON296	SQUEEZE295	program	was	employed	to	account	for	the	residual	electron	

density	in	the	structure	of	8	collected	at	250	K.	This	found	an	internal	cavity	of	248	Å3	

similar	 to	 the	cavity	volume	at	100	K,	with	a	 total	solvent	accessible	void	of	12140	Å3	

(29.5	%)	and	1486	electrons	per	unit	cell,	which	likely	correspond	to	solvent	molecules	

such	as	acetonitrile	and	ethyl	acetate.	Comparing	this	with	 the	SQUEEZE295	 results	 for	

the	structure	collected	at	100	K,	which	found	678	electrons	per	unit	cell,	describes	how	

rapidly	 the	 crystal	 lattice	 is	 desolvating	 during	 the	 data	 collection	 and	 subsequent	

cooling	process.	The	data	at	250	K	was	collected	in	approximately	10	minutes	and	the	

sample	was	cooled	over	approximately	40	minutes,	during	this	period	808	electrons	per	

unit	cell	were	 lost	from	the	 lattice.	This	 is	presumably	due	to	migration	of	the	solvent	
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molecules	 into	the	polyfluorinated	oil	used	to	mount	the	crystal.	This	provides	part	of	

an	explanation	for	the	relatively	low	quality	structural	data	collected	at	100	K,	whereby	

loss	of	solvent	from	the	crystal	lattice	results	in	degradation	of	crystallinity.	Attempts	to	

collect	data	over	longer	periods	of	time	on	a	home	source	diffractometer	also	observed	

a	rapid	drop	off	in	diffraction	over	time,	supporting	this	theory.	In	conjunction	with	this,	

at	 250	 K	 the	 structure	 exists	 as	 an	 intermediate	 phase	 and	 a	 partial	 SCO	 conversion	

towards	a	LS	phase	at	100	K	can	be	envisioned	to	create	perturbations	throughout	the	

lattice.	

 
Figure	4.15:	Structural	overlay	of	nano-box	8	at	100	K	(blue)	and	250	K	(red).	The	*	represents	the	site	

where	two	Fe(II)	atoms	from	each	structure	occupy	the	same	position,	from	which	the	two	overlaid	

structures	propagate	(hydrogen	atoms,	solvent	molecules,	anions	and	disorder	omitted	for	clarity).	

	

4.2.4.1 DC	magnetic	susceptibility	of	8	

As	 thermally	 induced	 SCO	 was	 observed	 crystallographically	 in	 8,	 DC	 magnetic	

measurements	with	 a	 SQUID	magnetometer	were	 undertaken	 on	 a	 sample	 of	 freshly	

isolated	crystals	 in	 the	mother	 liquor	under	an	applied	 field	of	10000	Oe.	The	sample	
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was	cooled	to	1.85	K	at	which	temperature	a	cT	of	2.3	cm3	K	mol-1	was	recorded	(Figure	

4.16).	Following	the	heating	mode	an	abrupt	increase	in	cT	was	measured	equal	to	7.1	

cm3	K	mol-1	 at	 10	K,	which	 is	 likely	due	 to	 the	 zero-field	 splitting	of	HS	 Fe(II).	 The	cT	

gradually	 increases	 with	 temperature	 up	 to	 60	 K,	 at	 which	 point	 a	 slight	 dip	 in	

susceptibility	was	observed,	likely	owing	to	ferromagnetic	coupling	within	paramagnetic	

impurities.	Heating	beyond	this	temperature	saw	a	gradual	increase	in	susceptibility	up	

to	 270	 K,	 with	 a	 slight	 shoulder	 at	 192	 K,	 which	 is	 attributed	 to	 the	 melting	 of	 the	

mother	liquor	ethyl	acetate.	A	cT	of	16.4	cm3	K	mol-1	at	270	K	indicates	an	incomplete	

thermally	 induced	SCO	conversion	at	 this	 temperature.	Following	 the	cooling	mode,	a	

similar	susceptibility	behaviour	was	observed,	consistent	with	reversible	SCO.	However,	

the	apparent	hysteresis	observed	is	likely	due	to	solvent	loss.	As	the	sample	was	cooled	

below	 70	 K	 a	 similar	 ferromagnetic	 coupling,	 within	 paramagnetic	 impurities,	 was	

observed	 to	 that	 recorded	 in	 the	 heating	 mode.	 The	 gradual	 incomplete	 SCO	 curve	

recorded	for	8	is	consistent	with	the	crystallographically	determined	Fe–N	bond	lengths	

at	 100	 and	 250	 K,	 which	 suggest	 that	 the	 sample	 exists	 in	 two	 intermediate	 phases,	

between	 complete	 HS	 and	 LS,	 at	 each	 of	 these	 temperatures.	 Measurements	 were	

attempted	on	two	separate	batches,	with	identical	results.	

 
Figure	4.16:	Magnetic	susceptibility	of	8	in	heating	mode	(red	circles)	and	cooling	mode	(blue	circles),	

under	an	applied	field	of	10000	Oe	and	a	scan	rate	of	0.4	K	min-1.	
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4.2.4.2 UV-visible	spectroscopy	of	8	

To	probe	the	solution	based	SCO	behaviour	of	8	crystals	were	dissolved	in	acetonitrile	at	

a	 concentration	 of	 4.35	´	 10-5	mol	 L-1	 and	 1	mL	of	 this	 solution	was	 transferred	 to	 a	

quartz	 cuvette	 for	 analysis.	 The	 solution	 was	 cooled	 to	 275	 K	 and	 left	 to	 thermally	

equilibrate	 after	 which	 the	 absorbance	 spectrum	 was	 collected.	 A	 broad	 absorption	

band	is	observed	at	540	nm	with	a	shoulder	at	504	nm	typical	of	LS	Fe(II)	complexes163.	

This	 is	due	to	a	metal-to-ligand	charge	transfer	 (MLCT)	process	 (in	 this	case	t2	®	p*),	

similar	to	that	observed	for	other	complexes	with	an	tris-imine-imidazole	coordination	

motif.225	A	strongly	absorbing	peak	at	315	nm	is	also	present	indicative	of	an	interligand	

band	(p®	p*).	As	the	temperature	is	increased	in	5	K	intervals	the	absorption	intensity	

in	the	visible	region	decreases,	indicative	of	the	conversion	from	LS	to	HS	as	depicted	in	

Figure	 4.17.	 This	 gives	 a	 tight	 isosbestic	 point	 at	 442	 nm,	 implying	 the	 box	 structure	

remains	 intact	 throughout	 the	experiment.	 The	 sample	was	 cooled	 to	293	K,	 the	UV-

visible	spectrum	was	collected,	and	found	to	be	consistent	with	the	previous	spectrum	

at	293	K,	which	implies	the	SCO	behaviour	is	reversible.	

 
Figure	4.17:	UV-vis	spectra	for	9	in	acetonitrile	(4.35	´	10-5	mol	L-1)	in	heating	mode	from	275	to	348	K.	
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4.2.5 Synthesis	of	[Fe8L56](CF3SO3)16	(9)	

To	 synthesise	 9,	 the	 ligand	 subcomponents	 2-imidazolecarboxaldehyde	 and	 1,1,2,2,-

tetrakis(4-aminophenyl)ethylene	 were	 combined	 with	 Fe(CF3SO3)2	 with	 24:6:8	

stoichiometry	in	acetonitrile	giving	a	dark	green	solution.	Treating	the	reaction	mixture	

with	a	methanol	solution	of	ascorbic	acid	followed	by	vapour	diffusion	of	ethyl	acetate	

produced	 dark	 purple	 octahedral	 crystals,	 suitable	 for	 analysis	 by	 single	 crystal	 X-ray	

diffraction.	The	structure	of	9	was	solved	and	refined	in	the	tetragonal	space	group	P4/n	

at	 100	 K	 to	 a	 R1	 of	 10.48	 %.	 The	 asymmetric	 unit	 contains	 two	 Fe(II)	 centres,	 one	

complete	 L5	 and	 two	quarters	 of	 a	 second	 L5	 ligand	with	 four	 CF3SO3
–
	anions	 (Figure	

4.18).		

 
Figure	4.18:	The	asymmetric	unit	of	9	with	the	Fe(II)	atoms	and	coordination	sphere	labelled	(anions,	

solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

	

The	 ligands	 span	 each	 face	 of	 the	 box	 and	 eight	 Fe(II)	 centres	 occupy	 the	 vertices	

(Figure	4.19	a).	An	inspection	of	the	Fe–Fe	distances	shows	the	structure	to	be	a	cuboid,	

with	three	unique	faces.	The	two	opposing	faces	perpendicular	 to	the	C4	 rotation	axis	

are,	 by	 definition,	 crystallographically	 square	 10.573(1)	 ×	 10.573(1)	 Å	 (Fe1–Fe1)	 and	

10.629(1)	 ×	 10.629(1)	 Å	 (Fe2–Fe2).	 The	 other	 four	 faces	 generated	 by	 the	 four-fold	

rotation	 are	more	 rectangular,	 separating	 the	 two	 square	 faces	 by	 10.887(2)	 Å	 (Fe1–
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Fe2).	The	 irregular	 shape,	as	 shown	 in	Figure	4.19	b),	 is	due	 to	 the	 rectangular	 ligand	

being	disordered	over	the	two	possible	orientations	in	each	of	the	three	unique	faces.	

In	 the	crystallographically	 square	 faces	 the	 two	carbon	atoms	 in	 the	double	bond	are	

modelled	in	one	position	at	50%	occupancy	next	to	the	C4	rotation	axis,	producing	four	

positions.	 The	 comparatively	 elongated	 rectangular	 face	 has	 the	 two	 double	 bonded	

carbon	atoms	modelled	over	 four	positions,	with	occupancies	of	 40%	and	60%	 in	 the	

two	 possible	 orientations.	 This	 implies	 that	 in	 each	 individual	 cube	 there	 is	 no	

consistent	prevailing	orientation	of	these	ligands.	To	attain	this	irregular	cubic	structure	

the	 unequal	 orientation	 of	 these	 rectangular	 ligands	 is	 presumed	 to	 be	 energetically	

favourable,	 as	 this	 minimises	 the	 structural	 strain	 of	 incorporating	 six	 rectangular	

ligands	 into	 a	 cubic	 shape.	 Two	 adjacent	 cubes	 in	 the	 unit	 cell	 are	 related	 by	 an	

inversion	centre	and	exhibit	either	Λ	or	Δ	chirality	at	all	eight	of	the	Fe(II)	centres.	

	

	
Figure	4.19:	X-ray	crystal	structure	of	9.	a)	Molecular	structure	with	the	six	L5	ligands	shown	in	different	

colours	(anions,	solvent	molecules,	disorder	in	the	ethylene	bond	and	hydrogen	atoms	omitted	for	clarity).	

b)	Cut-away	portion	of	the	crystal	structure	showing	the	Fe–Fe	separations,	with	the	three	

crystallographically	unique	distances	shown	in	green,	orange	and	blue.		

	

The	internal	cavity	has	a	void	volume	of	233	Å3	as	found	by	PLATON	VOIDS.296	Because	

the	centre	of	 the	box	 lies	on	a	 four-fold	 symmetry	axis,	modelling	of	guest	molecules	

(including	solvents	and	anions)	could	not	be	accurately	performed.	As	such,	the	electron	

density	 contribution	 within	 the	 void	 was	 subtracted	 from	 the	 reflection	 data	 by	 the	
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SQUEEZE295	 method	 within	 PLATON.296	 Following	 this	 procedure,	 42	 electrons	 were	

found	 within	 this	 cavity,	 these	 likely	 correspond	 to	 solvent	 molecules	 such	 as	

acetonitrile	or	ethyl	acetate.	In	addition	to	the	central	cavity	within	each	box,	the	crystal	

lattice	 contains	 other	 solvent	 accessible	 voids	 between	 boxes.	 Using	 the	 SQUEEZE295	

routine	within	PLATON296	 the	 total	 solvent	 accessible	 void	 space	within	 the	 structure	

was	equal	to	1958	Å3	(12.3	%)	and	360	electrons	per	unit	cell	(using	a	probe	radius	1.2	

Å).	This	electron	density	likely	corresponds	to	solvent	molecules	such	as	acetonitrile	or	

ethyl	acetate.	

 
Figure	4.20:	a)	Crystal	structure	highlighting	the	supramolecular	interactions	between	three	adjacent	

cubes	shown	in	yellow,	purple	and	black.	Green	contacts	represent	hydrogen	bonds	and	the	blue	contact	a	

CH–p	interaction	(non-involved	anions,	solvent	molecules,	disorder	and	hydrogen	atoms	omitted	for	

clarity).	b)	Packing	of	the	9	viewed	down	the	crystallographic	a-	and	b-axis.	c)	Packing	of	9	as	viewed	

down	the	crystallographic	c-axis.	
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A	 hydrogen-bonding	 network	 between	 adjacent	 cubes	 facilitates	 the	 tight	 packing	 of	

these	highly	charged	16+	cubes	shown	in	Figure	4.20	a).	The	non-coordinated	nitrogen	

atom	 in	 the	1	position	of	 the	 imidazole	 rings	 interacts	with	a	water	molecule	and	the	

CF3SO3
–	anions	to	create	this	network.	This	hydrogen	bonding	network	expands	 in	the	

crystallographic	a	and	b	directions	with	imidazole	N114	H-bonding	to	O404	of	a	CF3SO3
–	

anion	 with	 a	 N–O	 distance	 of	 2.922(8)	 Å.	 O402	 of	 the	 same	 CF3SO3
–	 extends	 the	 H-

bonding	network	to	the	neighbouring	cube	via	the	imidazole	H	donor	(N74)	with	a	N–O	

separation	of	2.763(6)	Å,	thus	linking	two	cubes	through	one	CF3SO3
–	anion	and	two	H-

bonds.	The	second	notable	interaction	between	these	two	cubes	is	the	proximity	of	C73	

to	the	central	double	bond	of	the	adjacent	cube	face	with	a	H73–p	distance	of	2.736(4)	

Å.	In	the	c	axis	direction,	the	network	is	propagated	via	a	water	molecule	and	a	second	

CF3SO3
–.	N54	H-bonds	to	the	water	molecule	O602	with	a	N–O	separation	of	2.844(9)	Å,	

the	water	acts	as	an	H	donor	to	CF3SO3
–	O204	with	an	O–O	separation	of	2.796(9)	Å.	The	

same	oxygen	atom	of	the	CF3SO3
–	is	also	an	H	acceptor	for	N14	at	2.816(8)	Å.		A	third	H-

bond	 from	 the	 water	 molecule	 O602	 to	 CF3SO3
–	 oxygen	 atom	 O404	 (separation	 of	

3.034(8)	 Å)	 allows	 the	 water	 molecule	 act	 as	 bridge	 between	 the	 two	 CF3SO3
–	 to	

complete	the	H-bonding	network,	for	full	details	see	Table	A	11.	

	

The	 structure	 of	 9	 was	 found	 to	 be	 highly	 robust,	 both	 towards	 solvent	 loss	 and	

elevated	 temperature;	 remarkably,	 single	 crystal	 X-ray	 diffraction	 data	 could	 be	

collected	above	350	K.	To	discern	whether	9	exhibited	SCO,	variable	temperature	X-ray	

crystallography	experiments	were	conducted.	A	crystal	of	9	was	mounted	at	250	K	and	a	

complete	 data	 set	 collected.	 The	 crystal	 was	 then	 heated	 at	 4	 K	 min-1	 to	 353	 K,	

crystallinity	was	 retained	and	a	 second	data	 set	 collected.	 The	 same	crystal	was	 then	

further	 cooled	 to	 100	 K	 and	 a	 final	 data	 set	was	 collected.	 All	 three	 structures	were	

solved	and	refined	in	the	P4/n	space	group	and	the	crystallographic	refinement	details	

for	each	are	reported	in	Appendix	1.	Inspection	of	the	Fe–N	bond	lengths	show	at	250	K	

the	complex	is	primarily	in	the	LS	state	with	Fe–N	bond	lengths	ranging	from	1.952(3)	Å	

to	2.012(3)	Å.	At	353	K,	 the	complex	appears	 to	have	partially	undergone	a	 thermally	

induced	 SCO	event	with	 the	 same	 Fe–N	bond	 lengths	 now	 ranging	 from	2.01(1)	 Å	 to	

2.156(9)	Å.	Once	cooled	to	100	K	these	bond	lengths	then	contract	once	more	ranging	
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from	 1.951(9)	 Å	 to	 2.022(8)	 Å,	 returning	 to	 the	 LS	 state.	 The	 S	 parameters	 are	

consistent	with	the	LS	state	prevailing	at	250	K	and	100	K	and	intermediate	values	are	

found	 for	 the	 structure	 collected	at	353	K.	 For	 average	Fe–N	bond	 lengths	and	 the	S	

parameters	at	each	 temperature	seeTable	4.4,	 for	 full	Fe–N	bond	 lengths	see	Table	A	

12,	13,	14.	Although	the	crystals	were	found	to	be	stable	when	heated	to	353	K	 from	

room	 temperature,	 attempts	 to	 increase	 the	 temperature	 from	 100	 K	 back	 to	 room	

temperature	revealed	the	crystals	would	fracture	and	no	longer	diffract	at	around	240–

250	 K.	 This	 suggests	 that	 at	 250	 K	 or	 thereabouts,	 although	 crystallographically	 the	

sample	 appears	 to	 be	 LS,	 the	 crystal	 may	 be	 in	 a	 meta-stable	 state.	 The	 molecular	

compression	from	353	K	to	100	K	is	coupled	with	a	unit	cell	decrease	in	volume	of	1.9%.	

Interestingly,	the	unit	cell	volume	upon	heating	from	250	K	to	353	K	was	also	found	to	

decrease	by	2.0%,	perhaps	due	to	desolvation	of	the	crystal	lattice.	

	

Average	Bond	Lengths	 100	K	 250	K	 353	K	

Fe–N	Imidazole	(Å)	 1.959	 1.962	 2.05	

Fe–N	Imine	(Å)	 1.994	 1.998	 2.128	

S	(°)	Fe1,	Fe2	 60.2,	59.7	 59.0,	54.4	 75.9,	75.6	

Table	4.4:	Average	Fe–N	bond	lengths	for	9	and	the	S		parameters	from	three	crystal	structures	collected	

at	three	different	temperatures	100	K,	250	K	and	353	K.	

	

The	expansion	of	the	Fe–N	bond	distances	causes	structural	protuberances	throughout	

the	 overall	 molecular	 box	 structure	 as	 shown	 in	 Figure	 4.21.	 The	 box	 expands	 with	

increasing	temperature	as	can	be	observed	from	the	unique	Fe–Fe	distances.	At	100	K	

Fe1–Fe1,	 Fe2–Fe2	 and	 Fe1–Fe2,	 distances	 are	 equal	 to	 10.552(2),	 10.615(2)	 and	

10.902(3)	Å,	respectively;	these	values	increase	following	heating	to	353	K	and	are	equal	

to	10.606(2),	10.800(3)	and	11.019(3)	Å,	respectively.	PLATON296	SQUEEZE295	identifies	a	

corresponding	 increase	 in	 the	cavity	volume	with	heating.	At	100	K	 the	cavity	volume	

was	equal	to	222	Å3,	following	heating	to	353	K	this	value	increases	to	235	Å3.	
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Figure	4.21:	Structural	overlay	of	nano-box	9	at	100	K	(blue)	and	353	K	(red).	The	*	represents	the	site	

where	two	Fe(II)	atoms	from	each	structure	occupy	the	same	position,	from	which	the	two	overlaid	

structures	propagate	(hydrogen	atoms,	solvent	molecules,	anions	and	disorder	omitted	for	clarity).	

4.2.5.1 Optical	reflectivity	of	9.	

To	 investigate	 the	 solid-state	 thermochromic	 properties	 of	9	 a	 polycrystalline	 sample	

was	 dried	 in	 an	 oven	 at	 50	 °C	 overnight,	 diluted	 with	 barium	 sulphate	 and	 optical	

reflectivity	measurements	preformed	(Figure	4.22).		

	
Figure	4.22:	Optical	reflectivity	measurements	of	9	under	weak	white	light	irradiation	(0.05	mW	cm-2)	and	

a	scanning	temperature	rate	of	4	K	min-1.	a)	Cooling	mode	270	to	10	K;	b)	heating	mode	from	10	to	270	K.	

Reflectivity	 measurements	 were	 conducted	 under	 white-light	 irradiation	 of	 0.05	mW	

cm-2	and	spectra	recorded	at	intervals	between	270–10	K	following	a	cooling	rate	of	4	K	
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min-1.	As	the	temperature	was	decreased	a	slight	increase	of	the	absolute	reflectivity	in	

the	 NIR	 component	 was	 observed	 (NIR,	 >800	 nm),	 while	 a	 slight	 decrease	 of	 the	

absolute	 reflectivity	 in	 the	visible	 component	 (400–700	nm)	was	observed,	 consistent	

with	 the	 population	 of	 Fe(II)	 ions	within	 the	 sample	 becoming	 LS.163	 This	 experiment	

was	 repeated	 in	 the	 heating	 mode	 and	 the	 opposite	 was	 observed,	 indicative	 of	 a	

reversible	thermally	induced	SCO	event.	

	

Examining	 the	 thermal	 dependence	 of	 the	 absolute	 reflectivity	 at	 900	±	 5	 nm	 shows	

that	 there	 is	an	 increase	 in	 reflectivity	 from	0.561	at	270	K	 to	0.591	at	10	K,	which	 is	

then	 shown	 to	 be	 reversible	 in	 the	 heating	 mode	 (Figure	 4.23	 a).	 To	 investigate	

potential	light-induced	SCO	behaviour	in	9	the	sample	was	cooled	to	10	K	and	irradiated	

with	white	 light	 for	 3	 hours	 at	 0.4	mW	 cm-2.	 A	 decrease	 of	 absolute	 reflectivity	 was	

observed	after	irradiation	at	900	nm	from	0.598	to	0.568,	suggesting	that	some	of	the	

Fe(II)	centres	are	being	excited	into	their	HS	sate.	As	the	temperature	is	 increased	the	

complex	thermally	relaxes	at	66	K	to	give	an	absolute	reflectivity	value	of	0.595,	upon	

returning	to	270	K	the	reflectivity	decreases	 further	to	0.559.	The	effect	of	 irradiation	

on	the	absolute	reflectivity	by	exposure	of	9	to	white	light	for	3	hours	at	10	K	is	depicted	

in	Figure	4.23	b).	This	reveals	a	slight	decrease	in	reflectivity	in	the	NIR	region,	while	a	

slight	 increase	 in	the	reflectivity	 for	 the	visible	region	 is	observed,	consistent	with	the	

Fe(II)	centres	in	the	sample	becoming	HS.	

	
Figure	4.23:	a)	Optical	reflectivity	measurements	of	9	at	900	nm	at	a	scan	rate	of	4	K	min-1,	in	cooling	

mode	(blue)	and	heating	mode	(red).	The	green	line	represents	the	thermal	dependence	of	the	absolute	

optical	reflectivity	(heating	mode)	at	900	nm	after	irradiation	at	10	K	with	white	light	(P	=	0.4	mW	cm-2)	

for	3	hours.	b)	Optical	reflectivity	measurements	of	9	at	10	K	before	(red)	and	after	(blue)	a	3-hour	white	

light	irradiation	of	the	sample	(0.4	mW	cm-2).	
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To	optimise	the	photomagnetic	response	of	9	the	sample	was	irradiated	at	10	K	with	14	

different	 LED	 sources	with	wavelengths	 ranging	 from	365	 to	 1050	nm	 (see	 Figure	A).	

The	difference	in	absolute	reflectivity	at	900	nm	before	and	after	5	minutes	of	exposure	

to	light	of	each	wavelength	showed	that	9	was	the	most	responsive	to	irradiation	at	660	

nm	(Table	A	15).	Therefore,	optical	 reflectivity	measurements	were	performed	before	

and	after	exposure	to	660	nm	light	(2	hours,	10	mW	cm-2).	Visualising	the	dependency	

at	 900	 nm	 shows	 that	 the	 absolute	 reflectivity	 decreases	 from	 0.587	 to	 0.531	 after	

irradiation,	proving	that	9	is	more	photo	active	to	the	red	light	than	white	light	(Figure	

4.24	a).	As	the	temperature	is	increased	the	complex	relaxes	to	0.581	at	68	K.	The	effect	

of	irradiation	on	the	absolute	reflectivity	by	exposure	of	9	to	red	light	for	2	hours	at	10	K	

is	 depicted	 in	 Figure	 4.24	 b).	 This	 reveals	 a	 slight	 decrease	 in	 reflectivity	 in	 the	 NIR	

region,	 while	 a	 slight	 increase	 in	 the	 reflectivity	 for	 the	 visible	 region	 is	 observed,	

consistent	with	the	Fe(II)	centres	in	the	sample	becoming	HS.	

	
Figure	4.24:	a)	Optical	reflectivity	measurements	of	9	at	900	nm	a	scanning	temperature	rate	of	4	K	min-1,	

in	cooling	mode	(blue)	and	heating	mode	(red).	The	green	line	represents	the	thermal	dependence	of	the	

absolute	optical	reflectivity	(heating	mode)	at	900	nm	after	irradiation	at	10	K	with	red	light	660	nm	(P	=	

10	mW	cm-2)	for	2	hours.	b) Optical	reflectivity	measurements	of	9	at	10	K	before	(blue)	and	after	(red)	a	2	

hour	red	light	(660	nm)	irradiation	of	the	sample	(10	mW	cm-2).	

4.2.5.2 Solid	state	DC	magnetic	susceptibility	of	9	

As	 thermally	 induced	 SCO	 was	 observed	 crystallographically	 in	 9,	 DC	 magnetic	

measurements	with	 a	 SQUID	magnetometer	were	 undertaken	 on	 a	 sample	 of	 freshly	

isolated	crystals	in	the	mother	liquor	and	on	sample	dried	in	an	oven	at	50	°C	overnight.	
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These	measurements	 were	 performed	 at	 the	 University	 of	 Bordeaux	 in	 collaboration	

with	 Rodolphe	Clérac,	 Corine	Mathonière	 and	Mathieu	Rouzieres.	 At	 400	 K	 the	 dried	

sample	of	9	has	a	cT	of	22.5	cm3	K	mol-1,	as	depicted	 in	Figure	4.25.	The	expected	cT	

value	 for	 eight	 (S	 =	 2)	 HS	 Fe(II)	 ions	 is	 29	 cm3	 K	 mol-1	 (g	 =	 2.1),	 which	 implies	 that	

approximately	78%	of	the	Fe(II)	centres	are	HS	at	400	K.	Cooling	the	sample	sees	a	curve	

consistent	with	a	gradual	thermal	SCO	transition,	with	a	T1/2	value	of	ca.	330	K.	Below	

150	K	9	appears	to	be	completely	LS	with	a	small	residual	paramagnetic	signal	of	0.66	

cm3	K	mol-1.	Fitting	the	data	with	the	ideal	solution	model	found	ΔH,	ΔS	and	T1/2	to	be	

equal	to	18.8	KJ	mol-1,	57.0	J	K-1	mol-1	and	329.5	K,	respectively.	

	

 
Figure	4.25:	Magnetic	susceptibility	measurements	of	complex	9.	Blue	circles;	crystals	layered	with	mother	

liquor.	Red	circles;	dried	sample.	Measurements	under	an	applied	field	of	10000	Oe	at	a	scan	rate	of	0.4	K	

min-1,	solid	lines	represent	line	of	best	fit	to	the	ideal	solution	model.	

	

Data	for	the	crystals	under	mother	liquor	was	collected	in	the	temperature	range	of	2–

270	 K.	 Measurements	 above	 270	 K	 were	 not	 performed	 as	 above	 this	 temperature	

solvent	 loss	affecting	the	magnetic	susceptibility	was	observed.	At	270	K	the	cT	 is	3.1	

cm3	K	mol-1	corresponding	to	11%	of	the	Fe(II)	being	in	the	HS	state,	while	below	130	K	

the	sample	is	found	to	be	completely	LS	with	a	residual	paramagnetic	signal	of	0.3	cm3	K	

mol-1.	As	the	structural	integrity	is	retained	in	the	desolvated	sample	the	parameters	for	

ΔH	and	ΔS	of	18.8	KJ	mol-1	and	57.0	J	K-1	mol-1	respectively,	were	fixed	and	used	to	fit	



 

	 	 	 	

	

147	

the	solvated	data.	Fitting	gave	a	T1/2	value	for	the	solvated	sample	equal	to	ca.	358	K.	

The	cT	product	at	250	K	 is	1.6	cm3	K	mol-1,	which	 indicates	approximately	only	5%	of	

Fe(II)	 centres	 within	 the	 sample	 are	 HS.	 This	 agrees	 with	 the	 Fe–N	 bond	 lengths	

observed	 in	 the	crystal	 structure	obtained	at	250	K	which	suggest	a	predominately	LS	

character	at	 the	Fe(II)	centres.	The	presence	of	a	small	number	of	HS	Fe(II)	centres	at	

250	K	(and	by	extension	room	temperature)	suggest	the	crystals	are	in	an	intermediate	

phase	and	can,	without	undergoing	a	crystalline	transformation,	adopt	either	HS	or	LS	

state.	However,	the	transition	from	completely	LS	(at	100	K)	to	even	slightly	HS	(around	

240	K)	causes	the	destruction	of	the	crystal	lattice	resulting	in	loss	of	crystallinity.	As	the	

optical	 reflectivity	measurements	 suggested	 that	9	was	weakly	photoactive,	magnetic	

susceptibility	 studies	 were	 preformed	 to	 confirm	 this	 shown	 in	 Figure	 4.26.	 These	

measurements	showed	a	weak	photomagnetic	response	to	red	light	(630	nm)	increasing	

the	cT	from	0.45	to	1.23	cm3	K	mol-1	before	thermally	relaxing	to	the	LS	state	at	ca.	70	

K.	Showing	a	very	small	response	that	is	likely	limited	to	a	small	volume	of	the	sample	

near	the	surface.	

	

 
Figure	4.26:	Temperature	dependence	of	cT	of	crystalline	sample	of	9	in	the	dark	(black	circles)	under	an	

applied	field	of	10000	Oe	(scan	rate	0.4	K	min-1)	and	after	irradiation	with	630	nm	light	(p	=	3	mW	cm-2	red	

circles).	
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4.2.5.3 UV-visible	 spectroscopy	 and	 solution	 phase	 magnetic	
susceptibility	measurements	of	9	

To	probe	the	solution	based	SCO	behaviour	of	9	crystals	were	dissolved	in	acetonitrile	at	

a	 concentration	 of	 1.05	 ´	 10-5	 mol	 L-1.	 3	 mL	 of	 this	 solution	 was	 added	 to	 a	 quartz	

cuvette	 and	 the	 solution	was	 cooled	 to	 234	 K	 and	 left	 to	 thermally	 equilibrate	 after	

which	the	absorbance	spectrum	was	collected.	A	broad	absorption	band	was	observed	

at	 540	 nm	with	 a	 shoulder	 at	 504	 nm	 typical	 of	 LS	 Fe(II)	 complexes163.	 This	 due	 to	 a	

metal-to-ligand	 charge	 transfer	 (MLCT)	 process	 (in	 this	 case	 t2	®	p*),	 similar	 to	 that	

observed	 for	 other	 complexes	 with	 an	 tris-imine-imidazole	 coordination	 motif.225	 A	

strongly	absorbing	peak	at	303	nm	is	also	present	indicative	of	an	interligand	band	(p®	

p*).	 As	 the	 temperature	 is	 increased	 in	 8	 K	 intervals	 the	 absorption	 intensity	 in	 the	

visible	region	decreases,	indicative	of	the	conversion	from	LS	to	HS	state	(Figure	4.27).	

This	gives	a	tight	isosbestic	point	at	450	nm,	implying	the	box	structure	remains	intact	

throughout	the	experiment.	The	sample	was	cooled	to	290	K,	the	UV-visible	spectrum	

was	collected,	and	found	to	be	consistent	with	the	previous	spectrum	at	290	K,	which	

implies	the	SCO	behaviour	is	reversible.	

 
Figure	4.27:	UV-vis	spectra	for	9	in	acetonitrile	(1.05	´	10-5	mol	L-1)	in	heating	mode	from	234	to	314	K.	
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As	 the	 variable	 temperature	 UV-vis	 experiments	 suggest,	 9	 maintains	 its	 ability	 to	

reversibly	undergo	SCO	in	solution.	Unfortunately,	the	maximum	concentration	of	9	 in	

acetonitrile	was	not	high	enough	for	magnetic	susceptibility	measurements.	Therefore,	

magnetic	susceptibility	measurements	were	performed	on	a	nitromethane	solution	of	9	

(1.45	´	10-3	mol	L-1).	These	were	limited	to	a	maximum	temperature	of	260	K	to	prevent	

solvent	 loss	 and	 at	 this	 temperature	 a	 cT	 of	 8.8	 cm3	 K	 mol-1	was	 measured.	This	 is	

significantly	higher	than	the	corresponding	values	for	both	dried	(4.6	cm3	K	mol-1)	and	

solvated	 (2.2	 cm3	 K	mol-1)	 samples	 of	 9	 at	 260	 K.	 The	magnetic	 susceptibility	 results	

correlate	 well	 with	 normalised	 absorption	 values	 at	 400	 nm	 from	 the	 variable	

temperature	UV-vis	experiments.	Fitting	with	the	ideal	solution	model	gives	ΔH,	ΔS	and	

T1/2	values	equal	to	126.3	KJ	mol-1,	34.7	J	K-1	mol-1	and	275	K,	respectively	(Figure	4.28).	

These	values	reveal	that	9	undergoes	a	far	more	abrupt	SCO	conversion	and	at	a	lower	

temperature	 in	 solution	 than	 in	 solid	 state,	 suggesting	 that	 the	 intermolecular	

interactions	within	the	crystal	lattice	may	impede	thermally	driven	SCO.	

	

 
Figure	4.28:	Red	circles	correspond	to	the	magnetic	susceptibility	of	a	nitromethane	solution	of	9	(1.45	´	

10-3	mol	L-1),	under	an	applied	field	of	10000	Oe	and	a	scan	rate	of	0.4	K	min-1.	The	red	line	corresponds	to	

the	fit.	Green	circles	correspond	to	the	normalised	UV-vis	intensity	at	400	nm	of	an	acetonitrile	solution	of	

9	(1.05	´	10-5	mol	L-1).	
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4.2.5.4 Ultra-fast	transient	absorption	measurements	of	9	

To	probe	the	excited	state	dynamics	of	9	ultra-fast	transient	absorption	experiments	on	

a	 sub-picosecond	 and	 nanosecond	 time	 scale	 were	 conducted	 at	 the	 University	 of	

Bordeaux,	 in	 collaboration	with	Nathan	McClenaghan,	 Sergey	Denisov	 and	Gediminas	

Jonusauskas.	The	precise	sequence	of	fast	photoinduced	processes	 in	Fe(II)	complexes	

exhibiting	MLCT	transitions	has	been	the	subject	of	intensive	study	since	the	discovery	

of	the	LIESST	effect.	A	battery	of	time-resolved	spectroscopies	has	been	applied	to	the	

prototypical	Fe(bpy)32+	(bpy	=	2,2’-bipyridine)	LS	complex	to	fully	elucidate	the	different	

processes.337,338	 A	 general	 consensus	 now	 seems	 to	 point	 to	 the	 initial	 photoinduced	

population	of	a	1MLCT	state,	ultrafast	(30	fs)	 intersystem	crossing	to	populate	a	short-

lived	3MLCT	state	(ca.	130	fs),	which	ultimately	leads	to	population	of	the	HS	(5T2)	state	

which,	 following	 vibrational	 relaxation	within	 the	 5T2	manifold	 (few	ps),	 decays	 to	 the	

low-spin	1A1	configuration	(650	ps).	One	point	of	debate	concerns	passage	of	the	3MLCT	

state	 to	 the	 HS	 state	 (5T2),	 namely	 whether	 this	 transition	 is	 a	 direct	 process,	 a	

sequential	process	invoking	ligand	field	states	or	a	combination	of	both.339–341	This	point	

aside,	the	sequence	of	events	has	been	forwarded	as	being	general	for	Fe(II)	complexes	

of	this	type.	

	

When	a	dilute	acetonitrile	solution	of	9	was	subjected	to	photoexcitation	(lex	=	400	nm,	

50	fs	 pulses),	 three	 distinct	 processes	 could	 be	 discerned	 upon	 observation	 of	 the	

evolution	of	a	positive	 transient	 signal	 in	 the	visible,	as	 shown	 in	Figure	4.29.	A	 rapid	

initial	process	(250	fs);	a	slower	process	(5	ps)	and	a	much	longer	(10s	of	nanosecond)	

process.	The	 initial	 short-lived	 (250	 fs)	positive	 transient	 signal	across	 the	spectrum	 is	

assigned	 to	 the	 excited	 state	 absorption	 by	 the	 ligand	 centred	 3MLCT	 state.	 As	 the	

spectrum	 evolves	 further,	 the	 positive	 transient	 signal	 after	 a	 time	 delay	 of	 1.5	 ps	

corresponds	 to	 absorbance	 by	 the	 5T2	 state,	 this	 signal	 decays	 over	 5	 ps	 due	 to	

vibrational	relaxation	within	the	5T2	manifold.	
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Figure	4.29:	Transient	absorption	spectra	following	photoexcitation	(lex	=	400	nm)	of	9	on	ultrafast	

timescales	in	acetonitrile.	a)	Transient	absorption	map.	b)	Transient	absorption	signal	evolution	at	

500	nm,	insert	displays	the	optical	difference	spectra	at	0.5	ps	(black)	and	1.5	ps	(blue).	

	

To	accurately	measure	the	nanosecond	process	another	set-up	was	employed	with	high	

dynamic	 range	 streak	 camera	 detection	 and	 pulsed	 picosecond	 excitation.	 The	

corresponding	 transient	 absorption	map	 shows	 two	 distinct	 transient	 signals:	 ground	

state	bleaching	of	MLCT	band	on	excitation	 (i.e.	 depletion	of	 the	ground	 state)	 and	a	

positive	 transient	 absorption	 band	 at	 420	nm.	 Both	 transient	 signals	 decay	 with	 the	

same	 time	 constant	 (53	ns	 at	 298	K)	 as	 the	 initial	 population	 is	 restored,	 as	 shown	 in	

Figure	4.30.	

	

	
Figure	4.30:	Transient	absorption	spectra	following	MLCT	excitation	(lex	=	520	nm)	of	9	on	ns	timescale	in	

acetonitrile.	a)	Transient	absorption	map.	b)	Transient	absorption	signal	evolution	at	420	–	430	nm	(black)	

and	550	–	560	nm	(blue).		
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While	a	monoexponential	decay	of	transients	was	obtained	at	room	temperature,	and	

indeed	 in	 the	 range	 (313	K	–	268	K),	 measurements	 at	 lower	 temperatures	 (268	K	–

	230	K)	 reproducibly	 showed	 the	 presence	 of	 other	 longer-lived	 minor	 decaying	

components.	 This	 observation	 is	 tentatively	 ascribed	 to	 two	 (or	 more)	 states	 that	

interact	 at	 higher	 temperatures	 and	 less	 at	 lower	 temperatures.	 Accordingly,	 the	

corresponding	 Arrhenius	 plot	 deviates	 from	 the	 anticipated	 linear	 behaviour	 in	

logarithmic	 scale	 (Figure	4.32).	Nevertheless,	 apparent	 activation	barriers	 of	 0.11	 and	

0.45	eV	can	be	estimated.	

 
Figure	4.31:	Temperature	dependence	of	relaxation	rates	of	9	in	acetonitrile;	rates	are	determined	from	

mono-exponential	fit	of	experimental	results	recovery	of	ground	state	population	after	excitation	

(λex	=	532	nm)	at	the	range	of	temperatures	(230	–	313	K).	

	

Thus,	the	proposed	sequence	of	events	are	the	following	1MLCT	®	3MLCT	®	5T2	(250	fs,	

either	directly	or	in	a	step-wise	fashion),	as	shown	in	Figure	4.32	.	Cooling	within	the	5T2	

manifold	 then	 occurs	 (5	 ps),	 followed	 by	 thermal	 relaxation	 of	 the	 5T2	®	 1A1	as	 the	

population	 returns	 to	 the	 equilibrium	 room	 temperature	 distribution	 of	 LS	 and	 HS	

states.	 The	 equilibration	 time	 is	 estimated	 at	 53	 ns	 at	 295	K.	 Unsurprisingly,	 no	

fluorescence	was	detected	from	9.	
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Figure	4.32:	The	proposed	photocycle	for	9	following	excitation.	Solid	line	represents	photoexcitation,	

dashed	lines	correspond	to	intersystem	crossing,	and	the	dotted	line	corresponds	to	vibrational	cooling.	

4.3 Conclusions	

The	 work	 presented	 in	 this	 chapter	 highlights	 the	 adaptable	 nature	 of	 the	

subcomponent	 self-assembly	 process	 for	 generating	 multinuclear	 SCO	 architectures.	

The	facile	synthesis	of	the	reported	nano-box	structures	was	maintained	despite	the	use	

of	the	intermediate	ligand	field	strength	imidazole-imine	coordination	motif,	instead	of	

the	pyridyl-imine.	The	imidazole	head	groups	all	resulted	in	complexes	that	crystallised	

in	 higher	 symmetry	 tetragonal	 or	 cubic	 space	 groups,	 compared	 to	 the	 pyridine	

analogues,	 which	 crystallised	 in	 triclinic	 or	 monoclinic	 space	 groups.	 As	 might	 be	

expected	for	L3	and	L5	 the	 imidazole	NH	groups	 in	the	corresponding	complexes	(6,	8	

and	9)	form	hydrogen	bonding	networks	with	the	counter-ions,	facilitating	the	packing	

of	 the	 nanoboxes.	 It	 was	 interesting	 to	 note	 that	 complex	 7,	 formed	 by	 the	 N-

methylated-imidazole	ligand	L4,	exhibits	an	almost	isostructural	nano-box	arrangement	

as	6,	despite	the	absence	of	an	electronegative	hydrogen	donor	and	the	presence	of	a	

different	 counter	 ion.	The	nano-box	 structures	generally	have	 two	crystallographically	

square	faces	separated	by	four	rectangular	faces,	with	the	obvious	exception	of	8	due	to	

its	cubic	symmetry.	The	average	Fe–Fe	separations	range	from	10.485(1)	to	10.811(2)	Å,	

where	 the	 larger	 average	 Fe–Fe	 separations	 generally	 present	 in	 structures	 in	 the	HS	
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state.	The	increase	in	cavity	volume	within	the	box	structures	generally	correlates	with	

larger	Fe–Fe	separations,	as	shown	in	Table	4.5	.	

	

	

Complex	 Space	group	 Average	Fe–Fe	
(Å)	

Cavity	volume	
(Å3)	

Average	Fe–N	
Imine	(Å)	

Average	Fe–N	
Imidazole	(Å)	

6	(120	K)	 P4/nnc	 10.73	 253	 2.251	 2.136	

7	(120	K)	 P4/nnc	 10.49	 236	 2.007	 1.958	

8	(100	K)	 F432	 10.81	 250	 2.074	 2.05	
8	(250	K)	 F432	 10.92	 248	 2.086	 2.132	

9	(100	K)	 P4/n	 10.69	 222	 1.994	 1.959	

9	(250	K)	 P4/n	 10.67	 228	 1.998	 1.962	
9	(353	K)	 P4/n	 10.81	 235	 2.128	 2.04	

Table	4.5:	Selected	crystallographic	parameters	for	complexes	6,	7,	8	and	9.	

Variation	 in	 headgroup	 between	 the	 ligands	 L3,	 L4	 and	 L5	 resulted	 in	 varied	 SCO	

properties	 in	 their	 respective	 complexes.	 The	 ligand	 L3	 with	 a	 tris-imine-4-imidazole	

coordination	motif	provided	the	weakest	ligand	field	and	produced	complex	6,	the	only	

nano-box	structure	with	HS	Fe(II)	centres	at	120	K.	Ligand	L4	produced	complex	7	which	

crystallised	 in	 the	 same	 space	 group	 as	 6	 and	 exhibited	 LS	 Fe(II)	 centres	 at	 120	 K.	

Because	6	and	7	are	 isostructural,	direct	comparisons	can	be	made	between	the	two,	

including	 Fe–Fe	 separations	 and	 cavity	 volume.	 Complex	7	was	 shown	 to	 exhibit	 SCO	

behaviour	in	the	solid	state	by	optical	reflectivity	measurements,	which	also	showed	a	

weak	photomagnetic	response,	and	in	acetonitrile	solution	using	variable	temperature	

UV-vis	 spectroscopy.	 Unfortunately,	 the	 extremely	 low	 yield	 of	 this	 complex	 and	

difficulty	 in	 up	 scaling	 the	 reaction	 conditions	 meant	 that	 quantitative	 DC	 magnetic	

susceptibility	measurements	could	not	be	performed.	

	

L5	 upon	 complexation	with	 Fe(ClO4)2	 produced	 complex	8	 and	with	 Fe(CF3SO3)2	 gave	

complex	 9,	 both	 of	 which	 displayed	 SCO	 behaviour	 in	 the	 solid	 state	 and	 in	 dilute	

solution.	Anion	modulation	in	this	instance	produced	complexes	that	crystallised	in	two	

different	 space	groups	and	 show	markedly	different	SCO	behaviour	 in	 the	 solid	 state.	

Complex	 8	 crystallises	 in	 the	 cubic	 F432	 space	 group	 and	 packs	 in	 an	 offset-layered	

checker-board	fashion	with	pockets	of	disordered	solvent	in	between	cubes,	therefore,	

29.5	%	of	 lattice	 is	 solvent	 accessible	 void	 space.	 These	 large	pockets	between	 cubes	
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means	 there	 is	 a	 lack	 of	 cooperativity	 between	 complexes	 accounting	 for	 the	 very	

gradual	 SCO	 conversion	 observed	 both	 crystallographically	 and	 through	 magnetic	

susceptibility	 measurements.	 Complex	 9	 shows	 a	 relatively	 more	 abrupt	 conversion	

facilitated	by	the	increased	density	of	the	packing	of	the	nano-boxes,	with	only	12.3	%	

void	 space	 within	 the	 lattice.	 In	 both	 8	 and	 9	 the	 temperature	 at	 which	 SCO	 occurs	

appears	 to	 be	 higher	 than	 generally	 reported	 for	 tris-imine-2-imidazole	 complexes,	

suggesting	that	a	combination	of	the	crystal	packing	forces	and	the	multi-nuclear	nature	

of	 the	 complexes	 is	 increasing	 the	 stability	 of	 the	 LS	 state.	 The	 solution	 phase	 SCO	

behaviour	 in	9	 shows	a	high	T1/2	 value	of	275	K,	again	 indicating	 that	 the	octanuclear	

nature	 of	 the	 complex	 is	 stabilising	 the	 LS	 state.	 Increasing	 the	 nuclearity	 in	 similar	

systems	 has	 been	 observed	 to	 increase	 the	 T1/2	 values	 previously,	 implying	 this	 is	 a	

synthetically	 controlled	 method	 to	 access	 materials	 with	 T1/2	 values	 nearing	 room	

temperature	as	required	for	potential	applications	as	molecular	switches.		

	

Complex	 9	 also	 showed	 a	 very	 weak	 photomagnetic	 response	 as	 evidenced	 by	 the	

absolute	 reflectivity	 and	 photomagnetic	 measurements.	 This	 is	 in	 accordance	 to	

Hauser’s	“inverse	energy	gap	law”	where	compounds	with	high	T1/2	values	(such	as	330	

K)	 and	 a	 more	 stable	 LS	 state	 exhibit	 fast	 relaxation	 into	 the	 LS	 state	 even	 at	 low	

temperature.342	 Further	 modulation	 of	 anions	 and	 imidazole	 head	 groups	 can	 be	

considered	 as	 potential	 avenues	 to	 explore	 in	 the	 pursuit	 of	 optimising	 response	 to	

irradiation	in	these	complexes.	

	

In	conclusion,	four	novel	octanuclear	Fe(II)	complexes	are	reported.	Three	of	these	were	

found	to	display	SCO	in	both	the	solid	and	solution	state,	while	the	fourth	was	found	to	

maintain	 its	HS	state	down	to	120	K.	These	results	show	that	 the	subcomponent	self-

assembly	 process	 provides	 a	 simple	 and	 effective	means	 to	 synthesise	 and	modulate	

the	properties	of	materials	 suitable	 for	SCO.	Currently,	 the	complexes	presented	here	

are	 the	 second	 example	 of	 octanuclear	 complexes	 that	 display	 SCO	 behaviour	 to	 be	

reported.219	
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4.4 Experimental	

4.4.1 Optical	reflectivity	measurements	

Reflectivity	 measurements	 were	 performed	 at	 the	 University	 of	 Bordeaux	 in	

collaboration	 with	 Corine	 Mathonière,	 on	 a	 home-built	 reflectivity	 apparatus	 using	

freshly	filtered	compounds.	This	set-up	collects	reflected	light	from	the	sample	(that	is	

the	sum	of	direct	and	diffuse	reflected	light)	and	operates	between	10	and	300	K	over	

spectrometric	range	of	400–1000	nm.	The	light	for	spectrometry	is	a	halogen-tungsten	

light	source	(Leica	CLS	150	XD	tungsten	halogen	source	adjustable	from	0.5	mW	cm-2	to	

1	mW	cm-2).	The	measurements	were	calibrated	relative	to	a	NIST	traceable	reflectance	

standard	 (sphere	Optics,	 ref	SG3054).	The	background,	collected	with	 the	 light	source	

switched	 off,	 is	 subtracted	 from	 all	 measurements.	 Different	 Light	 Emitting	 Diodes	

(LEDs)	 operating	 between	 385	 to	 940	 nm	 and	 bought	 from	 Thorlabs	 were	 used	 for	

excitation	 measurements.	 As	 the	 samples	 are	 potentially	 photosensitive,	 the	 light	

exposure	 time	was	minimised	 during	 all	 the	 experiments	 keeping	 the	 samples	 in	 the	

dark	except	during	the	spectra	measurements	when	white	light	is	shined	on	the	sample	

surface	(P	=	0.4	mW	cm-2).		

	

4.4.2 DC	magnetic	susceptibility	measurements	

Magnetic	susceptibility	measurements	were	performed	at	the	University	of	Bordeaux	in	

collaboration	 with	 Rodolphe	 Clérac,	 Corine	 Mathonière	 and	 Mathieu	 Rouzieres.	 The	

measurements	were	carried	out	on	a	Quantum	Design	SQUID	magnetometer	MPMS–XL	

(CRPP)	operating	between	1.8	and	400	K	 for	applied	DC	 fields	 ranging	 from	-7	 to	7	T.	

Measurements	 in	 solid	 state	 were	 performed	 on	 microcrystalline	 samples.	 Samples	

were	prepared	either	in	a	sealed	straw	with	a	layer	of	mother	liquor	carefully	applied	or	

as	filtered	dried	solid	samples	that	were	contained	in	polyethylene	bags	(3	×	0.5	×	0.02	

cm).	 A	M	 vs.	H	 measurement	was	 systematically	 performed	 at	 100	 K	 to	 confirm	 the	

absence	 of	 ferromagnetic	 impurities.	 Magnetic	 data	 was	 corrected	 for	 the	 sample	
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holder	 and	 diamagnetic	 contributions	 for	 all	 magnetic	 measurements.	 The	 following	

equation	deduced	from	ideal	solution	model	was	used:	

 
	

to	fit	the	magnetic	data	for	9.	With	χTLS	and	χTHS	being	the	χT	product	for	the	sample	in	

its	 LS	 and	 HS	 state,	 respectively.	 For	 the	 solvated	 crystalline	 sample	 of	 9	 the	 DH	

component	was	fixed	to	that	obtained	for	the	dried	sample	and	χTHS	was	fixed	at	29	cm3	

K	mol-1	 to	help	the	fitting	convergence.	For	the	sample	of	9	 in	dilute	nitromethane	all	

parameters	 were	 fixed	 to	 give	 a	 curve	 that	 best	 correlates	 to	 the	 normalised	 UV-vis	

data.	As	expected,	the	obtained	χT	LS	values	were	all	very	close	to	zero.	

	

Photomagnetic	measurements	were	 performed	using	 a	 halogen-tungsten	 light	 source	

(Leica	CLS	150	XD	tungsten	halogen	source	adjustable	 from	0.5	mW	cm-2	to	1	W	cm-2)	

coupled	through	an	optical	fibre	directed	into	the	magnetometer	cavity.	2.7	mg	samples	

were	packed	 into	a	 thermoformed	plastic	straw	placed	about	3.5	cm	from	the	optical	

fibre.	

4.4.3 Synthesis	of	[Fe8L36](PF6)16	(6)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 (50	 mg,	

0.13	 mmol)	 was	 combined	 with	 imidazole-4-

carboxaldehyde	 (48.8	 mg,	 0.51	 mmol)	 in	 20	 mL	

CH3CN	and	stirred	and	heated	at	50	°C	for	1	hour.	A	1	

mL	 solution	 of	 anhydrous	 FeCl2	(22	mg,	 0.17	mmol)	

dissolved	 in	 CH3CN	 was	 combined	 with	 a	 1	 mL	

solution	of	AgPF6	(85.7	mg,	0.34	mmol)	in	CH3CN.	This	

was	 filtered	 through	 a	 Celite	 plug	 into	 the	 ligand	 subcomponent	 reaction	 mixture	

resulting	in	a	dark	green	solution,	which	was	stirred	overnight	at	50	°C.	To	the	reaction	

mixture	was	then	added	3	mL	of	ascorbic	acid	dissolved	 in	MeOH	(0.057	mol	L-1,	0.15	

mmol),	resulting	in	a	yellow	solution,	from	which	vapour	diffusions	were	prepared	with	

χT = χTLS +
χTHS − χTLS

1+ exp ΔH
R

1
T
− 1
T1/2

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝⎜
⎞
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benzene.	 This	 reaction	was	 repeated	 dozens	 of	 times	 over	 a	 2-year	 period	with	 very	

subtle	variations	and	crystals	were	sporadically	obtained	and	collected	by	filtration	and	

washed	with	excess	benzene.	Approximately	1.5	mg	of	crystalline	sample	was	acquired	

during	this	time	frame	with	an	estimated	yield	below	0.1	%.	Therefore,	no	microanalysis	

was	performed.	 	max/cm-1	:	3200–3400	br,	w,	1619	s	(C=N),	1500	w,	1291	w,	1206	w,	

1135	w,	1093	w,	1047	s,	826	s	(P–F),	555	m.	

	

4.4.4 Synthesis	of	[Fe8L46](BF4)16	(7)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 (50	 mg,	

0.13	 mmol)	 was	 combined	 with	 1-methyl-2-

imidazolecarboxaldehyde	 (56.2	mg,	 0.51	mmol)	 in	

20	mL	CH3CN	and	stirred	and	heated	at	50	°C	for	1	

hour.	 Fe(BF4)2.6H2O	 (57.4	 mg,	 0.17	 mmol)	 was	

added	 into	 this	 ligand	 subcomponent	 reaction	

mixture	 resulting	 in	 a	 dark	 green	 solution,	 which	

was	 stirred	 overnight	 at	 50	 °C.	 To	 the	 reaction	

mixture	was	then	added	3	mL	of	ascorbic	acid	dissolved	 in	MeOH	(0.057	mol	L-1,	0.15	

mmol),	 resulting	 in	 a	 red/orange	 solution,	 from	which	 diffusions	were	 prepared	with	

EtOAc	 yielding	 dark	 purple	 octahedral	 crystals.	 These	 were	 isolated	 by	 filtration	 and	

washed	 with	 excess	 EtOAc	 (7.6	 mg,	 5.5%).	 Sample	 dried	 to	 constant	 weight	 under	

vacuum	 gave	 the	 following	 elemental	 analyses:	 Found	 C,	 49.87;	 H,	 3.81;	 N,	 14.85	%;	

[Fe8C276H246N72][BF4]16·14H2O·2C4H8O2	requires	C,	49.90;	H,	4.28;	N	14.75	%.	 	max/cm-1	

:	1608	w,	1520	w,	1488	m,	(C=N),	1443	m,	1291	w,	1031	s,	(B–F),	901	m,	778	m,		633	m.	
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4.4.5 Synthesis	of	[Fe8L56](ClO4)16	(8)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	 (50	 mg,	

0.13	 mmol)	 was	 combined	 with	 2-

imidazolecarboxaldehyde	 (48.8	mg,	 0.51	mmol)	 in	

20	mL	CH3CN	and	stirred	and	heated	at	50	°C	for	1	

hour.	 Fe(ClO4)2	 (42.3	 mg,	 0.17	 mmol)	 was	 added	

into	 this	 ligand	 subcomponent	 reaction	 mixture	

resulting	 in	 a	 dark	 green	 solution,	 which	 was	

stirred	overnight	at	50	°C.	To	the	reaction	mixture	

was	 then	 added	3	mL	of	 ascorbic	 acid	dissolved	 in	MeOH	 (0.057	mol	 L-1,	0.15	mmol),	

resulting	 in	 a	 red/orange	 solution,	 from	 which	 diffusions	 were	 prepared	 with	 EtOAc	

yielding	dark	purple	octahedral	 crystals.	 These	were	 isolated	by	 filtration	and	washed	

with	excess	EtOAc	(10.2	mg,	7.4%).	Sample	dried	to	constant	weight	under	vacuum	gave	

the	 following	 elemental	 analyses:	 Found	 C,	 47.18;	 H,	 3.72;	 N,	 14.40	 %;	

[Fe8C252H192N72][ClO4]16·22H2O	requires	C,	46.95;	H,	3.47;	N	14.71	%.	 	max/cm-1	:	3200–

3400	br,	w,	1610	m,	1500	w,	1466	w,	1435	s	(C=N),	1339	w,	1060	s	(Cl–O),	891	w,	835	w,	

763	m,	612	s.	

4.4.6 Synthesis	of	[Fe8L56](CF3SO3)16	(9)	

1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	(50	mg,	0.13	

mmol)	was	combined	with	2-imidazolecarboxaldehyde	

(48.8	mg,	0.51	mmol)	in	20	mL	CH3CN	and	stirred	and	

heated	 at	 50	 °C	 for	 1	 hour.	 A	 1	 mL	 solution	 of	

anhydrous	 FeCl2	 (22	 mg,	 0.17	 mmol)	 in	 CH3CN	 was	

combined	with	a	1	mL	solution	of	AgOTf	(87.4	mg,	0.34	

mmol)	in	CH3CN.	This	was	filtered	through	a	Celite	plug	

into	the	ligand	subcomponent	reaction	mixture	resulting	in	a	dark	green	solution,	which	

was	stirred	overnight	at	50	°C.	To	the	reaction	mixture	was	then	added	3	mL	of	ascorbic	

acid	dissolved	 in	MeOH	(0.057	mol	L-1,	0.15	mmol),	resulting	 in	a	red/orange	solution,	

from	 which	 diffusions	 were	 prepared	 with	 EtOAc	 yielding	 dark	 purple	 octahedral	

ν
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crystals.	These	were	isolated	by	filtration	and	washed	with	excess	EtOAc	(9.2	mg,	5.7%).	

Sample	dried	to	constant	weight	under	vacuum	gave	the	following	elemental	analyses:	

Found	C,	44.15;	H,	2.92;	N,	13.80	%;	[Fe8C252H192N72][CF3SO3]16·12H2O	requires	C,	44.18;	

H,	2.99;	N	13.84	%.	 	max/cm-1	:	3200–3400	br,	w,	1613	w,	1502	w,	1436	s,	(C=N),	1239	

s,	(C–F)	1164	s,	(S=O),	1111	m,	(C–S),	1026	s,	893	w,	836	w,	765	m.z	

	 	

ν
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5 Conclusions	and	future	
work	

	 	



 

	  
	
162	

5.1 Conclusions	

The	 results	 described	 in	 the	preceding	 chapters	have	 shown	 that	 subcomponent	 self-

assembly	 is	 an	 adaptable	 and	 effective	 method	 for	 the	 synthesis	 of	 metal-organic	

tetrahedra	and	cubes.	The	reported	compounds	illustrate	that	the	selective	modulation	

of	molecular	subcomponents	can	produce	MOP	with	desirable	properties.		

	

In	 Chapter	 2,	 a	 Co(II)	 tetrahedral	 cage	 1	 was	 synthesised	 utilising	 2,4,6-tris(4-

aminophenoxy)triazine	and	2-pyridinecarboxaldehyde	and	shown	to	display	host-guest	

chemistry.	The	crystal	structures	of	1,	with	various	anions,	gave	structural	 insight	 into	

the	nature	of	 the	host-guest	 interactions,	which	provided	 comprehensive	explanation	

for	 the	 hierarchical	 binding	 affinity	 of	 1	 (SbF6–	 >	 PF6–	 >	 CF3SO3
–	 >	 ClO4

–	 >	 BF4–).	 The	

oxidation	of	the	Co(II)	metal	centres	to	Co(III)	was	successfully	achieved.	However,	the	

resultant	 Co(III)	 cage	 was	 unsuitable	 for	 guest	 exchange	 experiments	 due	 to	 its	

instability	 to	 subsequent	 reduction.	 NMR	 spectroscopic	 and	 ESI-MS	 analysis	 also	

revealed	that	the	cages	of	[PF6Ì1]7+	form	dimers	under	certain	conditions,	including,	at	

high	 concentrations	of	 [PF6Ì1]7+	 and	upon	addition	of	TBA·PF6.	 In	 the	 solid	 state,	 the	

magnetic	properties	were	probed	with	DC	and	AC	susceptibility	measurements.	These	

revealed	magnetic	anisotropy	of	the	Co(II)	centres	and	slow	relaxation	of	magnetisation	

at	low	temperatures,	consistent	with	single	molecule	magnetic	behaviour.	

	

Chapter	 3	 presented	 the	 synthesis	 of	 the	 ligand	 subcomponent	 1,1,2,2,-tetrakis(4-

aminophenyl)ethylene	and	subsequently,	showed	that	the	subcomponent	self-assembly	

method	 could	 be	 adapted	 to	 produce	 cubic	 species	 of	 [M8L26]16+	 composition.	 These	

represent	 a	 rare	 example	 of	 a	 cubic	 system	which	 utilises	 a	 purely	 organic	 ligand,	 as	

opposed	to	using	a	metallo	ligand	such	as	a	porphyrin	or	metallo-acetate	paddle	wheel.	

In	 addition,	 the	 synthetic	 procedure	was	 found	 to	 be	 flexible	 regarding	 the	 choice	 of	

transition	metal	cation	employed,	as	Fe(II),	Zn(II)	and	Co(II)	were	all	shown	to	give	cubic	

assemblies	 as	 demonstrated	 by	 single-crystal	 X-ray	 diffraction	 experiments.	 The	

[Co8L26]16+	complex	was	shown	to	display	single	molecule	magnet	behaviour	via	AC	and	

DC	magnetic	susceptibility	measurements.	



 

	 	 	 	

	

163	

Chapter	 4	 further	 expanded	 on	 this	work,	 by	 switching	 the	 2-pyridinecarboxaldehyde	

for	a	variety	of	imidazolecarboxaldehydes,	which	upon	combination	with	Fe(II)	and	the	

ligand	 subcomponent	 1,1,2,2,-tetrakis(4-aminophenyl)ethylene,	 produced	 cubic	

compounds	with	SCO	properties.	These	were	examined	in	the	solid	state	and	in	dilute	

solution	 with	 a	 broad	 range	 of	 techniques	 including:	 DC	 magnetic	 susceptibility	

measurements,	 optical	 reflectivity,	 UV-vis	 spectroscopy	 and	 transient	 absorbance	

spectroscopy.	

	

The	two	key	findings	of	this	thesis	can	be	summarised	as:	

	

• Co(II)	 coordinated	 in	 a	 tris-	 fashion	 with	 pyridyl-imine	 bidentate	 ligands	 can	

provide	 access	 to	 complexes	 that	 behave	 as	 single	 molecule	 magnets.	 These	

Co(II)	 centres	 can	 be	 incorporated	 into	 large	 metallosupramolecular	 species,	

which	 renders	 them	 suitably	 isolated	 from	 each	 other,	 such	 that	 the	 single	

molecule	magnetism	behaviour	resembles	that	of	a	SIM.	

• The	 subcomponent	 self-assembly	 procedure,	 utilising	 Fe(II)	 salts	 and	

imidazolecarboxaldehydes,	is	a	highly	suitable	method	for	the	synthesis	of	large	

SCO	polynuclear	assemblies.	

	

5.2 Future	work	

The	 results	 presented	 in	 Chapters	 2-4	 represent	 progress	 in	 the	 synthesis	 of	

metallosupramolecular	 tetrahedral	 cages	 and	 cubes,	 which	 display	 a	 range	 of	

characteristic	properties	including	SCO,	SMM	and	host-guest	chemistry.	It	is	anticipated	

that	 further	 investigations	 could	 be	 undertaken	 in	 this	 area.	 To	 aid	 this,	 several	

preliminary	results	are	presented	here.	The	compounds	described	below	were	prepared	

on	 small	 scales	 and	 due	 to	 time	 constraints,	 were	 often	 only	 partially	 characterised.	

They	are	presented	here	as	potential	starting	points	for	ongoing	research.	
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5.2.1 A	di-nuclear	triple	helicate	[Fe2L63]4+	(10)	

With	 the	 aim	 of	 synthesising	 a	 di-nuclear	 triple	 helicate,	 a	 flexible	 di-amine	 linker	

subcomponent	 was	 synthesised	 in	 two	 steps.	 Two	 equivalents	 of	 1-fluoro-4-

nitrobenzene	were	reacted	with	one	equivalent	of	hydroquinone	in	basic	conditions	to	

give	 1,4-bis(4-nitrophenoxy)benzene.	 Subsequent	 hydrogenation	 in	 the	 presence	 of	

10%	Pd/C	gave	the	ligand	subcomponent	1,4-bis(4-aminophenoxy)benzene,	as	shown	in	

Scheme	5.1.	

	

	
Scheme	5.1:	Synthetic	route	to	ligand	subcomponent	1,4-bis(4-aminophenoxy)benzene.	Reaction	

conditions	and	yields:	i)	KOH,	DMSO,	reflux,	18h,	45%;	ii)	H2,	Pd/C,	THF,	RT,	48h,	80%.	

	

The	combination	of	the	ligand	subcomponent	1,4-bis(4-aminophenoxy)benzene	with	2-

pyridinecarboxaldehyde	and	Fe(X)2	(X	=	BF4–,	PF6–	or	CF3SO3
–)	 in	3:6:2	stoichiometry	 in	

acetonitrile	resulted	in	a	dark	purple	solution,	typical	of	a	LS	Fe(II)	complex.	The	ligand	

L6	 is	 formed	 in	 situ	 and	 coordinates	 through	 two	bidentate	 pyridyl-imine	motifs.	 The	

diffusion	of	various	anti-solvents	in	to	the	reaction	solutions	consistently	resulted	in	the	

precipitation	of	a	purple	micro-crystalline	material,	which	 regardless	of	 the	anion	and	

despite	 several	 attempts,	 would	 not	 diffract	 sufficiently	 for	 single-crystal	 X-ray	

diffraction	 analysis.	 However,	 when	 these	 compounds	 were	 analysed	 by	 1H	 NMR	

spectroscopy	 in	 deuterated	 acetonitrile,	 eight	 magnetically	 distinct	 proton	

environments	were	observed	consistent	with	the	formation	of	a	diamagnetic	[Fe2L63]4+	

(10)	 di-nuclear	 triple	 helicate	 species.	 ESI-MS	 results	 also	 provided	 evidence	 for	 the	

formation	 of	 a	 species	 of	 the	 composition	 [Fe2L63]4+,	 as	 peaks	 were	 identified	 which	

corresponded	to	the	mass	of	[Fe2L63]4+	regardless	of	the	anion	used	in	the	synthesis.		
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There	are	a	number	of	different	research	avenues	which	could	be	explored	considering	

the	 successful	 synthesis	 [Fe2L63]4+	 species.	 These	 include,	 the	 replacement	 of	 2-

pyridinecarboxaldehyde	with	 an	 imidazolecarboxaldehyde,	which	may	 result	 in	helical	

SCO	 systems.	 Alternatively,	 the	 analogous	 synthesis	 could	 be	 attempted	 with	 Co(II)	

salts,	 instead	of	Fe(II)	salts,	 in	the	pursuit	of	SMM	behaviour.	The	synthetic	method	of	

the	synthesises	of	1,4-bis(4-aminophenoxy)benzene	could	easily	be	adapted	to	produce	

different	 isomeric	 configurations,	 such	 as,	 1,3-bis(4-aminophenoxy)benzene,	 which	

could	be	achieved	by	using	resorcinol	as	a	starting	reagent	in	place	of	hydroquinone.		

5.2.2 Towards	larger	LS	[Fe2L73]4+	mesocates	(11)	

Initially,	 in	 the	pursuit	of	 large	helical	 [Fe2L3]4+	 species,	 the	new	 ligand	subcomponent	

4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl	was	synthesised	in	two	steps	as	shown	in	

Scheme	5.2.	

 

 
Scheme	5.2:	Synthetic	route	to	ligand	subcomponent	4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl.	

Reaction	conditions	and	yields:	i)	K2CO3,	DMF,	N2,	reflux,	24h,	78%;	ii)	H2NNH2/EtOH,	Pd/C,	Ar,	reflux,	6h,	

12%.	

	

The	ligand	subcomponent	4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl	was	combined	

with	 2-pyridinecarboxaldehyde	 and	 Fe(BF4)2	with	 a	 3:6:2	 stoichiometry	 in	 acetonitrile	
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resulted	in	a	dark	purple	solution,	typical	of	a	LS	Fe(II)	complex.	The	ligand	L7	is	formed	

in	situ	and	coordinates	through	two	bidentate	pyridyl-imine	motifs.	Vapour	diffusion	of	

benzene	 produced	 large	 purple	 block-shaped	 crystals	 suitable	 for	 X-ray	 diffraction	

experiments.	The	structure	was	solved	and	refined	in	P1	with	R1	=	13.71%.	Surprisingly,	

the	molecular	 structure	was	 a	mesocate	with	 the	 two	 Fe(II)	 centres	 coordinated	 in	 a	

meridional	 fashion,	 as	 shown	 in	 Figure	 5.1.	 Two	 L7	 ligands	 have	 a	 approximately	 L-

shape,	where	 for	 each	 ligand	one	 coordination	 site	 is	 approximately	perpendicular	 to	

the	other,	due	to	a	90°	 rotation	around	a	 -CH2O-	group	at	one	end	of	 the	 ligand.	The	

two	 L-shaped	 ligands	 are	 arranged	 in	 an	 up-and-down	 fashion	 relative	 to	 each	 other	

and	together	give	the	complex	an	approximately	rectangular	shape.	The	third	L7	ligand	

is	 bent	 by	 90°	 at	 both	 the	 -CH2O-	 groups	 and	 coordinates	 on	 the	 “inside”	 of	 the	

rectangular	 shape	 provided	 by	 the	 two	 other	 L7	 ligands.	 Four	 BF4	 anions	 are	 also	

located	within	 the	unit	 cell	 and	 three	benzene	molecules	 are	 located	 in	 between	 the	

ligands.	 However,	 it	 would	 be	 unreasonable	 to	 described	 these	 molecules	 as	

encapsulated	as	they	are	likely	positioned	as	a	consequence	of	crystal	packing	forces.		

	

 
Figure	5.1:	X-ray	crystal	structure	of	a	diamagnetic	mesocate	11	with	three	internal	benzene	molecules	

(anions,	disorder,	solvent	molecules	and	hydrogen	atoms	omitted	for	clarity).		

	

Whilst	 the	data	 set	 collected	 for	 this	 structure	was	adequate,	 the	 refinement	process	

was	complicated	by	 large	amounts	of	disorder	 in	the	 ligands	of	11	and	one	of	the	BF4	
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anions.	 Additionally,	 there	 are	 regions	 of	 unassigned	 diffuse	 electron	 density	 which	

could	 not	 be	 atomically	modelled.	 Therefore,	 the	 “solvent	mask”	 function	 of	 Olex2.0	

was	applied.	

	

This	preliminary	result	shows	the	use	of	large	ligands	containing	flexible	functionalities	

can	 produce	 assemblies	with	 interesting	 and	 surprising	 topologies.	 In	 this	 instance,	 a	

helical	 structure	was	 anticipated	 but	 a	mesocate	 configuration	was	 formed.	 Perhaps,	

further	 study	 could	 determine	 a	 method	 with	 which	 the	 helical	 species	 is	 realised.	

Solution	based	studies	could	provide	insight	into	which	configuration	exists	in	solution,	

prior	to	crystallisation.	Systems	like	the	one	presented	could	potentially	be	synthetically	

adapted	 to	 be	 an	 appropriate	 candidate	 for	 host-guest	 chemistry	 experiments,	 SCO	

studies	or	to	be	a	SMM,	via	the	methods	established	in	this	thesis.	

	

5.2.3 Towards	larger	[Fe4L84]8+	tetrahedral	cages	(12)	

To	increase	the	internal	cavity	volume	of	the	previously	reported	[Fe4L14]8+	tetrahedral	

cages,	 a	 new	 ligand	 subcomponent	 was	 designed,	 1,3,5-tris(4-aminophenoxymethyl)-

2,4,6-triethylbenzene.	In	this	ligand	subcomponent,	the	core	triazine	ring	was	replaced	

with	 a	 benzene	 ring	with	 three	 ethyl	 groups	 in	 the	 2,4,6-positions.	 The	 three	 aniline	

“arms”	 (in	 the	 1,3,5-positions)	 have	 an	 extra	 methyl	 linker	 in	 addition	 to	 an	 oxygen	

atom	 connecting	 the	 aniline	 groups	 to	 the	 benzene	 core.	 It	 was	 anticipated	 that	 the	

three	ethyl	groups	would	pre-organise	the	molecule,	such	that,	the	three	amine	“arms”	

were	orientated	on	one	plane	of	the	core	benzene	ring	and	the	three	ethyl	groups	on	

the	 other.	 The	 ligand	 subcomponent	 1,3,5-tris(4-aminophenoxymethyl)-2,4,6-

triethylbenzene	was	synthesised	in	three	steps,	as	shown	in	Scheme	5.3.	
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Scheme	5.3:	Synthetic	route	to	ligand	subcomponent	1,3,5-tris(4-aminophenoxymethyl)-2,4,6-

triethylbenzene.	Reaction	conditions	and	yields:	i)	HBr/AcOH,	ZnBr2	reflux,	18h,	62%;	ii)	K2CO3,	acetone,	

N2,	RT,	6d,	96%.	iii)	H2,	Pd/C,	EtOAc,	RT,	24h,	82%.	

	

The	combination	of	the	 ligand	subcomponent	1,3,5-tris(4-aminophenoxymethyl)-2,4,6-

triethylbenzene	with	2-pyridinecarboxaldehyde	and	Fe(BPh4)2	with	4:12:4	stoichiometry	

in	acetonitrile	resulted	in	a	dark	purple	solution,	typical	of	a	diamagnetic	Fe(II)	complex.	

The	 ligand	L8	 is	 formed	 in	 situ	 and	coordinates	 through	 three	bidentate	pyridyl-imine	

motifs.	Vapour	diffusion	with	toluene	resulted	in	large	purple	crystals.	The	crystals	were	

found	 to	 be	 very	 poorly	 diffracting,	 which	 is	 an	 inherent	 risk	 encountered	 when	

attempting	 to	 crystallise	 excessively	 large	 structures.	Nevertheless,	 a	 very	 low	quality	

structure	was	solved	and	refined	in	P1	with	a	Z’	=	4.	It	is	noted	that	the	space	group	is	

highly	likely	to	be	incorrect	and	that	attempts	to	convert	to	P1	were	unsuccessful.	There	

are	multiple	 issues	with	 the	 structure	and	data	 set	 including:	 an	 incomplete	data	 set,	

high	 Rint	value	 (15.30	%),	 a	 vast	 amount	 of	 disorder	 in	 the	 structure,	 large	 regions	 of	

diffuse	 electron	 density	 and	 less	 than	 half	 of	 the	 tetraphenylborate	 anions	 could	 be	

accounted	 for.	 The	 “solvent	mask”	 function	within	Olex2.0	was	 applied	 to	model	 the	

remaining	 electron	 density	 which	 results	 in	 an	 optimistic	 R1	 =	 8.12%,	 which	 is	 not	

representative	of	 the	poor	quality	of	 the	structure.	However,	 the	structure	allows	the	

general	connectivity	to	be	established	 if	 little	else,	which	reveals	 that	a	 [Fe4L84]8+	 (12)	
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tetrahedral	cage	has	formed	(Figure	5.2)	with	large	Fe–Fe	separations	estimated	to	be	

approximately	17	Å.	

 
Figure	5.2:	The	X-ray	crystal	structure	of	the	diamagnetic	tetrahedral	cage	12	(anions,	disorder,	solvent	

molecules	and	hydrogen	atoms	omitted	for	clarity).		

	

The	 use	 of	 large	 flexible	 ligands	 has	 generally	 been	 avoided	when	 synthesising	MOP,	

due	to	the	entropic	cost	caused	by	the	extra	degrees	of	 freedom.	However,	 this	work	

suggests	 that	 it	may	be	 an	 area	 that	 is	 feasible	 to	 explore	with	 careful	 ligand	 choice.	

Potentially,	a	suitably	large	guest	molecule	may	stabilise	the	resultant	cage	species.	This	

work	 also	 provides	 a	 cautionary	 note;	 that	 the	 crystallisation	 process	 for	 such	 large	

structures,	 is	 inherently	 more	 difficult.	 This	 could	 be	 mitigated	 somewhat	 by	 the	

incorporation	of	larger	anions	into	the	crystal	lattice	to	improve	diffraction,	which	may	

be	achieved	through	the	use	of	transition	metal	based	anions	such	as	tetrachlorides	(i.e.	

FeCl42–	or	ZnCl42–)	or	SbF6–.	If	successful,	the	resultant	cages	would	be	capable	of	binding	

larger	guest	molecules	and	the	synthetic	process	could	be	modulated	to	produce	Fe(II)	

SCO	species	or	Co(II)	SMM,	by	the	methods	employed	in	this	thesis.	
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5.3 Experimental	

5.3.1 Synthesis	of	1,4-bis(4-nitrophenoxy)-benzene	

Hydroquinone	(1.50	g,	13.6	mmol)	was	dissolved	

in	 40	mL	 of	 DMSO	 and	 KOH	 (2.0	 g,	 35.7	mmol)	

was	added.	This	 solution	was	 stirred	and	heated	

gently	 for	 10	minutes	 after	which	 time	 it	 turned	

black.	 Fluoronitrobenzene	 (2.89	mL,	 27.3	mmol)	

was	 added	 to	 the	 reaction	 mixture	 and	 the	

reaction	was	 refluxed	 for	18	h.	The	solution	was	

cooled	to	room	temperature	and	100	mL	of	brine	

was	 added.	 Upon	 the	 addition	 of	 diethyl	 ether	

(150	mL)	a	brown	precipitate	was	 formed,	which	was	collected	by	 filtration	and	dried	

under	 vacuum,	 to	 give	 1,4-bis(4-nitrophenoxy)-benzene	 as	 an	 orange/brown	 powder	

(2.16	g,	45%).	

	
1H	NMR	(400	MHz,	DMSO-d6):	δ	8.26	(d,	J	=	9.1	Hz,	4H,	H3),	7.31	(s,	4H,	H1),	7.19	(d,	J	=	

9.1	Hz,	 4H,	H2);	 13C	NMR	(100	MHz,	DMSO-d6):	 δ	163,	 152,	 143,	 127,	 123,	 118;	M.P.	 =	

233-235	°C;	m/z	(HR-ESI-MS):	353.0766	[C18H12N2O6	+	H]+	 (Calc.,	353.0768);	 max/cm-1:	

1610	w,	1587	m,	1502	m,	1480	m,	1338	s,	1225	s,	1186	m,	1162	m,	1108	m,	1099	m,	

874	m,	864	m,	848	s,	839	s.	 	

n
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5.3.2 Synthesis	of	1,4-bis(4-aminophenoxy)-benzene	

1,4-Bis(4-nitrophenoxy)-benzene	 (1.0	 g,	 2.8	

mmol)	and	10%	Pd/C	(0.1	g)	were	placed	under	a	

N2	 atmosphere	 and	 60	 mL	 of	 dry	 THF	 injected	

into	 reaction	 flask.	 The	 solution	 was	 placed	

under	hydrogen	atmosphere	and	stirred	at	room	

temperature	for	48	hours.	The	resulting	solution	

was	filtered	through	a	Celite	pad	and	the	solvent	

removed	under	reduced	pressure	to	give	a	shiny	

brown	 powder	 of	 1,4-bis(4-aminophenoxy)-

benzene	(650	mg,	80%).	

	
1H	NMR	(400	MHz,	DMSO-d6):	δ	6.80	(s,	4H,	H1),	6.71	(d,	J	=	8.6	Hz	4H,	H2),	6.55	(d,	J	=	

8.6	 Hz,	 4H,	 H3),	 4.89	 (s,	 4H,	 H4);	 13C	NMR	(100	MHz,	 DMSO-d6):	 δ	154,	 147,	 146,	 121,	

119,	 115;	 M.P.	 =	 156-160	 °C;	 m/z	 (HR-ESI-MS):	 293.1286	 [C18H16N2O2	 +	 H]+	 (Calc.,	

293.1285);	 max/cm-1:	3398	m,	3311	w,	3220	w,	1490	s,	1209	s,	1189	m,	841	s,	821	s,	

749	m.	

	

5.3.3 General	synthesis	of	10(X–)4	

1,4-bis(4-aminophenoxy)-benzene	 (25	 mg,	 0.085	 mmol)	 was	 combined	 with	 2-

pyridinecarboxaldehyde	(16	μL,	0.17	mmol)	in	20	mL	acetonitrile.	This	reaction	mixture	

was	 stirred	 and	 heated	 at	 50	 °C	 for	 10	minutes.	 Then	 a	 1	mL	 acetonitrle	 solution	 of	

Fe(X)2	 (0.057	mmol)	 (X–	 =	 BF4–,	 PF6–	 or	 CF3SO3
–)	 was	 added	 to	 the	 reaction	mixture,	

which	 resulted	 in	a	dark	purple	 solution.	The	 solution	was	 stirred	overnight	and	after	

filtering,	vapour	diffusion	with	benzene	resulted	in	purple	microcrystalline	powder.	

	

n
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[10](PF6)4	
1H	NMR	(400	MHz,	CD3CN):	δ	8.83	(s,	6H,	H5),	8.47	(d,	J	=	8.2	Hz,	6H,	H1)	8.41	(t,	J	=	8.2	

Hz,	6H,	H2)	7.77	(t,	J	=	6.2	Hz,	6H,	H3)	7.44	(d,	J	=	4.3	Hz,	6H,	H4)	7.11	(s,	12H,	H8)	6.87	(d,	

J	=	8.9	Hz,	12H,	H6)	5.66	(d,	J	=	8.7	Hz,	12H,	H7);	m/z	(HR-ESI-MS):	380.8482	[Fe2L63]4+	

(Calc.,	380.8484);	 max/cm-1:	1489	s	(C=N),	1228	m,	1180	w,	831	s	(P–F),	745	w,	556	s.	

	

[10](CF3SO3)4	
1H	NMR	(400	MHz,	CD3CN):	δ	8.83	(s,	6H,	H5),	8.46	(d,	J	=	8.4	Hz,	6H,	H1)	8.40	(t,	J	=	8.4	

Hz,	6H,	H2)	7.77	(t,	J	=	6.4	Hz,	6H,	H3)	7.43	(d,	J	=	4.6	Hz,	6H,	H4)	7.11	(s,	12H,	H8)	6.87	(d,	

J	=	9.0	Hz,	12H,	H6)	5.66	 (d,	 J	=	8.7	Hz,	12H,	H7);	m/z	 (HR-ESI-MS):	557.4487	 [Fe2L63	+	

CF3SO3]3+	(Calc.,	557.4488).	

	

[10](BF4)4	
1H	NMR	(400	MHz,	CD3CN):	δ	8.83	(s,	6H,	H5),	8.47	(d,	J	=	7.4	Hz,	6H,	H1)	8.40	(t,	J	=	7.6	

Hz,	6H,	H2)	7.77	(t,	J	=	6.3	Hz,	6H,	H3)	7.43	(d,	J	=	5.7	Hz,	6H,	H4)	7.10	(s,	12H,	H8)	6.87	(d,	

J	=	8.6	Hz,	12H,	H6)	5.66	 (d,	 J	=	8.6	Hz,	12H,	H7);	m/z	 (HR-ESI-MS):	536.4653	 [Fe2L63	+	

(BF4)]3+	(Calc.,	536.4653);	 max/cm-1:	1488	s	(C=N),	1225	m,	1189	m,	1051	s	(B–F),	835	

m,	768	w,	499	w.	

5.3.4 Synthesis	of	4,4'-bis(4-nitrophenoxymethyl)-1,1'-biphenyl	

Anhydrous	 K2CO3	 (3.15	 g,	 22.8	 mmol)	 and	 4-nitrophenol	 (3.18	 g,	

22.8	mmol)	were	combined	in	50	mL	of	DMF	under	inert	conditions.	

To	this	was	added	a	20	mL	DMF	solution	of	4,4’-bis(chloromethyl)-

1,1'-biphenyl	 (2.86	 g,	 11.4	mmol).	 The	 reaction	mixture	was	 then	

heated	 at	 reflux	 overnight,	 cooled	 to	 room	 temperature,	 and	

poured	 into	 water	 producing	 yellow	 precipitate.	 This	 precipitate	

was	collected	by	filtration,	washed	with	H2O	(3	×	30	mL),	and	dried	
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in	 a	 dessicator	 overnight	 to	 give	 4,4'-bis(4-nitrophenoxymethyl)-1,1'-biphenyl	 (4.1	 g,	

78%).	

	
1H	NMR	(400	MHz,	DMSO-d6):	δ	8.21	(d,	J	=	8.8	Hz,	4H,	H1),	7.71	(d,	J	=	7.6	Hz,	4H,	H5),	

7.55	(d,	J	=	7.6	Hz	4H,	H4),	7.24	(d,	J	=	8.8	Hz,	4H,	H2),	5.31	(s,	4H,	H3).	

5.3.5 Synthesis	of	4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl	

4,4'-bis(4-nitrophenoxymethyl)-1,1'-biphenyl	 (1.0	 g,	 2.2	 mmol)	 and	

10%	Pd/C	(0.15	g)	were	placed	under	inert	conditions	and	dissolved	in	

EtOH	 (120	mL).	 In	 a	 separate	 flask,	N2H4·H2O	 (5	mL,	 6.5	mmol)	 as	 a	

65%	aqueous	solution	was	further	diluted	by	the	addition	of	25	mL	of	

EtOH.	 This	 N2H4	 solution	 was	 then	 added	 dropwise	 to	 the	 reaction	

mixture	and	subsequently	heated	at	 reflux	 for	6	hours.	The	 reaction	

mixture	was	cooled	to	room	temperature	and	the	Pd/C	was	removed	

by	filtering	the	solution	through	a	Celite	pad.	The	filtrate	was	cooled	

to	 0	 °C	 causing	 the	 product,	 4,4'-bis(4-aminophenoxymethyl)-1,1'-

biphenyl,	to	crystallise.	The	thin	white	crystals	were	then	collected	by	filtration,	washed	

with	cold	EtOH	(3	×	10	ml)	and	dried	under	vacuum	(100	mg,	12%).	

	
1H	NMR	(400	MHz,	CD3CN):	δ	7.67	(d,	J	=	8.0	Hz,	4H,	H6),	7.51	(d,	J	=	8.0	Hz,	4H,	H5),	6.81	

(d,	J	=	8.9	Hz	4H,	H3),	6.61	(d,	J	=	8.9	Hz,	4H,	H2),	5.05	(s,	4H,	H4),	3.85	(s,	4H,	H1).	

5.3.6 Synthesis	of	11	

4,4'-bis(4-aminophenoxymethyl)-1,1'-biphenyl	(25	mg,	0.063	mmol)	was	combined	with	

2-pyridinecarboxaldehyde	 (12	 μL,	 0.13	mmol)	 in	 15	mL	 CH3CN.	 This	 reaction	mixture	

was	 stirred	 and	 heated	 at	 50	 °C	 for	 10	minutes.	 Fe(BF4)2	 (14.2mg,	 0.042	mmol)	 was	

added	 to	 the	 reaction	mixture,	which	 resulted	 in	 a	dark	purple	 solution.	 The	 solution	

was	stirred	overnight	and	vapour	diffusions	were	set	up	with	benzene,	which	resulted	in	

purple	block-like	crystals	suitable	single	crystal	X-ray	diffraction.	
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5.3.7 Synthesis	of	1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene	

Paraformaldehyde	 (1.67	 g,	 5.5	 mmol)	 and	 1,3,5-

triethylbenzene	(1.0	mL,	5.3	mmol)	were	combined	 in	10	mL	

of	HBr/AcOH	(31%).	To	this	reaction	mixture	ZnBr2	(1.97	g,	8.8	

mmol)	was	added	slowly.	The	solution	was	then	refluxed	at	90	

°C	 for	 18	 hours.	 As	 the	 solution	 was	 cooled	 to	 room	

temperature,	 white	 needle-like	 crystals	 were	 formed.	 The	 crystals	 were	 collected	 by	

filtration,	 washed	 with	 H2O	 (3	×	30	 mL),	 and	 dried	 in	 a	 dessicator	 overnight	 to	 give	

1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene	(1.45	g,	62%).	

	
1H	NMR	(400	MHz	CDCl3):	δ	4.58	(s,	6H,	H1),	2.94	(q,	J	=	7.8	Hz,	6H,	H2),	1.35	(t,	J	=	7.8	

Hz,	9H,	H3);	M.P.	=	162-165	°C;	 max/cm-1:	2964	m,	2930	w,	2905	w,	2870	w,	1568	w,	

1451	m,	1199	s,	760	m,	702	s,	581	s.	

5.3.8 Synthesis	 of	 1,3,5-tris(4-nitrophenoxymethyl)-2,4,6-
triethylbenzene	

Anhydrous	 K2CO3	 (1.20	 g,	 8.7	 mmol)	 and	 4-

nitrophenol	 (1.22	 g,	 8.7	 mmol)	 were	

combined	 in	 8	 mL	 acetone	 under	 inert	

conditions.	 To	 this,	 a	 suspension	 of	 1,3,5-

tris(bromomethyl)-2,4,6-triethylbenzene	

(1.22	 g,	 2.8	mmol)	 in	 10	mL	of	 acetone	was	

added	 via	 a	 syringe	 and	 the	 mixture	 was	

stirred	 at	 room	 temperature	 for	 6	days.	 The	

reaction	mixture	was	diluted	with	250	mL	of	

chloroform	and	filtered.	The	solvent	was	then	removed	under	reduced	pressure	to	give	

a	brown	powder,	which	was	dissolved	in	hot	dichloromethane	and	upon	the	addition	of	

n-hexane	a	white	powder	precipitated.	The	solid	was	collected	by	filtration	and	washed	

with	n-hexane	 (3	×	30	ml).	 The	white	 powder	was	dried	under	 vacuum	 to	 give	 1,3,5-

tris(4-nitrophenoxymethyl)-2,4,6-triethylbenzene	(1.64	g,	96%).	

	

n
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1H	NMR	(400	MHz,	CDCl3):	δ	8.27	(d,	J	=	9.2	Hz,	6H,	H1)	7.95	(d,	J	=	9.2	Hz,	6H,	H2)	5.20	

(s,	 6H,	 H3),	 2.94	 (q,	 J	 =	 7.4	 Hz,	 6H,	 H4),	 1.25	 (t,	 J	 =	 7.4Hz,	 9H,	 H5);	m/z	 (HR-ESI-MS):	

616.2283	[C33H33N3O9	+	H]+	(Calc.,	616.2290).	

5.3.9 Synthesis	 of	 1,3,5-tris(4-aminophenoxymethyl)-2,4,6-
triethylbenzene	

1,3,5-Tris(4-nitrophenoxymethyl)-2,4,6-

triethylbenzene	 (0.59	 g,	 1.0	 mmol)	 and	

10%	Pd/C	(0.8	g)	were	placed	under	 inert	

conditions	with	a	magnetic	stirrer	bar.	To	

this	 ethyl	 acetate	 (55	mL)	was	 added	 via	

syringe	and	the	suspension	was	stirred	for	

10	min	at	room	temperature.	The	reaction	

mixture	 was	 then	 placed	 under	 H2	

atmosphere	 for	 24	 hours.	 The	 Pd/C	 was	

removed	 by	 filteration,	 through	 a	 Celite	 pad	 and	 the	 filtrate	 was	 evaporated	 under	

reduced	 pressure	 to	 dryness	 to	 produce	 a	 brown	 powder.	 The	 crude	 product	 was	

dissolved	 in	 hot	 chloroform	 and	 precipitated	 upon	 the	 addition	 of	 n-hexane.	 The	

precipitate	was	collected	by	filtration	as	a	grey	powder	and	washed	with	n-hexane	(3	×	

30	 ml).	 The	 grey	 powder	 was	 dried	 under	 vacuum	 to	 give	 1,3,5-tris(4-

aminophenoxymethyl)-2,4,6-triethylbenzene	(412	mg,	82.3%).	

	
1H	NMR	 (400	MHz,	 CDCl3):	δ	6.88	 (d,	 J	 =	 8.6	 Hz,	 6H,	 H3),	 6.69	 (d,	 J	 =	 8.6	 Hz,	 6H,	 H2),	

5.00	(s,	6H,	H4),	3.39	(s,	br	6H,	H1),	2.85		(q,	J	=	7.4	Hz,	6H,	H5),	1.25	(t,	J	=	7.4	Hz,	9H,	H6);	
13C	NMR	(100	MHz,	CDCl3):	δ	152,	146,	140,	131,	116,	116,	65,	23,	17;	M.P.	=	154-158	

°C;	m/z	(HR-ESI-MS):	526.3068	[C33H39N3O3	+	H]+	(Calc.,	526.3064);	 max/cm-1:	3342	w,	

3189	w,	1504	m,	1225	s,	1109	m,	820	s,	764	m,	747	m,	513	m.	 	

n
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5.3.10 Synthesis	of	12	

1,3,5-Tris(4-aminophenoxymethyl)-2,4,6-triethylbenzene	 (50	 mg,	 0.1	 mmol)	 was	

combined	with	2-pyridinecarboxaldehyde	 (27.5	μL,	 0.3	mmol)	 in	20	mL	of	CH3CN	and	

stirred	at	50	°C	for	10	minutes.	Fe(B(C6H5)4)2	(0.95	mL	0.1	mmol),	which	was	prepared	as	

a	 standard	 solution	 comprised	 of	 FeCl2	 and	 NaB(C6H5)4	 in	 CH3CN,	 was	 added	 to	 the	

reaction	mixture.	 This	 produced	 in	 a	 dark	 purple	 solution	 and	was	 stirred	 overnight,	

after	which,	vapour	diffusions	with	toluene	produced	diamond-shaped	purple	crystals.	
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Appendix	1	Crystallographic	refinement	

	

Most	of	the	structures	reported	were	collected	on	the	MX1	beamline	at	the	Australian	

Synchrotron,	 by	 either	 Dr.	 Jas	 Ward	 or	 Dr.	 Dave	 Young,	 with	 silicon	 double	 crystal	

monochromated	 λ	 =	 0.71080	Å	 radiation.	 For	 these	data	 sets,	 the	data	was	 collected	

using	Blu-ice	software.343	The	data	reduction	and	multi-scan	absorbance	correction	was	

preformed	 using	 XDS	 software.344	 Several	 structures	 were	 collected	 with	 an	 Agilent	

technologies	 SuperNova	 instrument	 with	 focused	 micro	 source	 Cu	 Kα	 (λ	 =	 1.54184)	

radiation	and	an	ATLAS	CCD	detector.	For	these	data	sets,	the	data	collection,	reduction	

and	 absorbance	 correction	 (Gaussian	 or	 empirical	 see	 .cif	 file)	 was	 preformed	 using	

CrystAlisPro.345	 All	 data	 sets	 were	 solved	 using	 intrinsic	 phasing	 with	 SHELXT346	 and	

refined	 in	OLEX2.0347	by	 full	matrix	 least-squares	procedures	with	SHELXL.348	The	non-

hydrogen	 atoms	 were	 refined	 with	 anisotropic	 displacement	 parameters,	 unless	

otherwise	noted	in	the	.cif.	Hydrogen	atoms	were	included	in	calculated	positions	with	

isotropic	 displacement	 parameters	 1.2	 times	 the	 isotropic	 equivalent	 of	 their	 carrier	

atoms,	 except	 on	 selected	 heteroatoms	 as	 noted	 in	 the	 cif.	 As	 discussed	 in	 the	 text,	

where	voids	containing	highly	disordered	solvent	molecules	were	present,	the	SQUEEZE	

routine	 was	 carried	 out	 with	 a	 probe	 with	 a	 radius	 of	 1.2	 Å.295	 This	 technique	 was	

employed	only	when	sensible	explicit	modelling	of	the	electron	density	due	to	solvent	

molecules	was	not	possible,	 and	where	a	 considerable	benefit	 to	 the	 refinement	was	

gained.	 The	 CCDC	 Mercury	 software	 package	 was	 used	 to	 create	 the	 graphical	

representations	 in	 the	 text.	 For	 explicit	 refinement	 details	 of	 each	 structure	 see	 the	

refine	 special	 detail	 or	 publ	 section	 comment	 sections	 in	 the	 crystallographic	

information	file.	Dr.	Jas	Ward	helped	with	the	refinement	of	several	structures	and	he	is	

responsible	for	the	refinement	of	[CF3SO3Ì1]7+	and	8(250	K).	
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Identification	code	
2,4,6-tris(4-

aminophenoxy)triazine	
[PF6Ì1]

7+	

Empirical	formula	 C22H18Cl3N6O3	 C164H120Co4F48N40O12P8	

Formula	weight	 520.77	 4238.47	

Temperature/K	 120.01(10)	 100(2)	

Crystal	system	 hexagonal	 triclinic	

Space	group	 P63/m	 P-1	

a/Å	 13.754(3)	 22.372(5)	

b/Å	 13.754(3)	 22.438(5)	

c/Å	 6.848(2)	 24.901(5)	

α/°	 90	 111.01(3)	

β/°	 90	 109.17(3)	

γ/°	 120	 91.03(3)	

Volume/Å3	 1121.8(6)	 10891(5)	

Z	 2	 2	

F(000)	 534	 4280	

Crystal	size/mm3	 0.198	×	0.016	×	0.010	 0.10	×	0.10	×	0.10	

Radiation	 CuKα	(λ	=	1.54184)	 Synchrotron	(λ	=	0.71080)	

2Θ	range	for	data	collection/°	 7.422	to	153.336	 2.976	to	51.364	

Reflections	collected	 3299	 157112	

Independent	reflections	 853	 40845	

Rint	 0.0923	 0.0415	

Data/restraints/parameters	 853/0/65	 40845/89/2465	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.0766,	wR2	=	0.2119	 R1	=	0.1185,	wR2	=	0.3905	

Final	R	indexes	[all	data]	 R1	=	0.1177,	wR2	=	0.2814	 R1	=	0.1257,	wR2	=	0.4011	

Largest	diff.	peak/hole	/	eÅ-3	 0.46/-0.60	 1.69/-1.69	
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Identification	code	 [SbF6Ì1]
7+	 [BF4Ì1]

7+	

Empirical	formula	 C164H115.5Co4F48N37.5O12Sb8	 C156H108B8Co4F32N36O12	

Formula	weight	 4925.15	 3608.98	

Temperature/K	 100(2)	 100(2)	

Crystal	system	 triclinic	 triclinic	

Space	group	 P-1	 P-1	

a/Å	 22.418(5)	 21.717(4)	

b/Å	 23.157(5)	 22.088(4)	

c/Å	 23.458(5)	 23.110(5)	

α/°	 115.13(3)	 76.89(3)	

β/°	 105.30(3)	 62.56(3)	

γ/°	 97.22(3)	 85.61(3)	

Volume/Å3	 10233(4)	 9577(4)	

Z	 2	 2	

F(000)	 4812	 3656	

Crystal	size/mm3	 0.10	×	0.10	×	0.02	 0.08	×	0.08	×	0.02	

Radiation	 Synchrotron	(λ	=	0.71080)	 Synchrotron	(λ	=	0.71080)	

2Θ	range	for	data	collection/°	 1.958	to	51.362	 1.894	to	51.364	

Reflections	collected	 148952	 139238	

Independent	reflections	 38516	 36186		

Rint	 0.0457	 0.0775	

Data/restraints/parameters	 38516/201/2394	 36186/80/2077	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.0948,	wR2	=	0.2695	 R1	=	0.1093,	wR2	=	0.3303	

Final	R	indexes	[all	data]	 R1	=	0.1049,	wR2	=	0.2800	 R1	=	0.1489,	wR2	=	0.3625	

Largest	diff.	peak/hole	/	e	Å-3	 3.48/-3.95	 1.86/-1.25	
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Identification	code	
1,1,2,2,-Tetrakis(4-

aminophenyl)ethylene	
3	

Empirical	formula	 C26H24.67N4O0.33	 C315H216Cl16Co8N53O69	

Formula	weight	 398.5	 6886.04	

Temperature/K	 120.00(10)	 100(2)	

Crystal	system	 Monoclinic	 triclinic	

Space	group	 P21/c	 P-1	

a/Å	 32.2918(8)	 21.630(4)	

b/Å	 9.2208(2)	 24.230(5)	

c/Å	 21.4681(5)	 35.940(7)	

α/°	 90	 87.16(3)	

β/°	 98.987(2)	 82.90(3)	

γ/°	 90	 78.57(3)	

Volume/Å3	 6313.8(3)	 18315(7)	

Z	 12	 2	

F(000)	 2536	 7034	

Crystal	size/mm3	 0.1323	×	0.0911	×	0.027	 0.62	×	0.15	×	0.01	

Radiation	 CuKα	(λ	=	1.54184)	 Synchrotron	(λ	=	0.7108)	

2Θ	range	for	data	collection/°	 8.316	to	153.688	 1.142	to	51.368	

Reflections	collected	 31849	 343603	

Independent	reflections	 13043		 67613		

Rint	 0.0500	 0.1366	

Data/restraints/parameters	 13043/0/918	 67613/142/3918	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.0592,	wR2	=	0.1527	 R1	=	0.1684,	wR2	=	0.4352	

Final	R	indexes	[all	data]	 R1	=	0.0889,	wR2	=	0.1754	 R1	=	0.1969,	wR2	=	0.4566	

Largest	diff.	peak/hole/eÅ-3	 0.43/-0.67	 2.93/-1.42	
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Identification	code	 4	 5	

Empirical	formula	 C307H216B16Cl14F64Fe8N48	 C312H216Cl16N52O68Zn8	

Formula	weight	 6909.32	 6871.52	

Temperature/K	 120(2)	 100(2)	

Crystal	system	 triclinic	 monoclinic	

Space	group	 P-1	 P21/n	

a/Å	 24.6933(6)	 24.440(5)	

b/Å	 27.3641(6)	 42.460(9)	

c/Å	 33.5867(7)	 36.140(7)	

α/°	 83.514(2)	 90	

β/°	 72.799(2)	 92.67(3)	

γ/°	 64.601(2)	 90	

Volume/Å3	 19581.8(8)	 37462(13)	

Z	 2	 4	

F(000)	 6992	 14032	

Crystal	size/mm3	 0.324	×	0.255	×	0.226	 0.54	×	0.18	×	0.01	

Radiation	 CuKα	(λ	=	1.54184)	 Synchrotron	(λ	=	0.7108)	

2Θ	range	for	data	collection/°	 6.602	to	140.15	 1.48	to	51.368	

Reflections	collected	 170464	 537044	

Independent	reflections	 74165	 70900	

Rint	 0.0340	 0.2163	

Data/restraints/parameters	 74165/98/4014	 70900/113/3420	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.1171,	wR2	=	0.3487	 R1	=	0.1557,	wR2	=	0.4067	

Final	R	indexes	[all	data]	 R1	=	0.1438,	wR2	=	0.3757	 R1	=	0.2454,	wR2	=	0.4630	

Largest	diff.	peak/hole/eÅ-3	 4.75/-2.05	 2.67/-1.85	
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Identification	code	 6	 7	

Empirical	formula	 C268H192F96Fe8N80P16	 C276H240B16F64Fe8N72O8	

Formula	weight	 7299.32	 6529.15	

Temperature/K	 120(2)	 120(2)	

Crystal	system	 tetragonal	 tetragonal	

Space	group	 P4/nnc	 P4/nnc	

a/Å	 23.06952(18)	 23.2495(2)	

b/Å	 23.06952(18)	 23.2495(2)	

c/Å	 39.3068(6)	 37.4548(5)	

α/°	 90	 90	

β/°	 90	 90	

γ/°	 90	 90	

Volume/Å3	 20919.2(5)	 20245.8(5)	

Z	 2	 2	

F(000)	 7344	 6656	

Crystal	size/mm3	 0.25	×	0.21	×	0.20	 0.68	×	0.47	×	0.40	

Radiation	 CuKα	(λ	=	1.54184)	 CuKα	(λ	=	1.54184)	

2Θ	range	for	data	collection/°	 5.418	to	153.436	 7.154	to	153.232	

Reflections	collected	 84430	 71326	

Independent	reflections	 10956		 10614		

Rint		 0.0395	 0.0506	

Data/restraints/parameters	 10956/30/456	 10614/31/519	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.0890,	wR2	=	0.2841	 R1	=	0.0838,	wR2	=	0.2578	

Final	R	indexes	[all	data]	 R1	=	0.0994,	wR2	=	0.3024	 R1	=	0.0942,	wR2	=	0.2739	

Largest	diff.	peak/hole/eÅ-3	 0.75/-0.71	 0.72/-0.79	

	

	 	



 

	  
	
184	

Identification	code	 8	Variable	Temp.	(100	K)	 8	Variable	Temp.	(250	K)	

Empirical	formula	 C252H192Cl16Fe8N72O70	 C252H192Cl16Fe8N72O70	

Formula	weight	 6362.76	 6366.74	

Temperature/K	 100(2)	 250(2)	

Crystal	system	 cubic	 cubic	

Space	group	 F432	 F432	

a/Å	 34.042(4)	 34.529(4)	

b/Å	 34.042(4)	 34.529(4)	

c/Å	 34.042(4)	 34.529(4)	

α/°	 90	 90	

β/°	 90	 90	

γ/°	 90	 90	

Volume/Å3	 39451(14)	 41169(14)	

Z	 4	 4	

F(000)	 12992	 13000	

Crystal	size/mm3	 0.3	×	0.25	×	0.18	 0.3	×	0.25	×	0.18	

Radiation	 Synchrotron	(λ	=	0.71080)	 Synchrotron	(λ	=	0.71080)	

2Θ	range	for	data	collection/°	 3.384	to	54.738	 5.276	to	55.796	

Reflections	collected	 78299	 85215	

Independent	reflections	 3672		 4038	

Rint	 0.0502	 0.0387	

Data/restraints/parameters	 3672/22/159	 4038/30/166	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.1358,	wR2	=	0.4071	 R1	=	0.0844,	wR2	=	0.2509	

Final	R	indexes	[all	data]	 R1	=	0.1428,	wR2	=	0.4264	 R1	=	0.0902,	wR2	=	0.2677	

Largest	diff.	peak/hole/eÅ-3	 0.94/-0.50	 0.41/-0.46	

Flack	parameter	 0.366(5)	 0.412(4)	
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Identification	code	 9	 9	Variable	Temp.	(100	K)	

Empirical	formula	 C268H192F48Fe8N72O51S16	 C276H192F48Fe8N76O52S16	

Formula	weight	 7108.68	 7276.8	

Temperature/K	 100(2)	 100(2)	

Crystal	system	 tetragonal	 tetragonal	

Space	group	 P4/n	 P4/n	

a/Å	 27.698(4)	 27.750(4)	

b/Å	 27.698(4)	 27.750(4)	

c/Å	 20.809(4)	 20.952(4)	

α/°	 90	 90	

β/°	 90	 90	

γ/°	 90	 90	

Volume/Å3	 15964(6)	 16134(6)	

Z	 2	 2	

F(000)	 7216	 7384	

Crystal	size/mm3	 0.10	×	0.04	×	0.04	 0.16	×	0.14	×	0.05	

Radiation	 Synchrotron	(λ	=	0.7108)	 Synchrotron	(λ	=	0.7108)	

2Θ	range	for	data	collection/°	 1.958	to	55.86	 1.944	to	53.754	

Reflections	collected	 199021	 200733	

Independent	reflections	 18968	 17327	

Rint	 0.0668	 0.1680	

Data/restraints/parameters	 18968/83/1121	 17327/66/1018	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.1048,	wR2	=	0.3337	 R1	=	0.1637,	wR2	=	0.3987	

Final	R	indexes	[all	data]	 R1	=	0.1309,	wR2	=	0.3730	 R1	=	0.2114,	wR2	=	0.4497	

Largest	diff.	peak/hole/eÅ-3	 1.40/-1.93	 2.51/-1.40	
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Identification	code	 9	Variable	Temp.	(250	K)	 9	Variable	Temp.	(353	K)	

Empirical	formula	 C268H192F48Fe8N72O48S16	 C268H192F48Fe8N72O48S16	

Formula	weight	 7068.68	 7060.68	

Temperature/K	 250(2)	 353(2)	

Crystal	system	 tetragonal	 tetragonal	

Space	group	 P4/n	 P4/n	

a/Å	 28.093(4)	 28.013(4)	

b/Å	 28.093(4)	 28.013(4)	

c/Å	 21.268(4)	 20.960(4)	

α/°	 90	 90	

β/°	 90	 90	

γ/°	 90	 90	

Volume/Å3	 16785(6)	 16448(6)	

Z	 2	 2	

F(000)	 7176	 7168	

Crystal	size/mm3	 0.16	×	0.14	×	0.05	 0.16	×	0.14	×	0.05	

Radiation	 Synchrotron	(λ	=	0.7108)	 Synchrotron	(λ	=	0.7108)	

2Θ	range	for	data	collection/°	 2.806	to	55.852	 2.056	to	42.216	

Reflections	collected	 278614	 119782	

Independent	reflections	 19911	 8738	

Rint	 0.0494	 0.0809	

Data/restraints/parameters	 19911/98/1027	 8738/166/853	

Final	R	indexes	[I>=2σ	(I)]	 R1	=	0.1259,	wR2	=	0.3826	 R1	=	0.1435,	wR2	=	0.4028	

Final	R	indexes	[all	data]	 R1	=	0.1407,	wR2	=	0.4051	 R1	=	0.1745,	wR2	=	0.4427	

Largest	diff.	peak/hole/eÅ-3	 2.34/-2.01	 1.27/-0.91	
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Appendix	2	Selected	crystallographic	parameters	

	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

C5-H5	…	N1	 2.826(6)	 3.645(8)	 147.4(3)	

C5-H5	…	O3	 2.725(5)	 3.320(8)	 122.5(5)	

Table	A	1:	Hydrogen	bonding	in	between	Piedfort	units	of	2,4,6-Tris(4-aminophenoxy)triazine	

	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

C195-H195	…	F220	 2.511	 3.452(6)	 170.4	

C53-H53	…	F220	 2.559	 3.299(5)	 134.8	

C83-H83	…	F215	 2.686	 3.559(6)	 153.1	

C69-H69	…	F215	 2.57	 3.319(8)	 135.8	

C180-H180	…	F217	 2.618	 3.039(8)	 138.9	

C98-H98	…	F217	 2.467	 3.385(6)	 162.5	

C209-H209	…	F216	 2.725	 3.467(8)	 135.6	

C149-H149	…	F216	 2.665	 3.486(9)	 145.2	

C38-H38	…	F218	 2.587	 3.395(8)	 143.3	

C165-H165	…	F218	 2.472	 3.371(8)	 157.6	

C135-H135	…	F219	 2.485	 3.248(6)	 137.2	

C119-H119	…	F219	 2.426	 3.361(7)	 167.8	

Table	A	2:	Hydrogen	bonding	between	the	internal	PF6
–	and	1	in	[PF6Ì1]	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

C159-H159	…	F211	 2.325	 3.199(8)	 156.4	

C190-H190	…	F211	 2.337	 3.12(1)	 142.2	

C83-H83	…	F212	 2.413	 3.195(8)	 141.5	

C69-H69	…	F212	 2.382	 3.18(1)	 143.4	

C144-H144	…	F213	 2.374	 3.276(9)	 163.4	

C54-H54	…	F213	 2.343	 3.133(8)	 142.6	

C99-H99	…	F216	 2.551	 3.32(1)	 140.3	

C129-H129	…	F216	 2.522	 3.23(1)	 133.6	

C38-H38	…	F215	 2.485	 3.37(1)	 158.4	

C205-H205	…	F215	 2.406	 3.18(1)	 141.4	

C174-H174	…	F214	 2.677	 3.25(1)	 120.4	

C114-H114	…	F214	 2.475	 3.37(1)	 162.4	

Table	A	3:	Hydrogen	bonding	between	the	internal	SbF6
–	and	1	in	[SbF6Ì1]	



 

	  
	
188	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

C99-H99	…	O236	 2.614	 3.32(1)	 131.8	

C173-H173	…	O236	 2.41	 3.32(1)	 160.2	

C83-H83	…	O234	 2.203	 3.081(8)	 153.3	

C69-H69	…	O234	 2.428	 3.35(1)	 163	

C54-H54	…	O235	 2.602	 3.396(8)	 141.3	

C188-H188	…	O235	 2.13	 3.06(1)	 165.6	

C39-H39	…	F239	 2.176	 3.07(1)	 156	

C158-H158	…	F239	 2.34	 3.16(1)	 143.7	

C144-H144	…	F240	 2.528	 3.21(1)	 128.4	

C203-H203	…	F240	 2.279	 3.20(1)	 163.5	

C114-H114	…	F238	 2.596	 3.28(1)	 129.2	

C129-H129	…	F238	 2.573	 3.41(1)	 146.7	

Table	A	4:	Hydrogen	bonding	between	the	internal	CF3SO3
–	and	1	in	[CF3SO3Ì1]	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

O92-H92B	…	N69	 1.846(4)	 2.692(6)	 172.0(3)	

N53-H53B	…	O92	 2.08(4)	 2.896(4)	 168(4)	

N38-H38B	…	O92	 2.55(4)	 3.397(4)	 160(4)	

N15-H15A	…	N38	 2.24(3)	 3.105(3)	 165(3)	

N83-H83A	…	O45	 2.27(3)	 3.221(3)	 165(3)	

N45-H45B	…	N53	 2.46(4)	 3.336(4)	 156(3)	

N53-H53A	…	N31	 2.37(4)	 3.255(4)	 155(3)	

Table	A	5:	Hydrogen	bonding	network	between	1,1,2,2,-Tetrakis(4-aminophenyl)ethylene	molecule	
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								Atoms	 												Bond	length	(Å)	 								Atoms	 										Bond	length	(Å)	

Co1	 N9	 2.218(7)	 Co5	 N33	 2.149(8)	

Co1	 N10	 2.15(1)	 Co5	 N34	 2.099(7)	

Co1	 N11	 2.134(8)	 Co5	 N35	 2.099(7)	

Co1	 N12	 2.087(7)	 Co5	 N36	 2.133(6)	

Co1	 N13	 2.120(8)	 Co5	 N37	 2.184(6)	

Co1	 N14	 2.14(1)	 Co5	 N38	 2.126(8)	

Co2	 N15	 2.123(7)	 Co6	 N39	 2.094(6)	

Co2	 N16	 2.158(7)	 Co6	 N40	 2.192(7)	

Co2	 N17	 2.202(7)	 Co6	 N41	 2.113(8)	

Co2	 N18	 2.141(7)	 Co6	 N42	 2.09(1)	

Co2	 N19	 2.128(7)	 Co6	 N43	 2.245(6)	

Co2	 N20	 2.096(7)	 Co6	 N44	 2.133(8)	

Co3	 N21	 2.216(6)	 Co7	 N45	 2.114(7)	

Co3	 N22	 2.145(8)	 Co7	 N46	 2.139(7)	

Co3	 N23	 2.123(7)	 Co7	 N47	 2.233(7)	

Co3	 N24	 2.107(7)	 Co7	 N48	 2.128(7)	

Co3	 N25	 2.133(7)	 Co7	 N49	 2.132(7)	

Co3	 N26	 2.158(7)	 Co7	 N50	 2.176(7)	

Co4	 N27	 2.138(7)	 Co8	 N51	 2.139(7)	

Co4	 N28	 2.173(7)	 Co8	 N52	 2.130(7)	

Co4	 N29	 2.201(6)	 Co8	 N53	 2.120(8)	

Co4	 N30	 2.122(9)	 Co8	 N54	 2.066(7)	

Co4	 N31	 2.139(8)	 Co8	 N55	 2.197(6)	

Co4	 N32	 2.106(8)	 Co8	 N56	 2.149(8)	

Table	A	6:	Co–N	Bond	lengths	in	complex	3	
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								Atoms	 												Bond	length	(Å)	 								Atoms	 										Bond	length	(Å)	

Fe1	 N9	 1.970(5)	 Fe5	 N33	 1.974(6)	

Fe1	 N10	 1.964(7)	 Fe5	 N34	 1.968(6)	

Fe1	 N11	 1.971(5)	 Fe5	 N35	 1.979(5)	

Fe1	 N12	 1.968(5)	 Fe5	 N36	 1.962(8)	

Fe1	 N13	 1.955(6)	 Fe5	 N37	 1.963(4)	

Fe1	 N14	 1.983(7)	 Fe5	 N38	 1.975(6)	

Fe2	 N15	 1.962(5)	 Fe6	 N39	 1.956(5)	

Fe2	 N16	 1.966(6)	 Fe6	 N40	 1.972(5)	

Fe2	 N17	 1.967(4)	 Fe6	 N41	 1.976(4)	

Fe2	 N18	 1.965(8)	 Fe6	 N42	 1.978(8)	

Fe2	 N19	 1.961(6)	 Fe6	 N43	 1.968(6)	

Fe2	 N20	 1.968(6)	 Fe6	 N44	 1.988(5)	

Fe3	 N21	 1.968(4)	 Fe7	 N45	 1.981(4)	

Fe3	 N22	 1.972(5)	 Fe7	 N46	 1.971(5)	

Fe3	 N23	 1.978(6)	 Fe7	 N47	 1.964(5)	

Fe3	 N24	 1.984(4)	 Fe7	 N48	 1.992(7)	

Fe3	 N25	 1.965(5)	 Fe7	 N49	 1.968(6)	

Fe3	 N26	 1.986(7)	 Fe7	 N50	 1.961(4)	

Fe4	 N27	 1.966(5)	 Fe8	 N51	 1.963(5)	

Fe4	 N28	 1.967(5)	 Fe8	 N52	 1.963(4)	

Fe4	 N29	 1.964(4)	 Fe8	 N53	 1.976(4)	

Fe4	 N30	 1.978(6)	 Fe8	 N54	 1.977(6)	

Fe4	 N31	 1.971(6)	 Fe8	 N55	 1.960(6)	

Fe4	 N32	 1.993(5)	 Fe8	 N56	 1.968(6)	

Table	A	7:	Fe–N	Bond	lengths	in	complex	4	
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D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

N13-H13	…	F105	 2.146	 2.998(6)	 170.9	

C12-H12	…	N301	 2.648	 3.511(2)	 154.93	

N33-H33	…	N301	 2.115	 2.902(4)	 151.8	

C34-H34	…	F104	 2.492	 3.113(4)	 124.4	

N19-H19	…	F107	 2.511	 3.378(4)	 155.7	

C52-H52	…	F102	 2.203	 3.057(4)	 152.7	

N53-H53A	…	F103	 2.426	 3.020(7)	 126.7	

Table	A	8:	Hydrogen	bonding	network	between	cubes	of	6	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(DH…	A)/°	

C15-H15A	…	F208	 2.57	 3.19(2)	 122.8	

C52-H52	…	F207	 2.33	 3.21(2)	 156	

C13-H13	…	O209	 2.53	 3.28(2)	 137.5	

C53-H53	…	F103	 2.343	 3.211(6)	 155.0	

C12-H12	…	F102	 2.492	 3.363(5)	 156.0	

C32-H32	…	F102	 2.50	 3.173(5)	 129.4	

C55-H55A	…	F105	 2.513	 3.454(9)	 166.2	

Table	A	9:	Hydrogen	bonding	network	between	cubes	of	7	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(D-H	…	A)/°	

C12-H12	…	O102	 2.61	 3.31(2)	 132	

N14-H14	…	O201	 2.53	 3.27(6)	 146	

N14-H14	…	O204	 2.54	 3.13(5)	 127	

C16-H16	…	O203	 2.55	 3.21(5)	 129	

Table	A	10:	Hydrogen	bonding	network	between	cubes	of	8	(100	K)	

D-H	…	A	 d(H	…	A)/Å	 d(D	…	A)/Å	 <(DH…	A)/°	

N74-H74	…	O402	 1.929(4)	 2.763(6)	 157.7(3)	

N54-H54	…	O602	 2.065(7)	 2.844(9)	 147.0(3)	

N114-H114	…	O404	 2.097(6)	 2.922(8)	 156.3(4)	

N14-H14	…	O203	 1.953(6)	 2.816(8)	 166.9(5)	

O602	…	O404	
	

3.034(8)	
	

O602	…	O203	
	

2.796(9)	
	

Table	A	11:	Hydrogen	bonding	network	between	cubes	of	9	(100	K	not	Variable	temperature)	
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100	K	 Fe-N	Imidazole	 Å	 Fe-N	Imine	 Å	

Fe1	

N91	 1.952	(8)	 N97	 1.975	(8)	

N11	 1.966	(8)	 N17	 2.022	(8)	

N51	 1.954	(8)	 N57	 1.996	(8)	

Fe2	

N71	 1.976	(8)	 N77	 2.004	(8)	

N111	 1.951	(9)	 N117	 1.976	(8)	

N31	 1.953	(8)	 N37	 1.994	(8)	

Table	A	12:	Fe-N	bond	lengths	of	9	at	100	K.	

250	K	 Fe-N	Imidazole	 Å	 Fe-N	Imine	 Å	

Fe1	

N91	 1.970	(4)	 N97	 1.987	(3)	

N11	 1.962	(4)	 N17	 2.005	(3)	

N51	 1.971	(4)	 N57	 2.008	(3)	

Fe2	

N71	 1.954	(4)	 N77	 2.012	(3)	

N111	 1.963	(3)	 N117	 1.980	(3)	

N31	 1.952	(3)	 N37	 1.997	(3)	

Table	A	13:	Fe-N	bond	lengths	of	9	at	250	K.	

353	K	 Fe-N	Imidazole	 Å	 Fe-N	Imine	 Å	

Fe1	

N11	 2.02	(1)	 N17	 2.119	(9)	

N71	 2.039	(9)	 N77	 2.093	(9)	

N51	 2.01	(1)	 N57	 2.105	(9)	

Fe2	

N91	 2.08	(1)	 N97	 2.143	(9)	

N111	 2.05	(1)	 N117	 2.155	(9)	

N31	 2.056	(9)	 N37	 2.156	(9)	

Table	A	14:	Fe-N	bond	lengths	of	9	at	353	K.	
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Appendix	3	Thermogravimetric	analysis	(TGA)	

TGA	was	 carried	 out	 on	 an	 Alphatech	 SDT	Q600	 TGA/DSC	 apparatus.	 Freshly	 filtered	

crystalline	samples		(1.5	-	3	mg)	were	heated	at	1.5	°C	min-1	under	a	flow	of	N2	(100	mL	

min-1)	in	an	alumina	crucible.	

 
TGA	of	inclusion	complex	[PF6Ì1]

7+	

 
TGA	of	inclusion	complex	[SbF6Ì1]

7+	
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TGA	of	inclusion	complex	[BF4Ì1]
7+	

	

TGA	of	inclusion	complex	[CF3SO3Ì1]
7+	
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Appendix	4	Mass	spectrometry	

Full	spectrum	and	peak	assignments	of	[PF6Ì1]7+	

 
	

Compound	 Measured	m/z	 Calculated	m/z	

[PF6Ì1]7+	 436.9400	 436.9415	

{[Co2L12](F)}3+	 491.7671	 491.7702	

{[PF6Ì1](F)}6+	 512.9304	 512.9316	

{[Co3L13](F)2}4+	 555.8648	 555.86.70	

{[PF6Ì1](F)2}5+	 619.3170	 619.3177	

{[PF6Ì1](PF6)(F)}5+	 644.5100	 644.5109	

{[PF6Ì1](PF6)2}5+	 669.7031	 669.7041	

{[Co1L11](F)}1+	 747.1489	 747.1547	

{[PF6Ì1](PF6)2(F)}5+	 841.8784	 841.8798	

{[PF6Ì1](PF6)3}4+	 873.3698	 873.3712	
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Full	spectrum	and	peak	assignments	of	[SbF6Ì1]7+	

	
	

Compound	 Measured	m/z	 Calculated	m/z	

[SbF6Ì1]7+	 449.9341	 449.9320	

{[Co2L12](SbF6)}3+	 564.4056	 564.4024	

{[SbF6Ì1](SbF6)2}5+	 724.2653	 724.2629	

{[SbF6Ì1](SbF6)3}4+	 964.0542	 964.0523	

{[SbF6Ì1](SbF6)4}3+	 1364.3717	 1334.3681	

{[SbF6Ì1]2(SbF6)9}5+	 1684.4270	 1684.4203	

{[SbF6Ì1]2(SbF6)10}4+	 2164.5035	 2164.4991	
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Full	spectrum	and	peak	assignments	of	[BF4Ì1]7+	

	
	

Compound	 Measured	m/z	 Calculated	m/z	

[BF4Ì1]7+	 428.6613	 428.6615	

{[Co2L12](F)}3+	 491.7701	 491.7702	

{[BF4Ì1](F)}6+	 503.2719	 503.2716	

{[Co3L13](F2)}4+	 555.8677	 555.8670	

{[BF4Ì1](BF4)(F)}5+	 621.3261	 621.3269	

{[BF4Ì1](BF4)2}5+	 634.9275	 634.9280	

{[Co1L11](F)}1+	 747.1540	 747.1547	

{[BF4Ì1](BF4)(F2)}4+	 781.4081	 781.4083	

{[BF4Ì1](BF4)2(F)}4+	 798.4093	 798.4097	

{[BF4Ì1](BF4)3}4+	 815.1599	 815.4110	

{[BF4Ì1]2(BF4)7]}7+	 944.3251	 944.3277	
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Full	spectrum	and	peak	assignments	of	[CF3SO3Ì1]7+	

	

	
	

Compound	 Measured	m/z	 Calculated	m/z	

[Co1L11]2+	 364.0785	 364.0785	

{[CF3SO3Ì1](CF3SO3)}7+	 437.5100	 437.5112	

{[Co2L12](CF3SO3)}3+	 535.4218	 535.4225	

{[CF3SO3Ì1](CF3SO3)2]5+	 672.2953	 672.2974	

{[Co1L11](CF3SO3)]1+	 877.1126	 877.1086	

{[CF3SO3Ì1](CF3SO3)4]3+	 1219.7945	 1219.7974	
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Full	spectrum	and	peak	assignments	of	concentrated	[PF6Ì1]7+	(5.9	´	10-3	mol	L-1)	

 

 
Compound	 Measured	m/z	 Calculated	m/z	

[PF6Ì1]7+	 436.9403	 436.9415	

{[PF6Ì1](PF6)F}5+	 644.5112	 644.5109	

{[PF6Ì1](PF6)2}5+	 669.7020	 669.7041	

{[PF6Ì1](PF6)2(F)}4+	 841.8793	 841.8798	

{[PF6Ì1](PF6)3}4+	 873.3711	 873.3712	

{[PF6Ì1]2(PF6)8}6+	&	

{[PF6Ì1](PF6)4}3+	
1212.8165	 1212.8167	

{[PF6Ì1]2(PF6)9}5+	 1484.5670	 1484.5734	

{[PF6Ì1]2(PF6)8}6+	&	

{[PF6Ì1](PF6)4}3+	
1892.2097	 1892.2090	
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Full	spectrum	and	peak	assignments	of	concentrated	[PF6Ì2]11+	

NOTE:	–	indicates	that	a	Co(III)	centre	in	2	has	been	reduced	to	Co(II).	i.e.	for	the	cation	

{[PF6Ì2]-	 (F)	 –	 3H}6+,	 the	 charge	 for	 the	 cage	 and	 encapsulated	 anion	 is	 [PF6Ì2]10+,	

where	the	complex	contains	one	Co(II)	centre	and	three	Co(III)	centres.	

 

 
Compound	 Measured	m/z	 Calculated	m/z	

{[PF6Ì2]-	(F)	–	3H}6+	 512.4291	 512.4277	

{[PF6Ì2](F)	–	5H}5+	 614.5149	 614.5102	

{[CoL1](F)}+	 747.1603	 747.1547	

{[PF6Ì2]-	(PF6)3	–	3H}4+	 872.8684	 872.8663	

{[PF6Ì2]2-	(PF6)5}4+	 945.8534	 945.8533	
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{[PF6Ì2]-	(PF6)6}4+	 982.0964	 982.0944	

{[PF6Ì1]-2	(PF6)11	–	2H}7+	 1101.5356	 1101.5398	

{[PF6Ì1]2-	(PF6)6}3+	 1309.4572	 1309.4594	

{[PF6Ì1]-	(PF6)7}3+	 1357.7814	 1357.7808	

{[PF6Ì1]	(PF6)8}3+	 1406.1049	 1406.1021	

	

Full	spectrum	and	peak	assignments	of	3	

	

	
	

Compound	 Measured	m/z	 Calculated	m/z	

[3(ClO4)6(CHO2)2]8+	 706.3686	 706.3740	

[3(ClO4)7(CHO2)]8+	 713.1209	 713.1177	

[3(ClO4)8]8+	 719.9838	 719.9856	

[3(ClO4)5(CHO2)4]7+	 806.0045	 806.0057	

[3(ClO4)6(CHO2)3]7+	 813.7114	 813.7128	

[3(ClO4)7(CHO2)2]7+	 821.4184	 821.4200	
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[3(ClO4)8(CHO2)]7+	 829.2700	 829.2677	

[3(ClO4)9]7+	 836.9758	 836.9758	

[3(ClO4)6(CHO2)4]6+	 956.8301	 956.8314	

[3(ClO4)7(CHO2)3]6+	 965.9884	 965.9897	

[3(ClO4)8(CHO2)2]6+	 974.9794	 974.9811	

[3(ClO4)9(CHO2)]6+	 984.1379	 984.1398	

[3(ClO4)10]6+	 933.1304	 933.1315	

[3(ClO4)7(CHO2)4]5+	 1167.9859	 1167.9873	

[3(ClO4)8(CHO2)3]5+	 1178.9760	 1178.9774	

[3(ClO4)9(CHO2)2]5+	 1189.7656	 1189.7674	

[3(ClO4)10(CHO2)]5+	 1200.7563	 1200.7574	

[3(ClO4)11]5+	 1211.5470	 1211.5475	

[3(ClO4)8(CHO2)4]4+	 1484.9656	 1484.9713	

[3(ClO4)9(CHO2)3]4+	 1498.4450	 1498.4588	

[3(ClO4)10(CHO2)2]4+	 1512.1983	 1512.1963	

[3(ClO4)11(CHO2)]4+	 1525.9339	 1525.9310	

[3(ClO4)12]4+	 1539.4225	 1539.4214	
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Full	spectrum	and	peak	assignments	of	4	

	

	
	

Compound	 Measured	m/z	 Calculated	m/z	

[4(BF4)6(CHO2)3]7+	 799.4770	 799.4771	

[4(BF4)7(CHO2)2]7+	 805.3349	 805.3350	

[4(BF4)8(CHO2)]7+	 811.3359	 811.3353	

[4(BF4)9]7+	 817.3362	 817.3367	

[4(BF4)6(CHO2)4]6+	 940.2240	 940.2230	

[4(BF4)7(CHO2)3]6+	 947.2242	 947.2240	

[4(BF4)8(CHO2)2]6+	 954.0580	 954.0582	

[4(BF4)9(CHO2)]6+	 961.0584	 961.0592	

[4(BF4)10]6+	 968.0596	 968.0602	

[4(BF4)7(CHO2)4]5+	 1145.4703	 1145.4683	

[4(BF4)8(CHO2)3]5+	 1153.8692	 1153.8695	

[4(BF4)9(CHO2)2]5+	 1162.2755	 1162.2707	

[4(BF4)10(CHO2)]5+	 1170.6718	 1170.6719	

[4(BF4)7(CHO2)5]4+	 1443.3377	 1443.3351	
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[4(BF4)8(CHO2)4]4+	 1453.5876	 1453.5865	

[4(BF4)9(CHO2)3]4+	 1464.0895	 1464.0880	

[4(BF4)10(CHO2)2]4+	 1474.5910	 1474.5895	

[4(BF4)10(CHO2)]4+	 1485.0915	 1485.0910	
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Appendix	5	NMR	spectroscopy	

Guest	exchange	studies	of	1	

	
[BF4Ì1](BF4)7	+	TBA·ClO4	

	
19F	NMR	offset	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[ClO4Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	

with	resonances	for	endo	and	exo-BF4‾
	environments.	b)	green	spectrum	recorded	after	addition	of	

TBA·ClO4	showing	partial	exchange	with	a	decrease	of	endo-BF4‾
	compared	with	exo-BF4‾.		c)	red	

spectrum	after	heating	the	solution	for	90	mins	at	50	°C	only	resonance	present	is	for	exo-BF4‾	full	

conversion	into	[ClO4Ì1]
7+	(CD3CN,	376	MHz,	298	K)	

	
1H	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[ClO4Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	prior	

to	the	addition	of	TBA·ClO4.	b)	red	spectrum	recorded	after	addition	of	TBA·ClO4	and	90	mins	heating	at	50	

°C.	*	Indicates	a	peak	that	has	been	noticeably	shifted	+	indicates	this	shift	was	downfield	(CD3CN,	400	

MHz,	298	K).	 	
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[BF4Ì1](BF4)7	+	TBA·PF6	

	
19F	NMR	offset	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[PF6Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	

with	resonances	for	endo	and	exo-BF4‾
	environments.	b)	green	spectrum	recorded	after	addition	of	

TBA·PF6	showing	resonances	for	endo	and	exo-BF4‾
	in	addition	to	exo-PF6‾

	with	no	exchange.	c)	red	

spectrum	after	heating	the	solution	for	90	mins	at	50	°C	showing	resonances	for	exo-PF6,	exo-BF4‾	and	

endo-PF6	indicating	full	conversion	into	[PF6Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	

	

	
1H	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[PF6Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	prior	to	

the	addition	of	TBA·PF6.	b)	red	spectrum	recorded	after	addition	of	TBA·PF6	and	90	mins	heating	at	50	°C.	

*	Indicates	a	peak	that	has	been	noticeably	shifted	+	indicates	downfield	shift,	-	indicates	an	upfield	shift	

(CD3CN,	400	MHz,	298	K).	 	
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[BF4Ì1](BF4)7	+	TBA·SbF6	

	
19F	offset	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	

with	resonances	for	endo	and	exo-BF4‾
	environments.	b)	green	spectrum	recorded	after	addition	of	

TBA·SbF6	showing	resonances	for	endo	and	exo-BF4‾
	in	addition	to	exo-	SbF6‾

	with	little	exchange.	c)	red	

spectrum	after	heating	the	solution	for	90	mins	at	50	°C	showing	resonances	for	exo-	SbF6,	exo-BF4‾	and	

very	weakly	endo-	SbF6	indicating	full	conversion	into	[SbF6Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	

	
	1H	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	prior	

to	the	addition	of	TBA·SbF6.	b)	red	spectrum	recorded	after	addition	of	TBA·SbF6	and	90	mins	heating	at	50	

°C.	*	Indicates	a	peak	that	has	been	noticeably	shifted	+	indicates	downfield	shift,	-	indicates	an	upfield	

shift	(CD3CN,	400	MHz,	298	K).	 	
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[BF4Ì1](BF4)7	+	TBA·CF3SO3	

	
19F	NMR	offset	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	blue	spectrum	of	

[BF4Ì1]
7+	with	resonances	for	endo	and	exo-BF4‾

	environments.	b)	green	spectrum	recorded	after	addition	

of	TBA·CF3SO3	showing	resonances	for	endo	and	exo-BF4‾
	in	addition	to	endo	and	exo-CF3SO3‾

	showing	

incomplete	exchange.	c)	red	spectrum	after	heating	the	solution	for	90	mins	at	50	°C	showing	resonances	

for	exo-CF3SO3‾,	exo-BF4‾	and	endo-CF3SO3‾	indicating	full	conversion	into	[CF3SO3‾Ì1]
7+	has	occurred	

(CD3CN,	376	MHz,	298	K).		

	
1H	NMR	stack	plot	showing	the	conversion	of	[BF4Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	blue	spectrum	of	[BF4Ì1]

7+	

prior	to	the	addition	of	TBA·CF3SO3.	b)	red	spectrum	recorded	after	addition	of	TBA·CF3SO3	and	90	mins	

heating	at	50	°C.	*	Indicates	a	peak	that	has	been	noticeably	shifted	+	indicates	downfield	shift,	-	indicates	

an	upfield	shift	(CD3CN,	400	MHz,	298	K).	 	
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[CF3SO3Ì1](CF3SO3)7	+	TBA·ClO4	

	

19F	NMR	offset	stack	plot	showing	the	incomplete	conversion	of	[CF3SO3Ì1]
7+	to	[ClO4Ì1]

7+.	a)	blue	

spectrum	of	[CF3SO3Ì1]
7+	with	resonances	for	endo	and	exo-CF3SO3‾

	environments.	b)	green	spectrum	

recorded	after	addition	of	TBA·ClO4	showing	resonances	for	endo	and	exo-CF3SO3‾.	c)	red	spectrum	after	

heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-CF3SO3‾	and	endo-CF3SO3‾	with	

integrals	(see	inserted	table)	indicating	some	conversion	into	[ClO4Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	

298	K).	Inserted	table	contains	integral	values	with	the	internal	CF3SO3‾	set	to	one.	One	row	per	stage	of	

the	experiment.	

	
1H	NMR	stack	plot	showing	the	incomplete	conversion	of	[CF3SO3Ì1]

7+	to	[ClO4Ì1]
7+.	a)	blue	spectrum	of	

[CF3SO3Ì1]
7+	prior	to	the	addition	of	TBA·ClO4.	b)	red	spectrum	recorded	after	addition	of	TBA·ClO4	and	72	

hours	heating	at	50	°C.	*	Indicates	the	emergence	of	a	new	peak	due	to	presence	of	[ClO4Ì1]
7+,	ª	

represents	the	peak	corresponding	to	the	original	[CF3SO3Ì1]
7+	species.	The	inserted	table	shows	the	

integral	values	of	these	peaks	(CD3CN,	400	MHz,	298	K).	
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[CF3SO3Ì1](CF3SO3)7	+	TBA·SbF6	

	
19F	NMR	offset	stack	plot	showing	the	incomplete	conversion	of	[CF3SO3Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	

spectrum	of	[CF3SO3Ì1]
7+	with	resonances	for	endo	and	exo-CF3SO3‾

	environments.	b)	green	spectrum	

recorded	after	addition	of	TBA·SbF6	showing	resonances	for	endo	and	exo-CF3SO3‾	in	addition	to	exo-

SbF6‾.	c)	red	spectrum	after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-

CF3SO3‾,	exo-SbF6‾,	endo-CF3SO3‾	and	very	weakly	endo-SbF6‾,	with	integrals	(see	inserted	table)	

indicating	incomplete	conversion	into	[SbF6Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	

contains	integral	values	with	the	internal	CF3SO3‾	set	to	one.	One	row	per	stage	of	the	experiment.	

	
1H	NMR	stack	plot	showing	the	near	complete	conversion	of	[CF3SO3Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	spectrum	

of	[CF3SO3Ì1]
7+	prior	to	the	addition	of	TBA·SbF6.	b)	red	spectrum	recorded	after	addition	of	TBA·SbF6	and	

72	hours	heating	at	50	°C	(CD3CN,	400	MHz,	298	K).	
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[CF3SO3Ì1](CF3SO3)7	+	TBA·PF6	

	
19F	NMR	offset	stack	plot	showing	the	incomplete	conversion	of	[CF3SO3Ì1]

7+	to	[PF6Ì1]
7+.	a)	blue	

spectrum	of	[CF3SO3Ì1]
7+	with	resonances	for	endo	and	exo-CF3SO3‾

	environments.	b)	green	spectrum	

recorded	after	addition	of	TBA·PF6	showing	resonances	for	endo	and	exo-CF3SO3‾	in	addition	to	exo-PF6‾.	

c)	red	spectrum	after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-CF3SO3‾,	exo-

PF6‾,	endo-CF3SO3‾	and	endo-PF6‾,	with	integrals	(see	inserted	table)	indicating	incomplete	conversion	

into	[PF6Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	contains	integral	values	with	the	

internal	CF3SO3‾	set	to	one,	PF6‾	integral	values	adjusted	to	account	for	
31P	–	19F	coupling.	One	row	per	

stage	of	the	experiment.	

	

1H	NMR	stack	plot	showing	the	incomplete	conversion	of	[CF3SO3Ì1]
7+	to	[PF6Ì1]

7+.	a)	blue	spectrum	of	

[CF3SO3Ì1]
7+	prior	to	the	addition	of	TBA·PF6.	b)	red	spectrum	recorded	after	addition	of	TBA·PF6	and	72	

hours	heating	at	50	°C.	*	Indicates	the	emergence	of	a	new	peak	due	to	presence	of	[PF6Ì1]
7+,	ª	

represents	the	peak	corresponding	to	the	original	[CF3SO3Ì1]
7+	species.	The	inserted	table	shows	the	

integral	values	of	these	peaks	(CD3CN,	400	MHz,	298	K).	
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[PF6Ì1](PF6)7	+	TBA·ClO4	

	
19F	NMR	offset	stack	plot	showing	the	negligible	conversion	of	[PF6Ì1]

7+	to	[ClO4Ì1]
7+.	a)	blue	spectrum	of	

[PF6Ì1]
7+	with	resonances	for	endo	and	exo-PF6‾

	environments.	b)	green	spectrum	recorded	after	addition	

of	TBA·ClO4	showing	resonances	for	endo	and	exo-PF6‾.	c)	red	spectrum	after	heating	the	solution	for	72	

hours	at	50	°C	showing	resonances	for	exo-PF6‾	and	endo-PF6‾,	with	integrals	(see	inserted	table)	

indicating	negligible	conversion	into	[ClO4Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	

contains	integral	values	with	the	internal	PF6‾	set	to	one.	One	row	per	stage	of	the	experiment.	

	
1H	NMR	stack	plot	showing	negligible	conversion	of	[PF6Ì1]

7+	to	[ClO4Ì1]
7+.	a)	blue	spectrum	of	[PF6Ì1]

7+	

prior	to	the	addition	of	TBA·ClO4.	b)	red	spectrum	recorded	after	addition	of	TBA·ClO4	and	72	hours	

heating	at	50	°C	(CD3CN,	400	MHz,	298	K).		 	
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[PF6Ì1](PF6)7	+	TBA·SbF6	

	
19F	NMR	offset	stack	plot	showing	the	incomplete	conversion	of	[PF6Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	spectrum	

of	[PF6Ì1]
7+	with	resonances	for	endo	and	exo-	PF6‾

	environments.	b)	green	spectrum	recorded	after	

addition	of	TBA·SbF6	showing	resonances	for	endo	and	exo-	PF6‾	in	addition	to	exo-SbF6‾.	c)	red	spectrum	

after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-PF6	‾,	endo-PF6‾,	exo-SbF6‾	

and	very	weakly	endo-SbF6‾	with	integrals	(see	inserted	table)	indicating	some	conversion	into	[SbF6Ì1]
7+	

has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	contains	integral	values	with	the	internal	PF6	‾	set	to	

one.	One	row	per	stage	of	the	experiment.		

	
1H	NMR	stack	plot	showing	the	incomplete	conversion	of	[PF6Ì1]

7+	to	[SbF6Ì1]
7+.	a)	blue	spectrum	of	

[PF6Ì1]
7+	prior	to	the	addition	of	TBA·SbF6.	b)	red	spectrum	recorded	after	addition	of	TBA·SbF6	and	72	

hours	heating	at	50	°C.	*	Indicates	the	emergence	of	a	new	peak	due	to	presence	of	[SbF6Ì1]
7+,	ª	

represents	the	peak	corresponding	to	the	original	[PF6Ì1]
7+	species.	The	inserted	table	shows	the	integral	

values	of	these	peaks	(CD3CN,	400	MHz,	298	K).	 	
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[PF6Ì1](PF6)7	+	TBA·CF3SO3	

	
19F	NMR	offset	stack	plot	showing	the	minimal	conversion	of	[PF6Ì1]

7+	to	[CF3SO3‾Ì1]
7+.	a)	blue	spectrum	

of	[PF6Ì1]
7+	with	resonances	for	endo	and	exo-PF6‾

	environments.	b)	green	spectrum	recorded	after	

addition	of	TBA·CF3SO3	showing	resonances	for	endo	and	exo-PF6‾	in	addition	to	exo-CF3SO3‾.	c)	red	

spectrum	after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-PF6	‾,	endo-PF6‾,	

exo-CF3SO3‾	and	very	weakly	endo-CF3SO3‾	with	integrals	(see	inserted	table)	indicating	minimal	

conversion	into	[CF3SO3‾Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	contains	integral	

values	with	the	internal	PF6	‾	set	to	one.	One	row	per	stage	of	the	experiment.	

	
1H	NMR	stack	plot	showing	the	incomplete	conversion	of	[PF6Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	blue	spectrum	of	

[PF6Ì1]
7+	prior	to	the	addition	of	TBA·CF3SO3.	b)	red	spectrum	recorded	after	addition	of	TBA·CF3SO3	and	

72	hours	heating	at	50	°C.	*	Indicates	the	emergence	of	a	new	peak	due	to	presence	of	[CF3SO3Ì1]
7+,	ª	

represents	the	peak	corresponding	to	the	original	[PF6Ì1]
7+	species.	The	inserted	table	shows	the	integral	

values	of	these	peaks	(CD3CN,	400	MHz,	298	K).	 	
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[SbF6Ì1](SbF6)7	+	TBA·PF6	

	
19F	NMR	offset	stack	plot	showing	the	minimal	conversion	of	[SbF6Ì1]

7+	to	[PF6Ì1]
7+.	a)	blue	spectrum	of	

[SbF6Ì1]
7+	with	resonances	for	endo	and	exo-SbF6‾

	environments.	b)	green	spectrum	recorded	after	

addition	of	TBA·PF6	showing	resonances	for	endo-	and	exo-SbF6‾	in	addition	to	exo-PF6‾.	c)	red	spectrum	

after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-SbF6‾,	exo-PF6‾	and	weak	

signals	for	endo-SbF6‾	and	endo-PF6‾	with	integrals	(see	inserted	table)	indicating	minimal	conversion	into	

[PF6Ì1]
7+	has	occurred	(CD3CN,	376	MHz,	298	K).	Inserted	table	contains	integral	values	with	the	external	

PF6	‾	set	to	one.	One	row	per	stage	of	the	experiment.	

	
1H	NMR	stack	plot	showing	negligible	conversion	of	[SbF6Ì1]

7+	to	[PF6Ì1]
7+.	a)	blue	spectrum	of	

[SbF6Ì1]
7+	prior	to	the	addition	of	TBA·PF6.	b)	red	spectrum	recorded	after	addition	of	TBA·PF6	and	72	

hours	heating	at	50	°C	(CD3CN,	400	MHz,	298	K).	 	
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[SbF6Ì1](SbF6)7	+	CF3SO3‾	

	
	19F	NMR	offset	stack	plot	showing	no	conversion	of	[SbF6Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	blue	spectrum	of	

[SbF6Ì1]
7+	with	resonances	for	endo	and	exo-SbF6‾

	environments.	b)	green	spectrum	recorded	after	

addition	of	TBA·CF3SO3	showing	resonances	for	endo-	and	exo-SbF6‾	in	addition	to	exo-CF3SO3‾.	c)	red	

spectrum	after	heating	the	solution	for	72	hours	at	50	°C	showing	resonances	for	exo-SbF6‾,	exo-CF3SO3‾	

and	weak	signals	for	endo-SbF6‾	(CD3CN,	376	MHz,	298	K).	Inserted	table	contains	integral	values	with	the	

external	CF3SO3‾	set	to	one.	One	row	per	stage	of	the	experiment.	

	
1H	NMR	stack	plot	showing	negligible	conversion	of	[SbF6Ì1]

7+	to	[CF3SO3Ì1]
7+.	a)	blue	spectrum	of	

[SbF6Ì1]
7+	prior	to	the	addition	of	TBA·CF3SO3.	b)	red	spectrum	recorded	after	addition	of	TBA·CF3SO3	and	

72	hours	heating	at	50	°C	(CD3CN,	400	MHz,	298	K).	
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Variable	temperature	1H	NMR	studies	on	dimerisation	of	[PF6Ì1]7+.	
	

Stack	plot	of	1H	NMR	spectra	of	[PF6Ì1]
7+at	5.9	´	10-3	mol	L-1	at	various	temperatures.	Blue	spectrum	at	

25	°C;	green	spectrum	at	40	°C;	red	spectrum	at	55	°C;	and,	purple	spectrum	at	70	°C.	Showing	the	

coalescence	of	peaks	corresponding	to	dimers	of	[PF6Ì1]
7+	as	temperature	is	increased	(CD3CN,	400	MHz).	

1H	NMR	studies	on	the	effect	of	concentration	on	dimerisation	of	[PF6Ì1]7+.	

	

	
1H	NMR	stack	plot	of	[PF6Ì1]

7+	at	different	concentrations.	Blue	spectrum	at	5.9	´	10-3	mol	L-1;	green	at	

5.4	´	10-3	mol	L-1;	red	at	4.9	´	10-3	mol	L-1;	purple	at	4.5	´	10-3	mol	L-1;	and	yellow	at	4.2	´	10-3	mol	L-1.	The	

peaks	corresponding	to	the	second	internal	PF6‾	environment	caused	by	dimerisation	of	[PF6Ì1]
7+	

decreasing	as	the	sample	is	diluted	(CD3CN,	400	MHz,	298	K).		
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1H	 NMR	 studies	 on	 the	 effect	 of	 the	 ionic	 strength	 of	 solution	 on	 dimerisation	 of	

[PF6Ì1]7+.	

	

	
1H	NMR	stack	plot	of	[PF6Ì1]

7+	with	subsequent	additions	of	TBA·PF6.	The	eq.	values	are	derived	from	

integrals	values.	Blue	spectrum	[PF6Ì1]
7+	(5.9	´	10-3	mol	L-1);	green	spectrum	+	4	eq.	of	TBA·PF6;	red	

spectrum	+	7.5	eq.	of	TBA·PF6;	purple	spectrum	+	10.7	eq.	of	TBA·PF6;	and	yellow	spectrum	+	13.5	eq.	of	

TBA·PF6.	Showing	the	emergence	of	the	formally	secondary	species	at	higher	concentrations	of	TBA·PF6	

(CD3CN,	400	MHz,	298	K).	
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Appendix	6	Optical	reflectivity		

	

Complex	7	
	

	

Figure	A	14:	Left)	Relative	change	in	the	absolute	reflectivity	(R900)	of	7	under	different	LED	light	

conditions.	Red	light	of	660	nm	selected	for	subsequent	experiments.	Right)	The	time	dependence	of	the	

absolute	reflectivity	spectra	(R900)	of	7	during	red	light	irradiation	(660	nm,	10	mW	cm-2).	

	

Complex	9	
	

	
Figure	A15:	Left)	Relative	change	in	the	absolute	reflectivity	(R900)	of	9	under	different	LED	light	conditions.	

Red	light	of	660	nm	selected	for	subsequent	experiments.	Right)	The	time	dependence	of	the	absolute	

reflectivity	spectra	(R900)	of	9	during	red	light	irradiation	(660	nm,	10	mW	cm-2).	
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Appendix	7	AC	susceptibility	measurements	

Complex	[PF6Ì1]7+	

 
The	field	dependence	of	the	magnetic	parameters	χ0	and	𝜒C	deduced	form	the	fit	of	the	χ’	vs.	𝜈	for	

[PF6Ì1]	at	1.8	K.	χ0	and	𝜒C		-	the	in-phase	AC	susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.	

 

 
The	temperature	dependence	for	[PF6Ì1]

7+	of	the	magnetic	parameter	α	deduced	form	the	fits	of	the	χ’	vs.	

𝜈	(red	dots)	and	χ’’	vs.	𝜈	(blue	dots)	using	the	generalised	Debye	mode	under	an	applied	DC	field	of	1000	

Oe	-	α	the	distribution	of	relaxation	times.	
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The	temperature	dependence	for	[PF6Ì1]

7+	of	the	magnetic	parameter	χ0	-	𝜒C		deduced	form	the	fits	of	

the	χ’	vs.	𝜈	(red	dots)	and	χ’’	vs.	𝜈	(blue	dots)	using	the	generalised	Debye	mode	under	an	applied	DC	field	

of	1000	Oe	-	χ0	-	𝜒C	amplitude	of	the	relaxation	mode	with	χ0	and	𝜒C	being	the	in-phase	AC	

susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.		

 

 
The	temperature	dependence	of	the	magnetic	parameters	χ0	and	𝜒C	deduced	form	the	fit	of	the	χ’	vs.	𝜈	

for	[PF6Ì1]
7+	of	χ0	and	𝜒C		-	the	in-phase	AC	susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.	
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Complex	3	

 
The	field	dependence	of	the	magnetic	parameters	χ0	and	𝜒C	deduced	form	the	fit	of	the	χ’	vs.	𝜈	for	3	at	2	

K.	χ0	and	𝜒C		-	the	in-phase	AC	susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.	

 

 
The	temperature	dependence	for	3	of	the	magnetic	parameter	α	deduced	form	the	fits	of	the	χ’	vs.	𝜈	(red	

dots)	and	χ’’	vs.	𝜈	(blue	dots)	using	the	generalised	Debye	mode	under	an	applied	DC	field	of	1000	Oe	-	α	

the	distribution	of	relaxation	times.	
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The	temperature	dependence	for	3	of	the	magnetic	parameter	χ0	-	𝜒C		deduced	form	the	fits	of	the	χ’	vs.	𝜈	

(red	dots)	and	χ’’	vs.	𝜈	(blue	dots)	using	the	generalised	Debye	mode	under	an	applied	DC	field	of	1000	Oe.		

χ0	-	𝜒C	amplitude	of	the	relaxation	mode	with	χ0	and	𝜒C	being	the	in-phase	AC	susceptibilities	in	the	zero	

and	infinite	AC	limits,	respectively.		

 

 
The	temperature	dependence	of	the	magnetic	parameters	χ0	and	𝜒C	deduced	form	the	fit	of	the	χ’	vs.	𝜈	

for	3	of	χ0	and	𝜒C		-	the	in-phase	AC	susceptibilities	in	the	zero	and	infinite	AC	limits,	respectively.	
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Appendix	8	Transient	absorbance	spectroscopy	

Experimental	set	up	

	

The	 subpicosecond	 time	 scale	 set-up	was	 based	 on	 a	 femtosecond	 1	 kHz	 Ti:sapphire	

system	producing	30	fs,	0.8	mJ,	laser	pulses	centered	at	800	nm	(Femtopower	Compact	

Pro)	 coupled	 with	 an	 optical	 parametric	 generator	 (Light	 Conversion	 Topas	 C)	 and	

frequency	 mixers	 to	 excite	 samples	 at	 the	 maximum	 of	 the	 steady-state	 absorption	

band.	White-light	continuum	(360−1000	nm)	pulses	generated	in	a	2	mm	D2O	cell	were	

used	 as	 a	 probe.	 A	 variable	 delay	 time	 between	 excitation	 and	 probe	 pulses	 was	

obtained	using	a	delay	line	with	0.66	fs	resolution.	The	solutions	were	placed	in	a	1	mm	

circulating	 cell.	 Whitelight	 signal	 and	 reference	 spectra	 were	 recorded	 using	 a	 two-

channel	 fiber	 spectrometer	 (Avantes	 Avaspec-2048-2).	 A	 selfwritten	 acquisition	 and	

experiment	control	program	in	LabVIEW	enabled	the	recording	of	transient	spectra	with	

an	 average	 error	 of	 less	 than	 10−3	 of	 the	 optical	 density	 for	 all	 wavelengths.	 The	

temporal	resolution	of	the	setup	was	better	than	50	fs.	A	temporal	chirp	of	the	probe	

pulse	was	corrected	by	a	computer	program	with	respect	to	a	Lawrencian	fit	of	a	Kerr	

signal	generated	in	a	0.2	mm	glass	plate	used	in	place	of	a	sample.	

	

 
Scheme	of	sub-picosecond	laser	set-up;	OPG	–	optical	parametric	generator;	BBO	–	barium	borate	crystal.	
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The	sub-nanosecond	transient	absorption/time-resolved	luminescence	set-up	was	built	

as	follows:	a	frequency	tripled	Nd:YAG	amplified	laser	system	(30	ps,	30	mJ	@1064	nm,	

20	Hz,	Ekspla	model	PL	2143)	output	was	used	to	pump	an	optical	parametric	generator	

(Ekspla	model	PG	401)	producing	tunable	excitation	pulses	in	the	range	410	–	2300	nm.	

The	 residual	 fundamental	 laser	 radiation	 was	 focused	 in	 a	 high	 pressure	 Xe	 filled	

breakdown	 cell	where	 a	white	 light	 pulse	 for	 sample	 probing	was	 produced.	 All	 light	

signals	were	analysed	by	a	spectrograph	(Princeton	 Instruments	Acton	model	SP2300)	

coupled	 with	 a	 high	 dynamic	 range	 streak	 camera	 (Hamamatsu	 C7700,	 1ns-1ms).	

Accumulated	sequences	(sample	emission,	probe	without	and	with	excitation)	of	pulses	

were	 recorded	 and	 treated	 by	 HPDTA	 (Hamamatsu)	 software	 to	 produce	 two-

dimensional	maps	(wavelength	vs.	delay)	of	transient	absorption	intensity	in	the	range	

300	 –	 800	 nm.	 Typical	 measurement	 error	 was	 better	 than	 10-3	 O.	D.	 Data	 were	

analysed	 using	 home-made	 software	 developed	 in	 LabVIEW	 2014	 system-design	

platform	and	development	environment.	The	trust-region	dogleg	algorithm	(supported	

by	LabVIEW	2014)	was	applied	to	determine	the	set	of	parameters	that	best	fit	the	set	

of	 input	 data.	 The	 trust-region	 dogleg	 algorithm	 was	 used	 instead	 of	 Levenberg-

Marquardt	 algorithm,	 the	 latter	 being	 less	 stable	 in	 most	 cases	 during	 optimization	

process,	because	trust	region	methods	are	robust,	and	can	be	applied	to	ill-conditioned	

problems.		

 

 
Scheme	for	sub-nanosecond	laser	set-up;	SHG/THG	–	second/third	harmonic	generator,	OPG	–	optical	

parametric	generator,	LED	–	light	emitting	diode,	DSG	–	digital	signal	generator.	
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