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 The	work	described	in	this	dissertation	focuses	on	the	rationale	behind	the	design	

and	 synthesis	 of	 ligand-to-ligand	 (LL′CT)	 charge-transfer	 chromophores	 supported	 by	

redox-active	 ligands.	The	molecular	chromophores	 reported	herein	are	meant	 to	 interest	

scientists	 in	materials	 chemistry,	 physics,	 and	 chemical	 engineering	 that	wish	 to	 employ	

molecular	photosensitizers	in	photovoltaics	and/or	in	artificial	photosynthetic	systems.		

	 Chapter	 1	 provides	 background	 information	 on	 redox-active	 ligands,	 their	 role	 in	

non-innocent	 coordination	 compounds,	 the	 importance	 of	 photo-induced	 excited-states,	

and	 demonstrates	 the	 ability	 to	 tune	 excited-state	 properties	 through	molecular	 design.	

	 Chapter	 2	 introduces	 four	 Ni(II)	 square-planar	 LL�CT	 chromophores	 that	 are	 a	

part	 of	 a	 larger	 group	 of	 square-planar	 Ni(II)	 complexes	 originally	 published	 together.	

These	complexes	posses	HOMO	and	LUMO	orbitals	 that	are	 localized	on	 the	 redox-active	

ligands	 and	 that	 their	 energies	 can	 be	 controlled	 independently	 through	 chemical	

modification	to	the	catecholate	donor	and	diimine	acceptor.	

	 Chapter	3	describes	new	Ni(II)	square-planar	donor-acceptor	(D-A)	chromophores	

designed	absorb	near-IR	photons	and	access	excited-state	oxidation	potentials	capable	of	

electron	 injection	 into	 metal	 oxide	 (semiconductor)	 surfaces.	 Bipyridyl-type	 acceptor	

ligands	 are	 employed	 to	maintain	 a	 LUMO	 at	 high	 energy.	 Incorporation	 of	 the	 strongly	
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reducing	amidophenolate	donor	ligand	is	meant	to	destabilize	the	HOMO	energy	and	push	

the	LLʹCT	absorption	 into	the	NIR	(λmax:	890	and	970	nm).	 	According	to	the	electro-	and	

spectrochemical	 data	 the	 (amidophenolate)Ni(acceptor)	 dyes	 reported	 in	 herein	 are	

estimated	 to	 access	 excited-state	 oxidation	 potentials	 potent	 enough	 to	 populate	 the	

conduction	band	of	TiO2	(-0.7	V	vs.	SCE).	 	

	 Chapter	4	details	the	investigation	of	two	square-planar	Ni(II)	D-A	LL′CT	dyes	from	

Chapter	3	 that	are	equipped	with	carboxyl	anchoring	groups	 for	 tethering	to	metal	oxide	

surfaces.	 Upon	 optical	 excitation,	 the	 dyes	 reported	 herein	 maintain	 their	 excited-state	

reductive	 potency.	 Preliminary	 binding	 studies	 on	TiO2	 thin	 films	 suggest	 successful	 dye	

adsorption	but	film	degradation	occurred	once	exposed	to	air.	Although	the	air	sensitivity	

of	the	dye-functionalized	film	is	problematic,	future	precautions	such	as	air-free	studies	can	

be	 made	 in	 order	 to	 test	 their	 efficacy	 to	 inject	 electrons	 into	 large	 band	 gap	

semiconductors.		

	 Chapter	 5	 introduces	 and	 investigates	 three	 six-coordinate	 D-A	 Ru(II)	 charge-

transfer	 dyes	with	 the	 general	 formula:	 	 (donor)Ru(N2N2q)	 [donor	 =	 2	 Cl–,	 (catB4)2–	 and	

(cat)2–].	The	co-planar	arrangement	of	donor	and	acceptor	orbitals	was	achieved	through	

the	 use	 of	 the	 tetradentate,	 redox-active,	 N,Nʹ-bis-(3-dimethylaminopropyl)-4,5-

dimethoxy-benzene-1,2-diiminoquinone,	(N2N2q).	These	new	octahedral	D-A	Ru(II)	charge-

transfer	 complexes	 demonstrate	 that	 the	 tetradentate	 N2N2q	 acceptor	 ligand,	 when	

coordinated	 to	 a	d6	metal	 ion,	 allows	 for	 the	 co-planar	 installation	of	 redox-active	donor	

ligand.	 Furthermore,	 the	 lowest	 energy	 transitions	 of	 the	 complexes	 reported	herein	 are	

heavily	dependent	on	the	identity	of	the	donor	ligand,	suggesting	it	is	LL′CT	in	nature.	Thus	

far,	our	findings	suggest	that	the	optical	and	ground-state	redox	properties	of	dyes	based	

on	a	d6	metal	ion	and	the	N2N2q	ligand	can	be	tuned	through	ligand	modification.	This	may	

open	 up	 new	 areas	 of	 research	 where,	 instead	 of	 a	 precious	 heavy	 metal,	 such	 as	

ruthenium,	 the	 earth	 abundant	 Fe(II)	 ion	 could	 be	 used	 to	 realize	 a	 truly	 robust	 and	

tunable	earth	abundant	charge-transfer	photosensitizer.		
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Chapter	1	

Introduction	
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1.1 Redox-Active	Ligands		

 Oxidation–reduction	(redox)	reactions	are	a	fundamental	type	of	chemical	reaction	

that	is	critical	to	the	bond-making	and	bond-breaking	events	that	drive	almost	all	chemical	

transformations.1,2	 In	nature,	many	reactions	 that	are	 important	 to	 life	are	multi-electron	

redox	 reactions.	 For	 example,	 in	 land	 plants,	 sunlight	 is	 stored	 in	 chemical	 bonds	 by	

photosynthesis,	 which	 splits	 water	 into	 O2	 and	 H2	 as	 NADPH	 (nicotinamide	 adenine	

dinucleotide	phosphate)	via	a	four-electron	process.3	The	reverse	process,	respiration,	uses	

O2	 and	 four	 electrons	 to	 synthesize	 ATP	 as	 an	 energy	 source	 in	 cells.4	 Nitrogen	 fixation	

(ammonia	 synthesis)5,	 C–H	 bond	 functionalization6,	 and	 CO2	 reduction7	 are	 all	 multi-

electron	redox	reactions	carried	out	in	nature,	and	each	of	these	processes	is	facilitated	by	

enzymes	that	contain	first	row	transition	metals	such	as	Mn,	Fe,	Co,	Ni,	Cu,	and	Zn.	Because	

first	row	transition	metals	typically	react	by	one-electron	pathways,	nature	often	includes	

redox-active	 cofactors	 to	 expand	 their	 reactivity	 to	 allow	 these	 important	multi-electron	

processes	 to	 occur.8,9	 In	 synthetic	 inorganic	 chemistry,	 transition	 metal	 coordination	

compounds	 equipped	 with	 redox-active	 ligands	 can	 be	 used	 to	 achieve	 the	 same	 goal:	

enable	multi-electron	reactivity	with	a	metal	ion	that	is	prone	to	one-electron	pathways.1,10	

In	 inorganic	 photochemistry,	 redox-active	 ligands	 play	 a	 critical	 role	 in	 photo-induced	

electron	transfer	reactions	because,	in	many	cases,	at	least	one	of	the	photo-active	frontier	

molecular	 orbitals	 (pFMOs)	 is	 localized	 on	 the	 ligand.11	 This	 association	 gives	 them	 a	

particular	 importance	 towards	 the	 realization	 of	 sustainable	 solar	 energy	 conversion	

strategies	whereby	multi-electron	processes	are	required	to	transform	greenhouse	gasses	

and	other	stable	molecules	(e.g.	H2O	and	CO2)	into	energy-rich	fossil-fuel	surrogates.12-16	
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Figure	 !.!	 a)	 Lewis	 structures	 and	 frontier	molecular	 orbital	 diagrams	of	 the	 available	 oxidation	
states	of	the	dioxolene	class	of	redox-active	ligands	and	b)	Pov-Ray	rendering	of	the	π*	molecular	
orbital.			

	 Just	 as	 transition	 metals	 can	 change	 oxidation	 state	 by	 the	 addition	 or	 removal	

electrons,	redox-active	ligands	can	change	oxidation	state	when	coordinated	to	a	metal	ion.	

1,10,17-19	Perhaps	the	archetypical redox-active	ligand	set	is	that	of	dioxolene	family,	where	

dioxolene	 represents	 a	 benzene-1,2-oxo	 ligand	 in	 one	 of	 three	 possible	 oxidation	 states:	

[catecholate]2–,	 [semiquinonate]–,	 and	 quinone.20-22	 Lewis	 structures	 of	 the	 accessible	

oxidation	states	of	the	dioxolene	family	are	shown	in	Figure	1.1a.	The	ability	of	dioxolene-

type	 ligands	 and	 other	 like	 it	 to	 access	 multiple	 redox	 isomers	 can	 be	 rationalized	 by	

inspection	of	 their	 frontier	molecular	 structures.	According	 to	 the	Kohn–Sham	molecular	

orbital	 diagrams	 in	Figure	 1.1a,	 the	 HOMO	 (Highest	 Occupied	Molecular	 Orbital)	 of	 the	

[catecholate]2–	 ligand	 has	 both	 π	 and	 π*	 character.	 Removal	 of	 one	 electron	 from	 this	

orbital	produces	the	radical	[ortho-semiquinonate]–	ligand.	Removal	of	the	second	electron	

from	 this	 orbital	 produces	 the	 ortho-quinone	 ligand.	 Thus,	 as	 illustrated	 by	 the	 Pov-Ray	
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rendering	 in	Figure	 1.1b,	 the	HOMO	of	 [catecholate]–2	 is	 the	LUMO	of	 the	ortho-quinone	

ligand.	 Moreover,	 changing	 the	 electron	 count	 of	 a	 redox-active	 orbital	 does	 not	 cause	

significant	 structural	 changes	 to	 the	 ligand	 itself.	 For	 example,	 across	 the	

catecholate/semiquinonate/quinone	 series,	 the	hybridization	of	 the	 carbon	atoms	do	not	

change	with	 changes	 to	 the	oxidation	 state.	 In	principle,	 the	 structural	uniformity	 that	 is	

maintained	across	the	redox	series	enables	transitions	between	each	oxidation	state	to	be	

reversible	and	each	isomer	isolable	when	bound	to	a	transition	metal	ion.20,23	

Chart	!-!	Common	redox-active	ligand	motifs.	

	

	 Redox-active	 ligands	 are	 usually	 derived	 from	 catecholate	 or	 α-diimine	 fragments	

and	 some	 common	 examples	 are	 shown	 in	 Chart	 1.1.	 Bidentate,	 tridentate,	 and	

tetradentate	 redox-active	 ligands	 can	 be	 constructed	 by	 combining	multiple	 catecholate,	

amidophenolate,	or	α-diimine	fragments	into	a	single	ligand.24-26	Their	structural	versatility	

can	be	leveraged	to	achieve	a	desired	coordination	environment	or	structural	arrangement.		

Additionally,	 the	 electronic	 structure	 can	 be	 manipulated	 through	 incorporation	 of	

different	 heteroatoms	 and/or	 variation	 of	 the	 R	 groups	 to	 achieve	 desired	 electronic	

properties.	27		
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1.2 Redox-Active	Ligands	in	Non-innocent	Coordination	Complexes	

	

Figure	1.2	Frontier	molecular	orbital	diagrams	of	CrCO6	and	Cr(sq�)2–	reproduced	from	Ref:	J.	Phys.	
Chem.	1992,	96	(5),	2129–2141.	

		

	 Coordination	 compounds	 that	 contain	 redox-active	 ligands	 are	 often	 described	 as	

‘non-innocent’,	 where	 assignment	 of	 the	 metal	 oxidation	 state	 is	 not	 obvious	 and	 often	

determined	 experimentally.	 28	 “Non-innocence”	 in	 coordination	 chemistry	 is	 observed	

when	the	frontier	orbitals	of	a	redox-active	ligand	are	spatially	proximate	and	energetically	

similar	 to	 the	 frontier	 d	 orbitals	 of	 the	 transition	metal.	 An	 example	 of	 this	 is	 shown	 in	

Figure	 1.2	which	compares	 the	molecular	orbital	diagrams	of	 two	chromium	complexes,	

Cr(CO)6	and	Cr(semiquinonate)3.	29,30			Assignment	of	the	metal	oxidation	state	for	Cr(CO)6	

is	 straightforward.	 Carbon	monoxide	 is	 a	 neutral,	 “L-type”	 ligand	with	 the	 empty	 CO	 π*	

orbitals	energetically	 isolated	 from	the	 filled	 t2g-like	orbitals	of	 the	octahedral	chromium	
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center.	Thus,	 the	homoleptic	hexacarbonyl	complex	 is	best	described	as	neutral	with	a	d6	

chromium(0)	 center.31	 The	 Cr(semiquinonate)3	 is	 prepared	 by	 the	 reaction	 between	

Cr(CO)6	and	three	ortho-quinones	that	proceeds	with	a	color	change	from	the	pale	yellow	of	

the	hexacarbonyl	 starting	material	 to	 the	dark	 red-purple	of	 the	product.	 32	The	product	

has	 the	 stoichiometry	of	one	chromium	atom	 to	 three	dioxolene	 ligands	and	can	 take	on	

multiple	 oxidation	 state	 descriptions.	 Two	 obvious	 assignments	would	 be	 Cr0(quinone)3,	

where	 the	metal	maintains	 a	d6	 electron	 count	 and	 all	 three	 ligands	 stay	 in	 the	 quinone	

oxidation	state;	or	CrVI(catecholate)3,	where	the	metal	is	oxidized	to	a	d0	ion	and	all	three	

ligands	are	reduced	to	the	[catecholate]–2	oxidation	state.	The	experimental	data	suggests	

the	 formation	 of	 CrIII(semiquinonate)3,	where	 chromium(0)	 is	 oxidized	 to	 chromium(III)	

and	 the	 three	 ortho-quinone	 ligands	 are	 reduced	 by	 one	 electron	 to	 the	 [ortho-

semiquinoate].	Evaluation	of	the	experimentally	observed	intraligand	bond	distances	in	the	

crystal	 structure	 confirmed	 the	 latter	 assignment	 and	 displayed	 an	 average	 C-O	 bond	

lengths	of	1.30	Å,	which	is	intermediate	between	those	of	coordinated	catecholates	(1.36	Å)	

and	quinones	(1.22	Å).	Quinoid-type	distortion	of	the	six-membered	carbon	rings	was	also	

observed	by	showing	two	alternating	short	C=C	bonds	(1.33	and	1.36	Å)	and	four	longer	C–

C	 single	 bonds	 (average	 1.45	Å).	 Finally,	 Density	 Functional	 Theory	 calculations	 helped	

elucidate	 the	 frontier	 electronic	 structure	 illustrated	 in	 Figure	 1.2:	 three	 [ortho-

semiquinoate]–	 ligand	 π	 radicals	 (Srad	 =	 ½),	 antiferromagnetically	 coupled	 to	 a	 central	

chromium(III)	ion	(SCr	=	3/2),	generating	the	overall	diamagnetic	ground	state	(S	=	0).	33	

	 Traditionally,	 chemists	 have	 relied	 on	 precious	 metals,	 such	 as	 platinum	 and	

rhodium,	 to	 catalyze	 bond-making	 and	 bond-breaking	 transformations,	 as	 they	 are	

predisposed	 to	 multi-electron	 reactivity.34-36	 More	 recent	 efforts	 have	 aimed	 to	 replace	
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these	 precious	 metals	 with	 less	 expensive,	 earth	 abundant	 metals.17,26,37,38	 Drawing	

inspiration	 from	 nature,	 redox-active	 ligands	 have	 been	 incorporated	 into	 coordination	

complexes	 with	 earth	 abundant	 metal	 ions	 in	 an	 effort	 to	 realize	 multi-electron	 redox	

reactivity	 in	 both	 stoichiometric	 and	 catalytic	 processes.1,10,39,40	 In	 photochemical	

processes,	 redox-active	 ligands	can	play	a	critical	 role	 in	photo-induced	electron	 transfer	

reactions,	because	at	 least	one	of	 the	photo-active	 frontier	molecular	orbitals	 (pFMOs)	 is	

usually	localized	on	a	redox-active	ligand.11,41-44	A	classical	example	of	this	is	the	Ru(bpy)32+	

family	of	photosensitizers.	

	

Figure	!.!	Frontier	molecular	orbital	diagram	of	Ru(bpy)!!+.	
	

	 Figure	 1.3	 shows	 the	 frontier	 molecular	 orbital	 diagram	 of	 the	 quintessential	

photosensitizer,	tris(2,2ʹ-bipyridine)ruthenium(II)	dication,	[Ru(bpy)3]2+.	The	redox-active	
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bipyridine	 ligands	 have	 π*	 orbitals	 that	 are	 electronically	 inserted	 below	 the	 eg*-like	

orbitals	of	the	ruthenium	center.45	Excitation	of	a	visible	photon	(λmax	=	452	nm,	ε	=	13,000	

M–1	cm–1)	promotes	an	electron	from	the	filled	t2g-like	orbitals	of	the	ruthenium	center	to	

the	low-lying	π*	orbitals	on	the	redox-active	bipyridine	ligand.	This	metal-to-ligand	charge-

transfer	 (MLCT)	 transition	 generates	 a	 short-lived	 photo-induced	 singlet	 excited-state,	

1MLCT.	46	The	charge-separated	excited-state:	1MLCT	=	[RuIII(bpy)(bpy�–)]2+	is	a	result	of	a	

light-induced	shift	of	electron	density	from	the	metal	center	to	the	ligand	and	is	a	species	

with	 entirely	 different	 properties	 compared	with	 those	 of	 the	 ground-state	molecule.	 In	

particular,	the	molecule	is	both	a	stronger	reductant	and	a	stronger	oxidant.	In	fact,	it	is	the	

strong	excited-state	redox	potentials	of	[Ru(bpy)3]2+		that	have	famously	made	it	one	of	the	

most	utilized	photosensitizers	in	electron	transfer	reactions.	46-49	

1.3 Estimating	the	Redox	Potentials	of	the	Excited-State	

	 Photo-excited	 reactants	 have	 been	 widely	 used	 in	 the	 study	 of	 electron	 transfer	

because	 their	 excited-states	 are	 better	 oxidants	 and	 reductants	 than	 their	 ground-state	

counterparts.50-52	In	the	most	basic	sense,	if	the	lifetime	of	the	excited-state	is	long	enough,	

the	 photo-excited	 dye*	 can	 interact	 with	 another	 species,	 B	 and	 undergo	 the	 following	

electron	transfer	reactions:	

Dye	+	hν	à	Dye*	+	B	à	Dye+	+	B–		 oxidative	electron	transfer	 (1)	

Dye	+	hν	à	Dye*	+	B	à	Dye–	+	B+	 reductive	electron	transfer	 (2)	

The	 ability	 and	 efficacy	 of	 a	 photosensitizer	 to	 drive	 these	 processes	 is	 governed	 by	 its	

redox	potentials	in	the	excited-state.	The	oxidation	and	reduction	potentials	of	the	excited-

state,	 or	 the	 ability	 of	 the	 excited	molecule	 to	 reduce	 or	 oxidize	 another	 species,	 can	 be	

derived	 directly	 from	 the	 observable	 ground-state	 electrochemical	 potentials	 and	 the	
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energy	difference	between	the	HOMO	and	LUMO	orbitals.48	This	correlation,	illustrated	in	

Scheme	 1-1,	 can	be	made	only	when	 the	orbitals	 involved	 in	 the	optical	 transitions	 and	

redox	processes	are	the	same.			

Scheme	 !-!	Relationship	between	ground-state	electrochemical	potentials,	HOMO-LUMO	gap,	and	
excited-state	redox	potentials	reproduced	from	Ref	!".		

	

	

	

	 Considering	 Scheme	 1-1,	 the	 ground	 state	 of	 a	 molecular	 dye	 (electron	

configuration:	 [HO2LU0])	 can	 undergo	 a	 one	 electron	 oxidation	 to	 generate	 the	

monocationic	 species,	 [HO1LU0]+;	 a	 one	 electron	 reduction	 to	 generate	 the	monoanionic	

species,	[HO2LU1]–;	or	photo-excitation	to	generate	the	short-lived	electronic	excited-state,	

[HO1LU1]*.	The	oxidation	and	reduction	potentials	of	the	excited-state	can	be	estimated	by	

utilizing	the	relationship	shown	in	Scheme	1-1	to	derive	the	following	equations:	

E+/*	=	Eox	–	hν		 	 (Eq.	3)	

E*/–	=	Ered	+	hν		 	 	(Eq.	4)	

The	 excited-state	 oxidation	 potential	 (E+/*,	 Eq.	 3)	 is	 the	 potential	 at	 which	 the	 photo-

excited	molecule,	[HO1LU1]*	will	reduce	another	species.	E+/*	corresponds	to	the	[LUMO]0/–		
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redox	 couple,	when	 the	 HOMO	 has	 been	 oxidized	 by	 one	 electron,	 Eox		 is	 the	 [HOMO]+/0		

redox	couple	in	the	ground	state,	and	hν	is	the	energy	of	the	photon	absorbed.	The	excited-

state	reduction	potential	(E*/–	,	Eq.	4)	is	the	potential	at	which	the	photo-excited	molecule,	

[HO1LU1]*	 will	 oxidize	 another	 species.	 Where	 E*/–	 specifically	 corresponds	 to	 the	

[HOMO]+/0	 redox	 couple	 when	 the	 LUMO	 has	 been	 reduced	 by	 one	 electron,	 Ered	 is	 the	

LUMO0/–	ground	state	 redox	 couple,	 and	hν	 is	 the	energy	difference	between	 the	orbitals	

giving	and	receiving	the	electron	(in	eV).	53	

	 A	 coordination	 compound	 that	 yields	 a	 potent	 excited-state	 through	 excitation	 by	

visible	 photons	 can	 be	 utilized	 as	 a	 photosensitizer	 to	 fuel	 important	 chemical	 reactions	

that	 are	 not	 driven	 by	 visible	 light	 excitation.	 	 Furthermore,	 the	 ability	 to	 estimate	 the	

excited-state	 redox	 potentials	 of	 a	 chromophore	 is	 a	 useful	 tool	 when	 designing	

photosensitizers	 for	applications	 in	solar	energy	conversion	schemes	and	photo-catalysis.	

14,54-59		

1.4 Ligand-to-Ligand	Charge	Transfer	(LL′CT)	Transitions			

	 The	discussion	of	photo-induced	charge	separation	in	photosensitizers	is	frequently	

restricted	to	those	between	the	central	metal	and	the	ligands.	However,	the	metal	may	also	

facilitate	interaction	between	the	ligands.	 	In	fact,	metal	complexes	of	the	type	Lred–M–Lox	,	

where	 	 Lred	 	 =	 an	electron-rich	 redox-active	donor	 ligand	and	Lox		 =	 electron-poor	 redox-

active	 acceptor	 ligand	 have	 garnered	 considerable	 attention	 as	 charge-transfer	

photosensitizers	in	recent	years.60-64	Classified	according	to	the	loci	of	donor	and	acceptor	

sites,	 ligand-to-ligand	 charge-transfer	 (LL′CT)	 chromophores	 are	 of	 particular	 interest	

because	 their	 ligand-localized	 frontier	 molecular	 orbitals	 often	 give	 rise	 to	 intense	 low-

energy	 transitions	 in	 the	 visible	 region	 of	 the	 solar	 spectrum.65	 Moreover,	 because	 the	
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frontier	 molecular	 orbitals	 are	 ligand-localized,	 the	 energy	 of	 these	 orbitals	 (and	

consequently	 their	 optical	 and	 ground-state	 redox	 properties)	 are	 easily	 tuned	 through	

chemical	modification	of	the	donor	and	acceptor	ligands.	61		

	 A	LL′CT	transition	occurs	if	one	ligand	has	a	filled	orbital	(HOMO,	donor)	that	is	high	

in	energy,	and	another	ligand	has	an	empty	orbital	(LUMO,	acceptor)	that	is	low	in	energy.		

The	 donor	 and	 acceptor	 orbitals	must	 be	 arranged	 co-planar	 to	 one	 another	 in	 order	 to	

maximize	 the	 electronic	 coupling	 between	 the	 two.	 Square-planar	 coordination	

environments	supply	 the	best	arrangement	 for	 the	particular	 juxtaposition.	Furthermore,	

considering	the	d	orbital	splitting	in	a	square-planar	ligand	field,	a	d8	electron	count	for	the	

metal	ion	should	provide	the	most	redox	inert	metal	center,	while	providing	a	closed	shell	

electronic	environment.	 It	 should	be	no	surprise	 that	 square-planar	LL′CT	complexes	are	

classically	exemplified	using	group	ten	metal	ions	in	their	+2	oxidation	state	such	as	Ni(II),	

Pd(II),	and	Pt(II).	66-68	

	 Square-planar	donor	acceptor	complexes	of	platinum(II)	are	well	established	in	the	

literature,	 particularly,	 examples	 that	 combine	 catecholate69,	 dithiolate64,70,	 or	

amidophenolate71	 donor	 ligands	 with	 bipyridine72	 or	 phenanthroline73	 acceptor	 ligands.	

Some	relevant	examples	are	shown	in	Chart	1-2.	 	Table	1-1	lists	the	energy	of	their	band	

maxima,	 ground-state	 redox	 and	 estimated	 excited-state	potentials.	 These	 complexes	 are	

typical	 examples	 of	 square-planar	 coordination	 compounds	 possessing	 lowest	 energy	

electronic	transitions	that	are	mainly	LL′CT	in	nature.			For	example,	considering	complexes	

with	 the	 same	bpytBu2	acceptor	 ligand	 (top	 row,	Chart	 1-2),	 the	oxidation	potentials	 for	

the	 three	 complexes	 become	more	negative	 as	 the	 donor	 ligand	 changes	 from	 (mnt)2–	to	

(tdt)2–to	(ap)2–	.	This	trend	is	mirrored	in	the	absorption	spectra	where	the	highest	energy	
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transition	belongs	to	(mnt)Pt(bpytBu2)	and	the	lowest	belongs	to	(ap)Pt(bpytBu2).	Because	

all	three	complexes	possess	the	same	metal	 ion	and	acceptor	ligand,	 it	can	be	established	

that	the	HOMO	resides	predominantly	on	the	donor	ligand	and	its	energy	can	be	tuned	by	

changing	 the	 heteroatoms	 or	 by	 increasing	 conjugation	 within	 the	 ligand-backbone.	

Furthermore,	using	Eq.	3,	we	can	relate	the	ground-state	oxidation	potentials	(Eox)	and	the	

energy	of	the	emission	maxima	(Eem)	of	(mnt)Pt(bpytBu2)	and	(tdt)Pt(bpytBu2)	to	estimate	

the	 reducing	 capability	of	 these	dyes	 in	 the	 excited-state.	 	Aligning	with	 the	 trend	 in	 the	

ground-state	 potentials,	 	 (tdt)Pt(bpytBu2)	 is	 estimated	 to	 be	 the	 stronger	 excited-state	

oxidant	of	the	two.	70	

	 Chemical	 manipulation	 to	 the	 backbone	 of	 the	 α-diimine	 acceptor	 ligand	 by	

incorporation	of	electron-withdrawing	functional	groups	or	by	increasing	the	conjugation	

affects	the	energies	of	the	LUMO	orbitals	analogously.	These	perturbations	manifest	in	the	

electrochemical	 data	 displaying	 less	 negative	 reduction	 potentials	 than	 the	 non-

functionalized	 derivatives.	 For	 example,	 	 (tdt)Pt(bpytBu2)	 	 possess	 a	 ground-state	 first	

reduction	 potential	 at	 –1.91	 V	 vs.	 [Cp2Fe]+/0.	 When	 the	 α-diimine	 acceptor	 ligand	 is	

equipped	with	two	functional	groups	capable	of	tethering	to	metal	oxide	surfaces	(as	is	the	

case	with	(tdt)Pt(bpyCOOEt),	Table	1-1)	the	equivalent	redox	event	shifts	almost	+300	mV	to	

–1.60	V.		This	anodic	shift	in	the	first	reduction	potential	can	be	attributed	to	the	lowering	

of	the	LUMO	orbital	by	incorporation	of	the	electron-withdrawing	ester	functionalities.			
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Chart	!-!	Examples	of	square-planar	(donor)PtII(acceptor)	charge-transfer	complexes.	!",	!",	!"	
	

	

	

Table	1-1	Relevant	Optical	and	Electrochemical	Data	for	Square-Planar	Complexes	of	Pt(II).		

	 	

	 Strong	 metal-ligand	 π	 interactions	 between	 platinum	 and	 the	 softer	 dithiolate	

ligands	 result	 in	 significant	 metal	 contribution	 to	 the	 composition	 of	 the	 HOMO.	 This	

significant	 metal	 contribution	 to	 the	 HOMO	 suggests	 the	 lowest	 energy	 transitions	 as	

mixed-metal-ligand-to-ligand	 charge-transfer	 (MMLL'CT)	 transition74,75	 rather	 than	 the	

LL′CT	observed	in	the	Ni(diimine)(dithiolate)	complexes	first	reported	by	Dance76and	later	

by	Vogler.	77	Nevertheless,	derivatives	are	emissive	in	solution	owing	to	a	large	spin–orbit	

	 	 	 E°′/	V	vs.	[Cp2Fe]+/0	

	 λmax	/nm		(eV)	 Eem	/eV	 Ered	 Eox	 E*/–	 E+/*	
(mnt)Pt(bpytBu2)70		 497	(2.5)	 2.04	 –1.91	 0.30	 0.13	 –1.7	
(tdt)Pt(bpytBu2)	70		 563	(2.2)	 1.93	 –2.04	 –0.25	 –0.19	 –2.2	
(ap)Pt(bpytBu2)71		 780	(1.6)	 NA	 –1.90	 –0.	 NA	 NA	
(cat)Pt(bpyCOOPr)	69		 700	(1.8)	 NA	 –1.37	 –0.03	 NA	 NA	
(tdt)Pt(phen)70		 580	(2.1)	 1.84	 –1.96	 –0.26	 –0.12	 –2.1	

(tdt)Pt(bpyCOOEt)	70		 680	(1.8)	 1.58	 –1.60	 –0.228	 –0.02	 –1.81	
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coupling	 contribution	 from	 platinum	 that	 facilitates	 intersystem	 crossing	 to	 a	 long-lived	

3MMLL'CT	excited	state.	The	long-lived	3MMLL'CT	excited	state	of	these	complexes	allows	

them	to	be	used	as	photosensitizers	either	in	homogeneous	solution	(bimolecular	electron	

or	energy	transfer)73	or	covalently	linked	to	an	electron	collector	(intramolecular	electron	

transfer).78	 It	 must	 be	 stated	 however,	 that	 photo-induced	 electron	 transfer	 into	 the	

conduction	band	of	TiO2	has	been	measured	to	 take	place	on	a	 femtosecond	time-scale.79	

The	rapid	charge	 injection	measured	 for	complexes	 that	are	 tethered	to	TiO2	by	carboxyl	

functional	 groups	 suggests	 that	 a	 long-lived	 excited-state	 may	 not	 be	 a	 fundamental	

requirement	 when	 designing	 photosensitizers	 for	 charge	 injection.	 The	 development	 of	

less-costly	alternatives	to	these	noble-metal	sensitizers	is	particularly	important	regarding	

the	realization	of	cost-effective	sustainable	energy.	

1.5 Contributions	of	the	Research	of	this	Dissertation	

	 The	work	described	in	this	dissertation	focuses	on	the	rationale	behind	the	design	

and	 synthesis	 of	 charge-transfer	 chromophores	 with	 lowest	 energy	 transitions	 that	 are	

ligand-to-ligand	charge	transfer	(LL′CT)	in	nature.	Through	the	use	of	redox-active	ligands,	

co-planar	arrangement	of	donor	and	acceptor	orbitals,	and	ligand-to-ligand	charge-transfer	

(LL'CT)	 excited-states,	 the	 chromophores	 described	 in	 this	 dissertation	 are	 designed	 to	

meet	 the	 strict	 criteria	 of	 an	 effective	 charge-transfer	 chromophore.	 These	 requirements	

are:	(1)	a	HOMO-LUMO	gap	of	1.0	to	2.5	eV	to	allow	strong	absorption	of	light	in	the	most	

intense	 portion	 of	 the	 solar	 spectrum,	 (2)	 tunable	 redox	 properties	 so	 that	 electron-

injecting	dyes	are	powerful	excited-state	reductants	and	hole-injecting	dyes	are	powerful	

excited-state	 oxidants,	 (3)	 a	 strong	 and	 exploitable	 direction	 of	 charge	 transfer	 (dipolar	
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ground-state),	 (4)	 an	 excited-state	 capable	 of	 rapid	 electron	 or	 hole	 injection	 into	 an	

electrode	 or	 catalyst	 center,	 (5)	 long-term	 stability	 under	 normal	 photochemical	

conditions,	and	(6)	an	easy	synthesis	from	inexpensive	and	readily-abundant	elements	and	

ligands.	Currently	no	molecular	dye	satisfies	all	of	these	criteria.80	

	 The	 current	 chapter	 is	 meant	 to	 provide	 background	 information	 in	 the	 topic	 of	

redox-active	ligands,	their	role	in	non-innocent	coordination	compounds,	the	importance	of	

photo-induced	excited-states,	 and	 to	 illustrate	 the	ability	 to	 tune	excited-state	properties	

through	molecular	design.		

	 Chapter	2	will	introduce	a	series	of	square-planar	donor-acceptor	(D-A)	LL′CT	dyes	

with	the	general	formula:	(donor)NiII(acceptor)	where	donor	=	9,10	phenanthrenediolate,	

(pdiol)2–	 and	 acceptor	 =	 (N,Nʹ-bis(2,4,6-trimethylphenyl)-2,3-butanediimine,	 bdi;	 N,Nʹ-

bis(2,4,6-trimethylphenyl)-acenaphthenediimine,	 adi;	 and	 N,Nʹ-bis(2,4,6-trimethylphen-

yl)-9,10-phenanthrenediimine,	 pdi)	 The	 juxtaposition	 of	 donor	 catecholate	 and	 acceptor	

diimine	 ligands	 in	 these	 complexes	manifest	 intense	 LL'CT	 bands	 throughout	 the	 visible	

and	 near-IR	 portions	 of	 the	 spectrum.	 Electrochemical	 and	 spectroscopic	 data	 show	 the	

energy	 of	 the	 charge-transfer	 bands	 and	 the	 ground	 state	 redox	 potentials	 are	 heavily	

dependent	on	the	identity	of	the	ligands.	This	work	showed	that	the	energy	of	the	ligand-

localized	 HOMO	 and	 LUMO	 orbitals	 can	 be	 controlled	 independently	 of	 one	 another	 by	

chemical	modification	to	the	catecholate	donor	and	diimine	acceptor	ligands,	respectively.		

	 Chapter	3	leverages	the	tunable	nature	LL′CT	transitions	to	target	near-IR	absorbing	

dyes	capable	of	accessing	potent	excited-state	oxidation	potentials.	 	The	use	of	bipyridyl-

type	 acceptor	 ligands	 maintains	 a	 LUMO	 at	 high	 energy,	 exemplified	 by	 the	 negative	

reduction	 potentials.	 Incorporation	 of	 the	 amidophenolate	 donor	 ligand	 destabilizes	 the	
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HOMO	energy	and	pushes	the	LLʹCT	absorption	well	 into	the	NIR	(λmax:	890	and	970	nm.	

According	to	the	electro-	and	spectrochemical	data	the	(amidophenolate)Ni(acceptor)	dyes	

reported	in	Chapter	3	are	estimated	to	be	potent	excited-state	reductants	(E+/*(1LL′CT	)	=	�

1.3		and	�1.4	V	vs.	SCE)	through	NIR	photons		(1.4		and	1.3	eV).	

	 Chapter	4	explores	the	optical	and	electrochemical	characteristics	of	two	D-A	Ni(II)	

LL′CT	dyes	introduced	in	Chapter	3	that	have	been	functionalized	with	carboxyl	anchoring	

groups	for	tethering	to	metal	oxide	surfaces.	The	bipyridine	acceptor	ligand	of	(cat)Ni(bpy)	

and	(ap)Ni(bpy)	is	functionalized	with	two	carboxyl	anchoring	groups	at	4	and	4ʹ	positions	

for	tethering	to	a	metal	oxide	surface..	Upon	optical	excitation,	the	dyes	are	potent	excited-

state	reductants	and	should	be	able	to	populate	the	conduction	band	of	TiO2.	Although	dyes	

reported	herein	appear	to	adsorb	on	the	surface	of	a	TiO2	thin	film,	the	resulting	sensitized	

films	 degraded	 once	 exposed	 to	 air	 and	 rendered	 electron	 injection	 studies	 impossible.	

Although	the	air	sensitivity	of	these	dyes	is	problematic,	future	precautions	such	as	air-free	

studies	can	be	made	 in	order	 to	 test	 their	efficacy	 to	 inject	electrons	 into	 large	band	gap	

semiconductors.		

	 Chapter	5	introduces	three	six-coordinate	D-A	Ru(II)	charge-transfer	dyes	with	the	

general	 formula:	 	 (donor)Ru(N2N2q)	 [donor	 =	 2	 Cl–,	 (catB4)2–	 and	 (cat)2–].	 The	 co-planar	

arrangement	 of	 donor	 and	 acceptor	 orbitals	 was	 achieved	 through	 the	 use	 of	 the	

tetradentate,	 redox-active,	 N,Nʹ-bis-(3-dimethylaminopropyl)-4,5-dimethoxy-benzene-1,2-

diiminoquinone,	(N2N2q).	The	lowest	energy	transition	red-shifts	from	600	to	780	nm	(0.41	

eV)	 when	 the	 donor	 is	 varied	 from	 the	 electron	 withdrawing	 (catBr4)2–	 to	 the	 electron	

donating	(cat)2–.	These	new	octahedral	D-A	Ru(II)	charge-transfer	complexes	demonstrate	

that	the	tetradentate	N2N2q	acceptor	ligand,	when	coordinated	to	a	d6	metal	ion,	allows	for	
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the	co-planar	installation	of	redox-active	donor	ligand.	Future	studies	should	be	conducted	

in	order	to	further	elucidate	complicated	the	nature	of	the	lowest	energy	transition.	
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Chapter	2	

The	Modular	Synthesis	of	Square-Planar	Ni(II)	LL′CT	Complexes	
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	 2.1	Introduction		

	 The	design	of	coordination	complexes	for	use	as	charge-transfer	photosensitizers	in	

solar	 energy	 conversion	 schemes	 is	 an	 area	 of	 intense	 research.1-5	 Currently,	 molecular	

photosensitizers	used	in	photovoltaics6-10	(dye-sensitized	solar	cells)	and	for	photocatalyst	

centers11-15	 (artificial	 photosynthesis),	 often	 rely	 on	 precious	 metals	 centers	 such	 as	

ruthenium	 and	 platinum.	 While	 these	 photosensitizers	 have	 helped	 us	 understand	 the	

fundamental	underpinnings	of	solar	energy	capture,	their	limitations	hinder	advancements	

within	the	field.16	The	inflexibility	of	a	metal-localized	HOMO	in	MLCT	transitions	results	in	

limited	 control	 over	 the	 energy	 of	 the	 photoactive	 frontier	 molecular	 orbitals	 (pFMOs).	

Additionally,	the	use	of	rare	and	costly	noble	metals	inhibits	the	realization	of	scalable	and	

cost	 effective	 solar	 energy	 conversion	 strategies.17	 Donor-acceptor	 complexes	 based	 on	

ligand-to-ligand	charge-transfer	transitions	(LL′CT)	offer	a	promising	and	practical	solution	

to	 these	 problems.	 	 In	 LL′CT	 dyes,	 the	 pFMOs	 are	 localized	 primarily	 on	 redox-active	

ligands,	 not	 the	metal	 center,	 allowing	 for	 absolute	 control	 over	 the	 electrochemical	 and	

photo-physical	 properties	 of	 the	 sensitizer.	 	 With	 the	 limited	 involvement	 of	 the	 metal	

center	 in	 the	 formation	 of	 the	 charge-separated	 excited-state,	 noble	 metals	 may	 be	

replaced	by	first-row	transition	metals,	as	they	too	will	be	inconsequential	to	the	potency	

of	the	excited-state.	Our	group’s	initial	efforts	towards	this	goal	involved	the	synthesis	and	

characterization	 of	 a	 series	 of	 square-planar	 donor-acceptor	 (D-A)	 LL′CT	 dyes	 of	 the	

general	formula	(donor)NiII(acceptor)	where	donor	=	3,5-di-tert-butyl-catecholate,	(cat)2–;	

tetrachlorocatecholate,	 (catCl4)2–;	 and	 acceptor	 =	 (N,Nʹ-bis(2,4,6-trimethylphenyl)-2,3-

butanediimine,	 bdi;	 N,Nʹ-bis(2,4,6-trimethylphenyl)-acenaphthenediimine,	 adi;	 and	 N,Nʹ-

bis(2,4,6-trimethylphen-yl)-9,10-phenanthrenediimine,	 pdi).18	 The	 d8	 nickel(II)	metal	 ion	
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in	these	complexes	provides	a	stable,	closed-shell	electronic	configuration	and	the	square-

planar	 coordination	 environment	 enforces	 a	 coplanar	 arrangement	 of	 the	 donor	 and	

acceptor	 ligand.	The	 juxtaposition	of	donor	catecholate	and	acceptor	α-diimine	 ligands	 in	

these	complexes	manifests	intense	LL'CT	bands	that	can	be	tuned	between	650	and	1240	

nm	 (Figure	 2.1a).	 The	 electrochemical	 properties	 of	 these	 dyes	 are	 dependent	 on	 the	

nature	of	the	donor	and	acceptor	ligand	(Figure	2.1b).		For	example,	complexes	employing	

the	 electron-poor	 (catCl4)2–	 donor	 ligand	 display	 the	 most	 positive	 oxidation	 potentials,	

regardless	of	 the	acceptor	 ligand.	The	complexes	with	the	highly	conjugated	pdi	acceptor	

ligand	gave	the	least	negative	potentials,	regardless	of	the	donor	identity.	

	

Figure	 !.!	 Solution	 UV−vis−NIR	 absorption	 spectra	 of	 (cat)Ni(diimine)	 complexes	 and	
(catCl!)Ni(diimine)	 complexes	 in	THF	at	 567	K	 (left)	 and	Cyclic	 voltammetry	plots	 for	 complexes	
(cat)Ni(diimine)	complexes	and	(catCl!)Ni(diimine)	(right).!"	

	 This	 chapter	 details	my	 efforts	 to	 expand	 on	 our	 initial	 series	 of	 nickel(II)	 LL′CT	

dyes	 by	 incorporating	 the	 highly	 conjugated	 donor	 ligand,	 9,10	 phenanthrenediolate,	

(pdiol)2–	 and	 a	 new	 acceptor	 ligand,	 4,4ʹ-di-tert-bipyridine	 (bpytBu2)	 into	 the	 series.	 The	
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pairing	of	the	conjugated	(pdiol)2–	 ligand	with	the	low-lying	π*	LUMO	of	the	exo-cyclic	α-

diimine	 acceptor	 ligands	 (bdi,	 adi,	 pdi),	 allows	 us	 a	more	 in-depth	 understanding	 of	 the	

range	of	tunability	put	forth	by	these	systems.	We	expected	that	as	the	conjugation	of	the	

donor	 and	 acceptor	 ligand	 increases,	 the	 LL′CT	 transition	would	 lose	 its	 charge-transfer	

character.19	

	 This	 chapter	will	 present	 the	 synthesis	 and	 characterization	 of	 a	 series	 of	 donor-

acceptor	 LL′CT	 chromophores	 of	 square-planar	 nickel(II)	 centers	 with	 the	 general	

formulation	 (catecholate)Ni(diimine).	 The	 donor	 ligand,	 9,10	 phenanthrenediolate,		

(pdiol)2–	 	 is	 paired	with	 four	 different	 α-diimine	 acceptor	 ligands:	 4,4ʹ-di-tert-bipyridine,	

bpytBu2;	 (N,Nʹ-bis(2,4,6-trimethylphenyl)-2,3-butanediimine,	 bdi;	 N,Nʹ-bis(2,4,6-

trimethylphenyl)-acenaphthenediimine,	 adi;	 and	 N,Nʹ-bis(2,4,6-trimethylphenyl)-9,10-

phenanthrenediimine,	 pdi.	 Structural	 and	 spectroscopic	data	 confirm	 these	 complexes	 fit	

the	 donor-metal-acceptor	 model	 with	 a	 dianionic	 donor	 ligand	 and	 a	 fully	 oxidized	 α-

diimine	acceptor	ligand.	UV-vis-NIR	spectra	of	these	complexes	show	intense	LLʹCT	bands	

ranging	 from	 680	 to	 1340	 nm.	 Electrochemical	 studies	 show	 two,	 reversible	 α-diimine-

localized,	 one-electron	 reduction	 events	with	 potentials	 determined	by	 the	 nature	 of	 the	

acceptor	 ligand.	 The	 oxidation	 events	 of	 the	 (pdiol)2–	 donor	 ligand	 appear	 within	 a	

potential	range	of	0.5	V	and	exhibit	varying	degrees	of	reversibility.	The	results	reported	

herein	establish	a	family	of	highly	tunable	charge-transfer	dyes	based	on	an	earth	abundant	

metal	ion	and	readily	available	redox-active	ligands.		
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2.2	Results	and	Discussion	

2.2.1	Synthesis	and	Characterization		

	 Square-planar	 donor-acceptor	 (D-A)	 charge-transfer	 dyes	 reported	 herein	 were	

prepared	by	 leveraging	the	ability	of	phenanthrenedione	to	act	as	a	 two-electron	oxidant	

when	 reacted	 towards	 a	 low-valent	 metal	 center.20	 The	 installation	 of	 the	 catecholate	

ligand,	 (pdiol)2–	 was	 achieved	 by	 a	 two-electron	 redox	 reaction	 between	

phenanthrenequinone	and	the	Ni(0)	synthon,	Ni(cod)2.	The	general	method	of	preparation	

is	illustrated	in	Scheme	2-1.	Treatment	of	Ni(cod)2,	in	a	benzene	or	THF	solution,	with	the	

corresponding	 α-diimine	 acceptor	 ligand	 affords	 the	 putative	 (cod)Ni0(diimine)	

intermediate,	indicated	by	a	drastic	color	change	from	yellow	to	dark	red	(2.1	was	purple).	

Subsequent	addition	of	the	phenanthrenequinone	induces	a	two-electron	oxidation	of	the	

Ni(0)	intermediate	to	Ni(II),	and	a	two-electron	reduction	of	the	phenanthrenequinone		to	

the	 (phenanthrenediolate)2–	or	 (pdiol)2–.	The	 desired	 square-planar	 donor-acceptor	Ni(II)	

complexes,	 	 (pdiol)Ni(bpytBu2)	 (2.1),	 (pdiol)Ni(bdi)	 	 (2.2),	 (pdiol)Ni(adi)	 (2.3),	 and	

(pdiol)Ni(pdi)	(2.4)	were	isolated	as	deeply	colored	microcrystalline	solids	in	good	yields	

and	purity	(77-88%).			

	 Nickel	 complexes	 2.1–2.4	 are	 comprised	 of	 two	 different	 redox-active	 ligands	

tethered	 to	 a	 redox-active	metal	 center,	which	 leads	 to	multiple	 possible	 oxidation	 state	

assignments.	High-resolution	single	crystal	X-ray	diffraction	studies	were	conducted	on	all	

members	of	the	series.	The	oxidation	state	of	the	donor,	acceptor,	and	metal	center	can	be	

determined	by	evaluating	key	bond	lengths	within	the	ligand	platform.	Figure	2-2	shows	

the	ORTEP	diagrams	of	2.1–2.4	 and	Table	 2-1	 lists	 their	 relevant	bond	distances.	 	 Each	
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complex	 within	 the	 series	 adopts	 the	 expected	 square-planar	 geometry,	 consistent	 with	

diamagnetic,	 d8	 nickel(II)	 metal	 centers	 with	 no	 regular	 distortion	 pattern	 within	 the	

series.21,22			

Scheme	!-!	Synthetic	route	used	to	access	(pdiol)NiII(acceptor)	dyes	(top)	and	the	acceptor	ligands	
used	in	this	study	(bottom).	

	

	 The	 bite	 angles	 of	 the	 (pdiol)2–	 and	α-diimine	 ligands	 are	 consistent	with	O–Ni–O	

bites	angles	in	the	range	of	87.1–89.8˚	and	N–Ni–N	bite	angles	in	the	range	of	83.14–83.48°.	

Carbon-heteroatom	bond	distances	are	consistent	with	formal	oxidation	state	assignments	

of	 dianionic	 catecholate	 ligands	 and	 neutral	 α-diimine	 ligands.	 For	 example,	 within	 the	

bipyridyl	acceptor	ligand	of	complex	2.1,	the	C7(8)–N1(2)	distances	average	1.35	Å	and	the	

bridgehead	C7–C8	distance	measures	1.47	Å,	and	are	 identical	 to	carbon	nitrogen	double	

bonds	 and	 C–C	 single	 bonds	 of	 previously	 reported	 neutral	 bipyridyl	 ligands.23	 For	

complexes	with	 the	 exo-cyclic	 α-diimine	 acceptor	 ligands,	2.2	 and	2.3	 (bdi	 and	 adi),	 the	

average	C=N	bond	distance	measures	1.30	Å,	 and	 is	 fully	 consistent	with	 formal	 carbon-

nitrogen	 double	 bonds	 lengths.18	 For	 (pdiol)Ni(pdi)	 (2.4),	 the	 carbon-nitrogen	 bonds	

average	1.33	Å,	which	is	slightly	longer	than	the	C–N	distance	observed	in	2.2	and	2.3,	but	
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not	 long	 enough	 to	 indicate	 semiquinonate	 character	 (typically	 1.35	 Å).24	 The	 higher	

degree	 of	 conjugation	 in	 2.4	 associated	 with	 the	 phenanthrene	 backbone	 may	 result	 in	

delocalization	of	the	π-bonds	over	the	ligand	resulting	in	elongated	C=N	bonds.		

	

Figure	!.!	 	 	ORTEP	diagrams	of	(pdiol)Ni(bpytBu!)	(!.#),	(pdiol)Ni(bdi)	(!.!),	(pdiol)Ni(adi)	(!.#),	
and	 (pdiol)Ni(pdi)	 	 (!.#).	Thermal	 ellipsoids	 are	 shown	at	 34%	probability.	Hydrogen	atoms	and	
non-coordinated	solvent	molecules	(if	present)	have	been	omitted	for	clarity.	

Table	!-!		Selected	Bond	Distances	for	Complexes	!.#–!.#	
	

Bond	Distances	/	Å	

	 2.1	 2.2	 2.3	 2.4	

Ni–O(1)	 1.8380(14)	 1.8274(17)	 1.8219(11)	 1.8328(11)	
Ni–O(2)	 1.8295(13)	 1.8279(19)	 	 1.8388(11)	
Ni–N(1)	 1.8782(16)	 1.864(2)	 1.8837(13)	 1.8391(13)	
Ni–N(2)	 1.8782(16)	 1.875(2)	 	 1.8415(13)	
O(1)–C(1)	 1.353(2)	 1.347(3)	 1.34441(19)	 1.3282(19)	
O(2)–C(2)	 1.343(2)	 1.347(3)	 	 1.3297(18)	
C(1)–C(2)	 1.372(3)	 1.367(3)	 1.378(3)	 1.384(2)	
C(2)–C(3)	 1.428(3)	 1.425(3)	 	 1.432(2)	
C(3)–C(4)	 1.422(3)	 1.422(3)	 	 1.422(2)	
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	 2.1	 2.2	 2.3	 2.4	

C(4)–C(5)	 1.450(3)	 1.456(3)	 1.456(4)	 1.466(2)	
C(5)–C(6)	 1.426(3)	 1.421(3)	 1.419(2)	 1.422(2)	
C(1)–C(6)	 1.422(3)	 1.429(3)	 1.432(2)	 1.434(2)	
N(2)–C(8)	 1.353(3)	 1.304(3)	 1.302(2)	 1.332(2)	
N(1)–C(7)	 1.357(2)	 1.301(4)	 	 1.329(2)	
C(7)–C(8)	 1.470(3)	 1.462(5)	 1.461(3)	 1.462(2)	
	 	 	 	 	

	 Regarding	the	(pdiol)2–	donor	ligand,	the	average	C–O	distances	for	complexes	2.1–

2.3	measure	1.35	Å	which	is	within	the	range	of	1.35−1.36	Å	measured	for	C−O	distances	of	

the	 bis(catecholate)	 complex,	 [Ni(cat)2]2−.22	 Although	 complex	 2.4	 exhibits	 shorter	 C–O	

distances	averaging	1.33	Å,	they	are	still	longer	than	observed	1.31	Å	for	the	C–O	bonds	in	

bis(semiquinonate)	complexes	of	Ni(II).25	Overall,	the	crystallographic	data	are	consistent	

with	 the	 formal	 assignment	 of	 nickel(II)	 ions	 coordinated	 to	 one	 dianionic	 catecholate	

ligand	 and	 one	 neutral	 diimine	 ligand.	 Complex	 2.4	 does	 present	 evidence	 of	 a	 higher	

degree	 of	 delocalization	 across	 the	 molecule	 by	 displaying	 longer	 C=N	 bonds	 in	 the	

acceptor	ligand	and	shorter	C–O	bonds	in	the	donor	ligand.	

	 	Complexes	 2.1–2.4	 are	 diamagnetic	 in	 solution,	 consistent	 with	 their	 solid	 state	

structures,	and	indicative	of	closed-shell,	square-planar	nickel(II)	complexes.	Each	complex	

shows	sharp	1H	NMR	resonances	in	the	normal	diamagnetic	region	when	dissolved	in	the	

appropriate	deuterated	solvent	(see	Experimental).		According	to	the	solid-state	structures,	

complexes	2.1–2.4	 are	 C2v	 symmetric	 and	maintain	 this	 symmetry	while	 in	 solution.	 For	

example,	 the	 two	 chemically	 equivalent	 tert-butyl	 groups	 of	 the	 bpytBu2	 ligand	 in	 2.1	

appear	as	a	singlet	at	1.37	ppm	and	integrate	to	18	protons.	Likewise,	the	two	chemically	

equivalent	 methyl	 groups	 along	 the	 acceptor	 backbone	 of	 complex	 (pdiol)Ni(bdi)	 (2.2)	
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appear	 as	 a	 single	 resonance	 at	 1.74	 ppm	 integrating	 to	 6	 protons.	 The	 methyl	 proton	

resonances	 of	 the	mesityl	 groups	 in	2.2	 translate	 to	 two	 sharp	 singlets	 at	 2.40	 and	2.48	

ppm,	 integrate	 to	 6	 and	 12	 protons	 respectively,	 and	 correspond	 to	 the	 two	 equivalent	

methyl	 groups	 in	 the	para	 positions	 and	 the	 four	 equivalent	methyl	 groups	 in	 the	ortho	

positions	of	the	mesityl	rings	

2.2.2	Absorption	Profiles	 	

		

Figure	2.6	UV–vis–NIR	data	of	2.1–2.4	collected	in	THF	solutions	at	298	K		

	

	 All	nickel(II)	donor-acceptor	complexes	in	this	series	are	highly	colored	in	both	the	

solid	state	and	in	solution	reflecting	their	strong	absorption	properties	in	the	visible	region	

of	the	electromagnetic	spectrum.	The	absorption	spectra	of	complexes	2.1–2.4	in	THF	were	

collected	 from	300-1500	nm	and	are	 shown	 in	Figure	 2.3.	 The	band	maxima,	 extinction	

coefficients,	 ELL′CT,	 and	 solvatochromic	 shift	 of	 each	 (pdiol)NiII(acceptor)	 complex	 are	

summarized	in	Table	 	 2-2.	Since	the	donor	 ligand	is	the	same	for	every	complex,	we	can	
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attribute	 the	energies	of	 the	band	maxima	to	 the	nature	of	 the	acceptor	 ligands.	 	A	 trend	

can	be	denoted	from	the	obvious	decline	in	absorption	energies	in	the	order	of	bpytBu2	>	

bdi	>	adi	>	pdi.	The	greatest	variation	in	energy	is	observed	on	going	from	2.1	to	2.4	where	

a	 blue	 shift	 from	 1380	 nm	 (0.92	 eV)	 to	 680	 nm	 (1.82	 eV)	 occurs	when	 the	 α-diimine	 is	

switched	from	the	phenthrendiimine	acceptor	in	2.4	to	bpytBu2	ligand	in	2.1.		Swapping	the	

endo-cyclic	α-diimine	in	2.1	 for	the	exo-cyclic	butane-diimine	ligand	in	2.2	causes	a	large	

(0.68	eV)	red-shift	of	the	λmax	to	1090	nm.	Introducing	conjugation	into	the	backbone	of	the	

exo-cyclic	α-diimine	ligand,	as	is	the	case	with	the	acenaphthene	backbone	of	2.3,	 further	

red	shifts	the	band	maxima	from	1090	nm	(1.14	eV,	complex	2.2)	to	1310	nm	(0.95	eV).		

Table	!-!		Selected	Bond	Distances	For	Complexes	!.#–!."		
	 λmax	/	nm	 ε	/	M–1	cm–1	 ELL′CT	/	eV	 Solvatochromic	Shift	/SS	

2.1	 680	 3826	 1.329	 0.48	
2.2	 1090	 8500	 0.96	 0.17	
2.3	 1310	 9920	 0.821	 0.07	
2.4	 1370	 43	000	 0.823	 0	

Finally,	when	the	exo-cyclic	backbone	is	fully	conjugated,	as	is	the	case	with	the	backbone	

of	the	pdi	ligand	in	2.4,	an	additional	red	shift	of	60	nm	occurs	(0.04	eV)	to	1370	nm.		By	

varying	the	acceptor	ligand	we	were	able	to	tune	the	lowest	energy	absorption	by	0.92	eV.		

Switching	 from	 endo-	 to	 exo-cyclic	 α-diimine	 shrinks	 the	 HOMO-LUMO	 gap	 by	 0.68	 eV.	

Within	 the	 endo-cyclic	 subgroup	 of	 complexes	 (2.2–2.4)	manipulation	 of	 the	 amount	 of	

conjugation	across	the	acceptor	backbone	affords	a	tunable	range	of	0.24	eV.		

2.2.3	Solvatochromism	

	 The	presence	of	 two	different	redox-active	 ligands,	where	one	 is	electron	rich	and	

the	 other	 is	 electron	 poor	 should	 result	 in	 a	 dipolar	 ground	 state	 and	 exhibit	 negative	
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solvatochromic	 behavior	 in	 polar	 solvents.26,27	 As	 the	 dielectric	 constant	 of	 the	 solvent	

decreases,	 the	 band	 maxima	 blue	 shifts	 to	 higher	 energy.	 In	 order	 to	 quantify	 the	

solvatochromic	 response	 and	 determine	 the	 strength	 of	 the	 ground-state	 dipole,	 the	

solvatochromic	 shift	 number	 (SS)	was	 determined	 for	 each	 complex	 and	 listed	 in	Table	

2.2.	 The	 LL′CT	 excited-state	 energy	 was	 estimated	 from	 the	 low-energy	 onset	 of	 the	

absorption	 curve	 for	 each	 solvent,	 demonstrated	 in	 Figure	 2.4c.	 Measurements	 of	 the	

complexes	 containing	 the	 exo-cyclic	 α-diimine	 ligands	 (complexes	 2.2–2.4,	 not	 shown)	

were	 taken	 in	 MeCN,	 DMF,	 THF,	 benzene,	 and	 toluene;	 the	 lowest	 energy	 transitions	

behaved	almost	uniformly	and	exhibited	little-to-no	solvatochromic	shift	(Table	2.2).	

	

Figure	 !.!	 a)	 Normalized	 absorption	 spectra	 of	 (pdiol)Ni(bpytBu!)	 (!.#)	 in	 DMF,	 DCM,	 THF,	
benzene,	 and	 toluene;	b)	plot	of	 the	 linear	 correlation	between	 the	energy	of	 the	charge-transfer	
state	 and	 empirical	 solvent	 number	 (ESN)	 onset	 LL′CT	 absorption	 versus	 the	 empirical	 solvent	
number	for	each	solvent;	c)	estimation	of	the	onset	LL′CT	absorption.	

Complexes	(pdiol)Ni(pdi)	(2.4)	and	(pdiol)Ni(adi)	(2.3)	yielded	negligible	solvatochromic	

shift	values	of	0,	and	0.07,	respectively	while	complex,	2.2,	with	the	butane-diimine	ligand,	

gave	 a	 slightly	 larger	 value	 of	 0.17	 (SS).	 In	 contrast,	 the	 energy	 of	 the	 charge-transfer	

transition	of	complex	2.1,	with	the	endo-cyclic	α-diimine	ligand,	showed	great	dependence	

on	the	polarity	of	the	solvent.		Figure	2.4a	shows	the	electronic	absorption	spectra	of	2.1	
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where,	the	λmax	is	~600	nm	(2.0	eV)	in	MeCN	and	red	shifts	to	~780	nm	in	toluene.	As	the	

dielectric	constant	of	the	solvent	increases,	so	does	the	energy	of	the	charge-transfer	band.	

To	eliminate	errors	associated	with	changes	in	the	intensity	of	different	vibronic	bands,	the	

excited-state	energies	used	 in	Figure	 2.4b	were	estimated	 from	 the	 low-energy	onset	of	

the	absorption	curve	as	shown	in	Figure	2.4c.		The	slope	of	the	line	in	Figure	2.ba	gave	a	

solvatochromic	 shift	 of	 0.483	 indicating	 that	 the	 polarity	 of	 the	 ground	 state	 can	 be	

described	 as	 dipolar,	 whereas	 the	 negligible	 SS	 values	 for	 2.2–2.4	 indicate	 the	 lack	 of	

dipole	in	the	ground	state.	

2.2.4	Electrochemistry		

	 The	 electrochemical	 behavior	 of	 compounds	 2.1–2.4	 was	 studied	 by	 cyclic	

voltammetry	and	differential	pulse	voltammetry,	 and	both	voltammograms	are	 shown	 in	

Figure	2.5.	The	potentials,	listed	in	Table	2-3,	were	recorded	in	THF	solutions	containing	

0.10	M	[Bu4N][PF6]	as	the	supporting	electrolyte	at	a	glassy-carbon	working	electrode.	Bulk	

measurements	(*)	concluded	that	the	initial	event	located	on	the	left	and	right	of	the	bulk	

material	(denoted	by	*)	corresponds	to	the	first	reduction	(E°ʹ3)	and	first	oxidation	(E°ʹ2)	

events,	respectfully.		

	 All	 complexes	 displayed	 two	 one-electron	 reduction	 processes	 that	 appear	 to	 be	

fully	 reversible	 (ipa/ipc	 ≅	 1.0)	 and	 correspond	 to	 the	 [α-diimino-semiquinonate�]–/[α-

diimine]0	 couple	 (E°ʹ3)	 and	 [α-diimino-semiquinate�]–/[α-diamino-quinonate]2–	 couple	

(E°ʹ4).	 	The	potential	of	 these	events	are	heavily	dependent	on	the	nature	of	 the	acceptor	

ligand	 and	 display	 the	 trend	 discussed	 in	 the	 absorption	 spectroscopy	 where	 reduction	

potentials	 are	 more	 negative	 ongoing	 from	 pdi	 to	 bpytBu2.	 For	 example,	 the	 complex	
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containing	the	endo-cyclic	α-diimine	ligand,	bpytBu2	(2.1)	exhibited	the	most	negative	first	

and	second	reduction	potentials	of	the	series:	–1.94	and	–2.68	V	vs.	[Cp2Fe]+/0,	respectively.			

	

Figure	 !.!	 Cyclic	 voltammograms	 of	 (pdiol)Ni(bpytBu!)	 (!.#),	 (pdiol)Ni(bdi)	 (!.!),	 (pdiol)Ni(adi)	
(!.#),	 and	 (pdiol)Ni(pdi)	 (!.#)	 (left)	 and	 Differential	 pulse	 voltammograms	 !.#–!.#	 (right).	
Measurements	taken	as	,mM	solutions	in	THF	containing	/.1	M	[Bu!N][PF!]	supporting	electrolyte.	
Data	were	collected	at	a	glassy	carbon	working	electrode,	with	a	platinum	wire	counter	electrode,	
and	a	silver	wire	pseudo-reference	electrode	using	a	scan	rate	of	011	mV	s–!.	

When	the	acceptor	ligand	is	switched	to	the	exo-cyclic	butane-diimine	ligand,	as	is	the	case	

with	2.2,	E°ʹ3	 shifts	anodically	by	370	mV.	Likewise,	when	conjugation	 is	 introduced	 into	

the	diimine	backbone,	as	is	the	case	with	2.3,	another	cathodic	shift	of	240	m	V	to	–1.33	V	

vs.	 [Cp2Fe]+/0	 occurs.	 The	 most	 conjugated	 exo-cyclic	 acceptor	 of	 the	 series,	 pdi	 is	 the	

easiest	to	reduce,	exhibiting	the	most	positive	first	(and	second)	reduction	potential(s)	of	

the	series,	–1.19	V	vs.	[Cp2Fe]+/0.		The	reduction	potentials	follow	the	same	trend	exhibited	

by	the	energy	of	the	band	maxima,	that	is,	the	exo-cyclic	α-diimine	acceptor	(bpytBu2,	2.1)	

has	the	highest	energy	LUMO,	while	the	energies	of	the	LUMOs	residing	on	the	endo-cyclic	
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α-diimines	decrease	with	increasing	conjugation.	In	total,	the	energy	of	the	first	reduction	

potential	was	tuned	0.75	V	through	variation	of	the	acceptor	ligand.	

Table	!-!	Reduction	Potentials	(V	vs.	[Cp!Fe]+/#)	for	Complexes	!.#–!.#	at	$%&	K	in	THF	Solution		
E°'	/	V	vs	[Cp2Fe]+/0	

	 E°'1	 E°'2	 E°'3	 E°'4	
E°'2	–	E°'3		 [Ni]2+/1	 [Ni]+/0	 [Ni]0/–	 [Ni]1–/2–	

2.1	 –0.141	 –0.777	 –1.93	 –2.67	 1.15	
2.2	 –0.15	 –0.55	 –1.57	 –2.52	 1.02	
2.3	 –0.13	 –0.63	 –1.33	 –2.24	 0.70	
2.4	 –0.04	 –0.27	 –1.19	 –1.95	 0.92	

	 The	first	oxidation	event	(E°ʹ2)	corresponds	to	the	removal	of	an	electron	from	the	

HOMO	 localized	 on	 the	 phenanthrenediolate	 ligand	 to	 generate	 the	 phenanthrene-

seminquinonate	donor.	For	each	complex,	 this	event	appears	within	a	range	of	potentials	

and	 with	 varying	 degrees	 of	 reversibility.	 (pdiol)Ni(bpytBu2)	 (2.1)	 shows	 a	 (generally)	

reversible	first	oxidation	event	that	is	the	most	negative	of	the	series,	with	a	potential	of	–

0.72	 V	 vs.	 [Cp2Fe]+/0,	 indicating	 that	 it	 is	 most	 easily	 oxidized.	 	 Complexes	2.2	 and	2.3,	

exhibit	less	negative	first	oxidation	potentials	at	–0.55	and	–0.63	V,	respectively.	While	this	

event	 appears	 fully	 reversible	 for	2.2,	 for	2.3	 the	 return	wave	 is	 broad	 and	 cathodically	

shifted.	 Complex	 2.4,	 exhibited	 the	 least	 negative	 potential	 corresponding	 to	 the	 first	

oxidation	event	 at	 –0.27	V	vs.	 [Cp2Fe]+/0.	 	 It	 appears	 fully	 reversible	but	 almost	overlaps	

with	a	second	oxidation	event	beginning	at	–0.14	V	vs.	[Cp2Fe]+/0.		

2.3	Summary	

	 Four	new	nickel(II)	 square-planar	donor-acceptor	 complexes	have	been	described	

in	 this	 Chapter	 where	 the	 redox	 active	 phenanthrenediolate	 donor	 ligand,	 (pdiol)2–	 is	
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paired	 with	 a	 Ni(II)	 metal	 ion	 and	 perturbations	 of	 the	 LUMO	 orbital	 are	 investigated	

through	 the	 variation	 of	 four	 different	 α-diimine	 acceptor	 ligands.	 The	 synthetic	method	

employed	herein	allows	for	the	independent	installation	of	the	donor	and	acceptor	ligands.	

Where	 the	acceptor	 ligand	 is	 installed	 first	and	 in	 its	neutral	 form,	 the	 installation	of	 the	

[donorcat]2–	involves	 a	 two-step	 redox	 reaction	 that	 twice	 oxidizes	 the	Ni(0)	 synthon	 and	

twice	reduces	the	phenanthrenequinone	to	phenanthrenediolate,	(pdiol)2–.	The	ligand	field	

imposed	by	the	square-planar	geometry	of	the	Ni(II)	ion	allows	for	the	HOMO	of	the	donor	

ligand,	and	 the	LUMO	of	 the	acceptor	 ligand	 to	be	electronically	 inserted	above	 the	 filled	

and	below	the	empty	metal	orbitals.		

	 By	systematically	varying	the	electronic	nature	of	the	α-diimine	acceptor	ligand	we	

were	 able	 to	 tune	 the	 energy	 of	 the	 LL′CT	 absorption	 a	 total	 of	 0.90	 eV	 and	 the	 first	

reduction	 potential	 by	 0.75	 V.	 The	 complex	 equipped	 with	 the	 endo-cyclic	 bpytBu2	

acceptor,	 (pdiol)Ni(bpytBu2)	 (2.1)	 gave	 rise	 to	 HOMO	 and	 LUMO	 orbitals	 that	 are	

energetically	well	isolated	from	one	another	as	indicated	by	exhibiting	the	highest	energy	

LL′CT	 transition	 (1.82	 eV)	 and	 the	 largest	 difference	 in	 potentials	 between	 the	 first	

oxidation	and	first	reduction.	The	complexes	with	the	exo-cyclic	acceptors,	2.2–2.4	showed	

smaller	 HOMO-LUMO	 gaps	 as	 indicated	 by	 their	 red-shifted	 absorption	 profiles	 and	 less	

negative	reduction	potentials.	Within	 the	subgroup	of	endo-cyclic	α-diimine	acceptors,	as	

the	conjugation	increases	ingoing	from	bdi	<	adi	<	pdi,	the	energy	of	the	LUMO	is	lowered;	

made	 evident	 by	 less	 negative	 reduction	 potentials	 following	 the	 same	 order.	 The	 trend	

observed	in	the	electrochemical	profiles	is	also	observed	in	the	absorption	data	where	the	

energy	 of	 the	 LL′CT	 transitions	 decreased	 as	 such:	 bdi	 >	 adi	 >	 pdi.	 The	 extent	 of	

thermodynamic	control	over	the	energies	of	the	frontier	molecular	orbitals	was	met	with	
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the	 pdi	 ligand	 where	 the	 extended	 conjugation	 of	 the	 acceptor	 backbone	 lead	 to	

delocalization	 across	 the	 entire	 molecule	 and	 resulted	 in	 the	 loss	 of	 charge-transfer	

character	in	the	lowest	energy	transition.	Overall,	a	more	comprehensive	understanding	of	

the	 modularity	 and	 degree	 of	 control	 over	 the	 spectroscopic	 and	 electrochemical	

parameters	was	made	and	will	be	employed	in	the	chapters	ahead.	

2.4	Experimental	

	 General	 Considerations. All	 compounds	 and	 reactions	 reported	 below	 show	

various	levels	of	air-	and	moisture-sensitivity;	therefore	all	manipulations	were	carried	out	

using	standard	vacuum-line,	Schlenk-line,	and	glovebox	techniques.	Solvents	were	sparged	

with	 argon	 before	 being	 deoxygenated	 and	 dried	 by	 passage	 through	 Q5	 and	 activated	

alumina	columns,	respectively.	To	test	for	effective	oxygen	and	water	removal,	aliquots	of	

each	solvent	were	treated	with	a	few	drops	of	a	purple	solution	of	sodium	benzophenone	

ketyl	 radical	 in	 THF.	 The	 reagents:	 phenanthrenequinone,	 (Acros);	 4,4ʹ-di-tert-butyl-2,2ʹ-

bipyridine,	bpytBu2	(Sigma);	and	Ni(cod)2	(Strem)	were	reagent	grade	or	better	and	used	

as	 received.	 The	 exo-cyclic	 α-diimine	 ligands:	 N,Nʹ-bis(2,4,6-trimethylphenyl)-2,3-

butanediimine	 (bdi)28;	 	 N,Nʹ-bis(2,4,6-trimethylphenyl)acenaphthenediimine	 (adi)29,	 and	

N,Nʹ-bis(2,4,6-trimethylphenyl)-9,10-phenanthrenediimine	 (pdi)30	 were	 prepared	

according	to	published	procedures.	

	 Spectroscopic	 Measurements.	 NMR	 spectra	 were	 collected	 at	 298	 K	 on	 a	

BrukerAvance	400	MHz	or	500	MHz	spectrometer	in	dry,	degassed,	d8-THF,	C6D6,	or	CDCl3.		

1H	 NMR	 spectra	 were	 referenced	 to	 tetramethylsilane	 (TMS)	 using	 the	 residual	 1H	

impurities	of	the	deuterated	solvent.	All	chemical	shifts	are	reported	using	the	standard	δ	
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notation	 in	 parts	 per	million;	 positive	 chemical	 shifts	 are	 to	 a	 higher	 frequency	 of	 TMS.	

Electronic	 absorption	 spectra	were	 recorded	with	 a	 PerkinElmer	 Lamda	 900	UV-vis-NIR	

Spectrometer	using	one-centimeter	path-length	cells	at	ambient	temperature	(20-24	°C).	

	 Electrochemical	Methods.	Electrochemical	experiments	were	recorded	on	a	Gamry	

Series	G300	potentiostat/galvanostat/ZRA	 (Gamry	 Instruments,	Warminster,	 PA)	using	 a	

3.0	mm	glassy	carbon	working	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	silver	

wire	pseudo-reference	electrode.	Reversibility	of	a	redox	process	was	judged	based	on	the	

ratio	 of	 the	 anodic	 to	 the	 cathodic	 current	 being	 close	 to	unity	 (ipa/ipc	≅	1)	 for	 a	 given	

process.	Electrochemical	experiments	were	performed	at	ambient	temperature	(20-24	°C)	

in	 a	 nitrogen-filled	 glovebox	 using	 THF	 solutions	 containing	 1	mM	 analyte	 and	 100	mM	

[NBu4][PF6]	as	the	supporting	electrolyte.	All	potentials	are	referenced	to	[Cp2Fe]+/0	using	

ferrocene	 or	 decamethylferrocene	 (−0.49	 V	 vs	 [Cp2Fe]+/0)26	 as	 internal	 standards.	

Ferrocene	and	decamethylferrocene	(Acros)	were	purified	by	sublimation	under	reduced	

pressure	 and	 tetrabutylammonium	hexafluorophosphate	 (Acros)	was	 recrystallized	 from	

ethanol	three	times	and	dried	under	vacuum.		

	 X-ray	Data	Collection	and	Reduction.	X-ray	diffraction	data	for	all	complexes	were	

collected	on	single	crystals	mounted	on	either	a	glass	fiber	or	a	cryoloop	and	coated	with	

oil.	Data	were	acquired	using	a	Bruker	SMART	APEX	II	diffractometer	at	143	K	using	Mo	Kα	

radiation	(λ	=	0.71073	Å).	The	APEX227	program	package	was	used	to	determine	unit-cell	

parameters	and	for	data	collection.	The	raw	frame	data	were	processed	using	SAINT28	and	

SADABS29	 to	yield	 the	reflection	data	 file.	Subsequent	refinement	cycles	were	carried	out	

using	 the	 SHELXTL	program	 suite.30	 Analytical	 scattering	 factors	 for	 neutral	 atoms	were	



	 37	

used	 throughout	 the	 analyses.31	 ORTEP	 diagrams	 were	 generated	 using	 ORTEP-3	 for	

Windows.32	Diffraction	data	for	2.1–2.4	is	given	in	Table	2-4.	

	

Table	!-!	Diffraction	Data	for	Complexes	!."–!.#	

	

	 Synthesis	 of	 (pdiol)Ni(bpytBu2)	 (2.1):	 Complex	 2.1	 was	 prepared	 by	 treating	

Ni(cod)2	 (0.069g,	0.25	mmol,	1	equiv)	with	one	equivalent	of	4,4’-di-tert-butyl	bipyridine	

(0.067g,	 0.25	 mmol,	 1	 equiv)	 to	 generate	 a	 dark	 purple	 solution.	 The	 (cod)Ni(bpytBu2)	

intermediate	was	then	treated	with	one	equivalent	of	9,10	phenanthrenequinone	(0.052	g,	

0.25	mmol,	1	equiv)	and	stirred	for	8	hours.	The	resulting	dark	green	solution	was	filtered	

and	 the	precipitate	washed	with	 cold	pentane	 to	yield	2.1	 as	 an	evergreen	solid	 (95	mg,	

	 	 	 	

	 (pdiol)Ni(bpytBu2)	
2.1	

(pdiol)Ni(bdi)		
2.2	

(pdiol)Ni(adi)		
2.3	

(pdiol)Ni(pdi)	
2.4	

empirical	
formula	 C32H32N2O2Ni	 C36H36N2O2Ni	 C44H36N2O2	Ni	 C46H38N2O2Ni•	

¼(C6H6	)	
formula	
weight	 535.29	 587.38	 683.46	 729.02	

crystal	
system	 Monoclinic	 Monoclinic	 Monoclinic	 Triclinic	

space	group	 P21/n	 P21/n	 C2/c	 P	Ī	
a/	Å	 16.0397(17)	 11.5185(7)	 17.5572(17)	 11.7093(6)	
b/	Å	 9.7965(10)	 14.8995(9)	 23.260(2)	 19.2228(10)	
c/	Å	 17.3067(18)	 17.7806(10)	 8.5639(8)	 20.4554(11)	
α/deg	 90.00	 90.00	 90.00	 105.1048(7)	
β/deg	 107.6518(13)	 91.4097(7)	 109.2445(12)	 103.0242(7)	
γ/deg	 90.00	 90.00	 90.00	 107.2972(7)	
V	/Å3	 2591.4(5)	 3050.6(3)	 3301.9(5)	 4008.5(4)	
Z	 4.00	 4.00	 4.00	 4.00	
refl	

collected	 45818	 33246.00	 18153.00	 49543.00	

indep	refl	 9470	 6725	 4182.00	 19320.00	
R1	 0.0393	 0.05	 0.04	 0.04	
wR2	 0.09	 0.11	 0.10	 0.10	
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71%	yield).	1H	NMR	(400	MHz,	CDCl3)	δ	8.94	=	(d,	J	=	5.7	Hz,	2H),	8.19	(d,	J	=	8.31	Hz,	2H),	

8.11	(d,	J	=	7.92	Hz,	2H),	7.51	(s,	2H),	7.44	(t,	J	=	15.0,	7.14,	2H),	7.40	(d,	J	=	5.37,	2H)	7.26	(t,	

J	=	14.8,	7.68,	2H),	1.37	 (s,	18H).	 13C	NMR	(126	MHz;	CDCl3)	δ/	ppm:	163.1	 (C=N),	152.9	

(C−O),	 149.2	 (aryl–C),	 147.0	 (aryl–C),	 128.9	 (aryl–C),	 124.5(aryl–C),	 124.2	 (aryl–C),	

122.3(aryl–C),	 120.4	 (aryl–C),	 119.7	 (aryl–C),	 116.8	 (aryl–C),	 135.4	 (–C(CH3)3),	 130.3	 (–

C(CH3)3).	UV-vis-NIR	[THF;	λmax/nm	(ε/M-1	cm-1)]:	680	(3826),	370	(15963).		

	 Synthesis	of	(pdiol)Ni(bdi)	(2.2).	Complex	2.2	was	prepared	using	N,Nʹ-bis(2,4,6-

trimethylphenyl)-2,3-butanediimine	 (160	mg,	 0.5	mmol,	 1	 equiv),	 Ni(cod)2	 (138	mg,	 0.5	

mmol,	1	equiv),	and	9,10-phenanthrenequinone	 (104	mg,	0.5	mmol,	1	equiv)	 in	benzene.	

The	product	was	isolated	as	a	green	microcrystalline	solid	and	purified	by	recrystallization	

with	THF	and	pentane	and	subsequent	washing	with	cold	pentane	to	yield	a	 forest	green	

microcrystalline	 solid	 (189	mg,	 64%	 yield).	 X-ray	 quality	 crystals	 were	 grown	 by	 vapor	

diffusion	of	pentane	into	a	solution	of	2.2	in	THF.		1H	NMR	(500	MHz;	d8-THF)	δ/ppm:	1.74	

(s,	6H),	1.74	(s,	C=N-Me,	6H),	2.40	(s,	p-Me,	6H),	2.48	(s,	o-Me,	12H),	7.05	(m,	8H),	7.36	(d,	J=	

7.8,	2H),	8.27	(d,	J	=	7.9,	2H).	13C	NMR	(126	MHz;	d8-THF)	δ/	ppm:	169.2	(C=N(CH3)),	151.6	

(C−O),	143.0	(aryl–C),	137.0	(aryl–C),	131.7	(aryl–C),	129.5	(aryl–C),	129.3	(aryl–C),	129.1	

(aryl–C),	125.5	(aryl–C),	125.0	(aryl–C),	122.6	(aryl–C),	121.4	(aryl–C),	120.6	(aryl–C),	21.6	

(p-CH3),	19.1	(o-CH3),	17.8	(C=N(CH3)).	Anal.	Calcd	 for	C36H36N2O2Ni:	C,	73.61;	H,	6.18;	N,	

4.77.	 Found:	 C,	 73.23;	 H,	 6.13;	 N,	 4.46.	 	 UV−vis−NIR	 [THF;	 λmax/nm	 (ε/M−1	 cm−1)]:	 420	

(3500),	1090	(8500).		

	 Synthesis	of	(pdiol)Ni(adi)	(2.3).	Complex	2.3	was	prepared	using	N,N′-bis(2,4,6-

trimethylphenyl)-acenaphthenediimine	 (104	 mg,	 0.25	 mmol,	 1	 equiv),	 Ni(cod)2	 (69	 mg,	

0.25	 mmol,	 1	 equiv),	 and	 9,10-phenanthrenequinone	 (52	 mg,	 0.25	 mmol,	 1	 equiv)	 in	
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benzene.	The	product	was	isolated	as	a	brownish	green	solid.	X-ray	quality	crystals	of	2.3	

were	obtained	by	layering	a	THF	solution	of	the	complex	with	pentane	(70	mg,	47%	yield).	

1H	NMR	(500	MHz;	d8-THF)	δ/ppm:	2.47	 (s,	p–Me,	6H),	2.61	 (s,	o–Me,	12H),	6.81	 (s,	2H),	

7.16	 (m,	8H),	7.29	 (s,	1H),	7.45	 (s,	2H),	7.51	 (s,	2H),	8.32	 (s,	2H).	 13C	NMR	(126	MHz;	d8-

THF)	 δ/ppm:	 166.3	 (C=N),	 152.2	 (C−O),	 142.6	 (aryl–C),	 142.1	 (aryl–C),	 136.7	 (aryl–C),	

131.6	(aryl–C),	131.4	(aryl–C),	129.9	(aryl–C),	129.3	(aryl–C),	128.8	(aryl–C),	128.1	(aryl–

C),	 127.3	 (aryl–C),	 125.5	 (aryl–C),	 124.6	 (aryl–C),	 122.3	 (aryl–C),	 121.9	 (aryl–C),	 121.7	

(aryl–C),	 120.0	 (aryl–C),	 20.5	 (p–CH3),	 17.9	 (o–CH3).	 UV−vis−NIR	 [THF;	 λmax/nm	 (ε/M−1	

cm−1)]:	328	(25	054),	1310	(9920).		

	 Synthesis	of	(pdiol)Ni(pdi)	(2.4).	Complex	2.4	was	prepared	using	N,N′-bis(2,4,6-

trimethylphenyl)-9,10-phenanthrenediimine	 (180	mg,	 0.25	mmol,	 1	 equiv),	 Ni(cod)2	 (69	

mg,	0.25	mmol,	1	equiv),	 and	9,10-phenanthrenequinone	 (52	mg,	0.25	mmol,	1	equiv)	 in	

benzene.	 Recrystallization	 with	 benzene	 and	 pentane	 yielded	 the	 product	 as	 a	 dark	

brown/amber	microcrystalline	solid	(150	mg,	85%	yield).	Layering	a	benzene	solution	of	

2.4	with	pentane	resulted	in	the	precipitation	of	X-ray	quality	crystals.	1H	NMR	(400	MHz;	

C6D6)	 δ/ppm:	 2.39	 (s,	 o-Me,	 6H,),	 2.50	 (s,	 p-Me,	 12H),	 6.83	 (t,	 J	 =	 7.8,	 2H),	 7.05	 (s,	 4H,),	

7.08−7.14	(m,	4H),	7.32	(t,	J	=	7.5,	2H),	7.83	(d,	J	=	8.4,	2H),	7.79	(d,	J=	8.6,	2H),	7.97	(d,	J	=	

7.8,	2H),	8.08	(d,	J	=	8.1,	2H).	13C	NMR	(126	MHz;	C6D6)	δ/ppm:	161.2	(C−O),	154.0	(C=N),	

147.5	(aryl–C),	136.2	(aryl–C),	133.3	(aryl–C),	131.1	(aryl–C),	128.9	(aryl–C),	128.8	(aryl–

C),	 128.6	 (aryl–C),	 128.4	 (aryl–C),	 128.4	 (aryl–C),	 127.9	 (aryl–C),	 126.6	 (aryl–C),	 126.0	

(aryl–C),	125.7	(aryl–C),	124.6	(aryl–C),	123.2	(aryl–C),	122.4	(aryl–C),	 	21.6	(p-CH3),	19.6	

(o-CH3).	Anal.	Calcd	for	C46H38N2O2Ni:	C,	77.87;	H,	5.40;	N,	3.95.	Found:	C,	77.55;	H,	7.30;	N,	

3.62.	UV−vis−NIR	[THF;	λmax/nm	(ε/M−1	cm−1)]:	370	(1600),	1370	(43	000).		
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3	

Chapter	3	

Near-IR	Absorbing	Ni(II)(bipyridyl)	LL′CT	Complexes	Supported	

By	the	Redox-Active	Amidophenolate	Donor	Ligand	
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3.1	 Introduction	

	 Over	the	course	of	millennia	nature	has	developed	highly	complex	photosystems	to	

utilize	 as	 much	 of	 the	 visible	 solar	 spectrum	 as	 efficiently	 as	 possible	 in	 order	 to	 fuel	

important	 chemical	 reactions.	 Within	 these	 photosystems,	 multiple	 light	 harvesters	 or	

chromophores	 are	 tuned	 to	 absorb	 specific	 wavelengths.	 Where	 some	 chromophores	

absorb	high-energy	light	in	the	blue	and	violet	regions	(380-500	nm),	others	absorb	lower-

energy	 red	 and	 NIR	 photons	 (620-1000	 nm).	 For	 example,	 the	 primary	 photosynthetic	

pigment	 used	 in	 land	 plants,	 Chlorophyll	 a,	 absorbs	 photons	 around	 680	 nm	 while	 it’s	

complimentary	pigment;	Chlorophyll	b	absorbs	photons	of	shorter	wavelengths	(400-500	

nm,	 Figure	 3.1,	 green	 trace).	 These	 natural	 dyes	 in	 Photosystem	 II	 work	 in	 tandem	 to	

harness	enough	photon	energy	to	power	crucial	chemical	reactions	such	as	water	oxidation	

and	NADP+	reduction.1,2	

	

Figure	!.!		Solar	spectrum	utilization	by	natural	chromophores.	Figure	taken	from	Ref.	:	

	 Anaerobic	 photosynthetic	 light	 harvesters	 such	 as	 bacteriochlorophyll	 a	 and	 b	

(Figure	 3.1,	 yellow	and	blue	 trace)	are	designed	utilize	even	 lower-energy	 light	 to	drive	

anaerobic	processes	such	as	trans	membrane	proton	translocation.1,2	The	light	harvesting	

dyes	nature	has	developed	appears	to	follow	certain	criteria:	1)	the	λmax	of	the	dye	should	
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absorb	within	an	area	of	peak	photon	flux,	and	2)	the	onset	of	the	lowest	energy	absorption	

(Ehν)	 should	 align	 with	 the	 longest	 wavelength	 available	 within	 the	 limitation	 that	 the	

photon	absorbed	must	have	enough	energy	to	fuel	the	desired	chemical	reactions.2	In	our	

efforts	 to	 design	 LL′CT	 dyes	 relevant	 to	 enhancing	 the	 scalability	 and	 efficiency	 of	 solar	

energy	conversion	strategies,	we	look	to	nature’s	design	for	inspiration.	Where	nature	has	

learned	 to	employ	earth	abundant	metal	 ions	 to	enhance	 light-harvesting	 throughout	 the	

visible	region	and	into	the	near-infrared	(NIR),	we	too	can	design	coordination	complexes	

of	 non-precious	 metal	 ions	 that	 utilize	 NIR	 photons	 to	 access	 potent	 excited-states.3-5	

Complexes	based	on	LL′CT	transitions	provide	a	promising	platform	to	realize	such	a	dye.	

Earth-abundant	 donor-acceptor	 LL′CT	 chromophores	 can	 be	 designed	 to	 act	 as	 a	 potent	

excited-state	reductant	through	the	correct	choice	of	metal	ion,	donor	and	acceptor	ligand.		

	 A	strongly	reducing	NIR	photosensitizer	can	be	realized	through	the	optimization	of	

the	 thermodynamic	 parameters	 discussed	 in	 Chapter	 1,	 specifically	 the	 energy	 of	 the	

photon	absorbed	and	 the	dye’s	excited-state	oxidation	potential	 (E+/*).6	A	 ‘red-absorbing’	

photosensitizer	should	absorb	photons	as	 low	as	1.0	eV	 to	access	excited	state	reduction	

potential	 capable	 of	 performing	 important	 electron	 transfer	 reactions,	 such	 as	 electron	

injection	into	large	band-gap	semiconductors.	

	 Given	that	bipyridyl-type	ligands	are	known	to	inject	electrons	into	the	conduction	

band	 of	 TiO2,7-9	 for	 this	 series	 of	 LL′CT	 dyes,	 we	 chose	 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine	

(bpytBu2)	 and	 1,10-phenanthroline	 (phen)	 to	 be	 acceptor	 ligands.	 The	 redox-active	

amidophenolate	 ligand	 was	 chosen	 as	 the	 donor.	 Amidophenolates	 can	 be	 viewed	 as	 a	

hybrid	 between	 ortho-phenylenediamines	 and	 catecholate	 derivatives	with	 their	 specific	
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structures,	 2,4-di-tert-butyl-6-((2,6-diisopropylphenyl)amidophenolate	 (ap)2–	 and	

phenanthren-9,10((2,6-diisopropylphenyl)amidophenolate)	(apPh)2–,	shown	in	Chart	3–1.	

Chart	 !-!	 a)	The	 accessible	 oxidation-states	 of	 the	 amidophenolate	 donor	 ligand	 and	 b)	 specific	
amidophenolate	ligands	used	in	this	study.	

	

	

Figure	!.!	Qualitative	molecular	orbital	diagram	of	catecholate	vs.	amidophenolate	donor-acceptor	
complexes.		
	

Derivatives	of	 these	 ligands	have	been	thoroughly	studied	 in	our	 lab	and	others	where	 it	

has	 been	 shown	 they	 can	 coordinate	 to	 a	 transition	 metal	 ion	 in	 their	 dianionic,	

monoanionic,	and	neutral	forms.10-13	They	have	redox	chemistry	analogous	to	catecholates	

and	 ortho-phenylenediamines.	 Electrochemical	 studies	 of	 [Ru(ap)(bpy)2]2+	 complexes	

conducted	by	Lever	et	al.	demonstrated	the	strong	reducing	power	of	the	amidophenolate	

ligand	 by	 showing	 for	 every	 oxygen	 atom	 replaced	 with	 a	 nitrogen	 atom,	 the	 ligand	

reduction	 potential	 became	 0.5	 V	 more	 negative.	 The	 observed	 cathodic	 shift	 was	
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attributed	 to	 the	 amido-based	 HOMO	 being	 higher	 in	 energy	 when	 compared	 to	 the	

catecholate-centered	HOMO	in	analogous	complexes,	and	is	illustrated	in	Figure	3.2.	Based	

on	 the	 observed	 perturbations	 to	 the	 HOMO	 orbital,	 NIR	 or	 ‘red	 absorbing’	 dyes	 can	 be	

realized	by	the	incorporation	of	a	strongly	reducing	amidophenolate	as	the	donor	ligand.14		

	 To	 examine	 the	 effects	 the	 (ap)2–	 and	 (apPh)2–	 have	 on	 the	 photo-physical	 and	

electrochemical	properties	of	square	planar	Ni(II)bipyridyl	dyes,	 this	chapter	will	discuss	

the	 synthesis,	 characterization,	 and	 experimental	 analysis	 of	 donor-acceptor	 LL′CT	

chromophores	 with	 the	 general	 formula:	 (amidophenolate)NiII(bipyridyl)	 where	

amidophenolate	 =	 (ap)2–	 and	 (apPh)2–	 ;	 and	 bipyridyl	 =	 4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine	

(bpytBu2)	and	1,10-phenanthroline	(phen).	These	new	square-planar	dyes	were	examined	

against	 a	 catecholate	 derivative	 in	 order	 to	 quantify	 perturbations	 on	 the	 HOMO	 by	 the	

amidophenolate	ligands	and	estimate	the	redox	potentials	of	the	excited-state.		

3.2	Results	and	Discussion	

3.2.1	Synthesis	and	Structural	Characterization		

	 Donor-acceptor	(D-A)	nickel(II)	complexes	were	prepared	by	utilizing	the	ability	of	

ortho-quinones	and	ortho-iminoquinones	to	act	as	two-electron	oxidants.15	As	discussed	in	

Chapter	2,	installation	of	the	catecholate	ligand	is	achieved	by	a	two	electron	oxidation	of	

the	Ni(0)	 synthon	upon	addition	of	 the	donor	 in	 its	neutral	quinone	 form.	Following	 this	

example,	 and	 shown	 Scheme	 3-1,	 a	 new	 family	 of	 charge-transfer	 complexes	 were	

synthesized	 through	 treatment	 of	 Ni(cod)2	 with	 the	 bipyridyl	 acceptor	 to	 generate	 the	

putative	 (cod)nickel0(bipyridyl)	 intermediate.	 Subsequent	 addition	 of	 the	 donorq	 ligand	

resulted	 in	 a	 two-electron	 oxidation	 of	 Ni(0)	 to	 Ni(II)	 and	 a	 two-	 electron	 reduction	 of	
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donorq	 to	 (donorcat)2–.	 The	 redox	 reaction	was	 indicated	 by	 a	 drastic	 color	 change	 from	

dark	purple	 to	deep	green	(complex	3.1	was	blue)	and	afforded	 the	square	planar	nickel	

complexes:	 (cat)Ni(bpytBu2)	 (3.1),	 (ap)Ni(bpytBu2)	 (3.2),	 (ap)Ni(phen)	 (3.3),	 and	

(apPh)Ni(bpytBu2)	(3.4)	in	good	yields	(66-81%).		

Scheme	 !-!	 Synthetic	 route	 used	 to	 access	 (donor)NiII(bipyridyl)	 dyes	 (top)	 and	 the	 donor	 and	
acceptor	ligands	used	in	this	study	(bottom).		

	

	

	 High-resolution	single-crystal	X-ray	diffraction	studies	were	used	 to	confirm	gross	

structural	features	and	to	make	unambiguous	oxidation-state	assignments	of	the	nickel	ion,	

donor	 ligand,	 and	 acceptor	 ligand.	Figure	 3.4	 shows	 the	 ORTEP	 diagrams	 of	 complexes	

3.1–3.4	and	Table	3-1	 lists	their	relevant	bond	distances.	Each	complex	within	the	series	

adopted	 the	 expected	 square-planar	 geometry,	 consistent	with	 diamagnetic,	d8	 nickel(II)	

metal	centers.	Regarding	the	donor	ligands,	the	amidophenolate	O–Ni–N	bite	angles	within	

complexes	3.2	and	b	measure	86°.	The	catecholate	ligand	of	3.1	expectedly	deviates	from	

the	above	trend	displaying	a	wider	O–Ni–O	bite	angle	of	89°.		

F
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Figure	!.!	ORTEP	diagrams	of	!.#–!.#.	Thermal	ellipsoids	are	shown	at	12%	probability.	Hydrogen	
atoms	and	non-coordinated	solvent	molecules	(if	present)	have	been	omitted	for	clarity.			

Table	!-!	Selected	Bond	Distances	(Å)	for	!.#–!.#,	including	the	Metrical	Oxidation	State	(MOS).!"	
	

Bond	Distances	/	Å	

	 3.1	 3.2	 3.3	 3.4	

Ni-O(1)	 1.8227(11)	 1.8329(17)	 1.874(14)	 1.8212(8)	
Ni-E	 1.8273(11)	 1.868(2)	 1.8583(17)	 1.8798(10)	

Ni-N(1)	 1.8804(14)	 1.908(2)	 1.9105(17)	 1.9048(10)	
Ni-N(2)	 1.8868(13)	 1.942(2)	 1.9497(17)	 1.9350(10)	
O(1)-C(1)	 1.3574(18)	 1.360(3)	 1.349(2)	 1.3401(14)	
E-C(2)	 1.3538(18)	 1.389(3)	 1.394(3)	 1.3936(14)	

C(1)-C(2)	 1.407(2)	 1.404(3)	 1.402(3)	 1.3871(16)	
C(2)-C(3)	 1.390(2)	 1.398(3)	 1.395(3)	 1.4537(16)	
C(3)-C(4)	 1.400(2)	 1.387(4)	 1.395(3)	 1.4374(16)	
C(4)-C(5)	 1.400(2)	 1.390(4)	 1.391(3)	 1.4512(17)	
C(5)-C(6)	 1.405(2)	 1.411(3)	 1.402(3)	 1.4222(17)	
C(1)-C(6)	 1.408(2)	 1.392(3)	 1.398(3)	 1.4224(16)	
N(2)-C(8)	 1.3569(19)	 1.346(3)	 1.369(3)	 1.3496(15)	
N(1)-C(7)	 1.3614(19)	 1.358(3)	 1.360(3)	 1.3659(15)	
C(7)-C(8)	 1.471(2)	 1.459(3)	 1.417(3)	 1.4692(16)	
MOS	 –1.90	 –1.89	 –1.86	 N/A	
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	 The	donor	in	3.4,	(apPh)2–	displays	the	widest	O–Ni–E	bite	angle	of	the	series	at	92°.	

Complexes	with	 the	same	bpytBu2	acceptor	 ligand	(3.1,	3.2,	and	3.4)	show	consistent	N–

Ni–N	 bite	 angles	 ranging	 from	 82–83°.	 The	 more	 conjugated	 phenanthroline	 (phen)	

acceptor	 ligand	 in	 3.3	 has	 a	 slightly	 wider	 N–Ni–N	 bite	 angle	 of	 84°.	 Regardless,	 all	

measured	bite	angles	indicate	nearly	square	planar	geometry.		

	 The	oxidation	state	of	the	donor,	acceptor,	and	metal	center	can	be	determined	by	

evaluating	 key	 bond	 lengths	within	 the	 ligand	 platform.	 For	 example,	 the	 LUMO	 of	 each	

molecule	 is	 localized	on	 the	π*	orbital	of	 the	acceptor	 ligand,	 therefore	population	of	 the	

LUMO	 would	 cause	 a	 contraction	 of	 the	 bridgehead	 C(7)–C(8)	 bond	 length	 and	 an	

elongation	of	the	C–N	distances	when	compared	to	neutral	forms	of	the	ligands,	which	are	

1.45	Å	and	1.36	Å,	respectively.	The	acceptor	ligands	of	3.1,	3.2,	and	3.4	show	an	average	

bridgehead	 C(7)–C(8)	 bond	 distance	 of	 1.46	 Å	 and	 an	 average	 C–N	 distance	 of	 1.36	 Å	

coinciding	with	a	fully	oxidized,	neutral	bipyridyl.16	We	expect	similar	results	if	the	LUMO	

of	 3.3	 was	 populated.	 As	 such,	 the	 phenanthroline	 acceptor	 ligand	 in	 3.3	 exhibits	 a	

bridgehead	C(7)–C(8)	 	 length	of	1.42	Å	and	an	average	C–N	distance	of	1.36	Å,	coinciding	

with	an	acceptor	ligand	in	its	neutral	form.17	The	donor	ligands	in	each	complex	show	C–O	

distances	of	1.34–1.36	A	̊	and	C–N	distances	of	1.39	A	.̊	Both	are	longer	than	observed	C=O	

distances	 of	 1.23	 Å	 and	 C=N	 distances	 of	 1.27	 Å	 for	 neutral	 quinone	 ligands	 and	 are	

consistent	 with	 carbon–hetero	 single	 bonds	 observed	 in	 dianionic	 catecholate	 and	

amidophenolate	 ligands.18	 These	 values	 for	 both	 the	 catecholate	 and	 amidophenolate	

ligands	are	consistent	with	fully	reduced,	dianionic	donor	ligands.		

	 In	addition	to	direct	bond	distance	comparison,	the	oxidation	state	of	the	donor	was	

confirmed	by	determining	the	metrical	oxidation	state	(MOS)	value	of	3.1–3.3.13	Due	to	the	
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extensive	 crystallographic	 database	 of	 redox-active	 amidophenolate	 and	 catecholate	

ligands	 in	 unambiguous	 oxidation	 states	 compiled	 by	 Brown	 et	 al.,	 the	 qualitative	

correlation	between	bond	length	and	oxidation	state	can	be	made	quantitative.13	The	MOS	

assignment	gives	a	single	calculated	value	that	describes	 the	oxidation	state	of	 the	donor	

ligands.	For	example,	a	donor	with	an	MOS	value	of	–1.6	is	considered	to	be	in	catecholate	

form;	donors	with	MOS	values	between	–1.5	and	–0.5	are	indicative	of	the	semiquinonate	

oxidation	 state;	 and	 a	MOS	value	of	 –0.5	 or	below	 indicate	 a	 quinone	oxidation	 state.	As	

such,	the	calculated	MOS	value	for	the	catecholate	ligand	in	3.1	is	–1.90.	The	MOS	values	for	

the	 (ap)2–	 ligand	 in	 3.2	 and	 3.3	 is	 –1.89	 and	 –1.86,	 respectively.	 Complex	 3.4	 with	 the	

(apPh)2–	was	excluded	from	the	studies	of	Seth	Brown	and	therefore	its	MOS	could	not	be	

derived.13	 The	 available	 structural	 data	 strongly	 supports	 a	 (donor)NiII(bipyridyl)	

electronic	 structure	 for	 3.1,	 3.2,	 3.3,	 and	 3.4,	 with	 either	 a	 dianionic	 catecholate	 or	

amidophenolate	 ligand	 acting	 as	 the	 electron-rich	 donor	 and	 a	 neutral	 bpytBu2	 or	

phenanthroline	ligand	acting	as	the	electron-poor	acceptor.		

	 Consistent	with	a	d8	metal	center	and	square	planar	geometry,	complexes	3.1–3.4	

are	diamagnetic,	and	thus	the	formation	of	the	desired	complexes	can	be	confirmed	by	1H	

and	13C	NMR	spectroscopies.	The	1H	NMR	spectrum	of	(cat)Ni(bpytBu2)	3.1	shows	a	sharp	

singlet	 for	 the	 tert-butyl	 proton	 resonances	of	 the	bpytBu2	 ligand	where	 there	 should	be	

two,	due	to	the	unsymmetrical	nature	of	3,5-di-tert-butyl-1,2-catecholate	ligand.	Neither	a	

high	 field	NMR	spectrometer	or	 lower	acquisition	 temperatures	were	able	 to	 resolve	 the	

tert-butyl	 resonance,	 however,	 the	 Cs	 symmetry	was	 apparent	 in	 13C	NMR.	 Complex	3.1	

showed	 clear	 evidence	 of	 the	 methyl	 and	 tertiary	 carbons	 in	 their	 expected	 regions.	

Complexes	3.2–3.4	showed	sharp	and	well	resolved	resonances	for	the	aromatic	protons	of	
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the	donor	and	acceptor	ligands.	The	isopropyl	groups	of	each	give	rise	to	a	septet	near	4.5	

ppm	for	the	methine	proton	and	a	pair	of	doublets	near	1.2	and	1.3	ppm	for	the	chemically	

different	 methyl	 protons,	 consistent	 with	 the	 Cs	 symmetry.	 In	 contrast,	 the	 tert-butyl	

resonances	of	the	bpytBu2	ligand	in	3.2	appear	as	two	broad	singlets	(0.72	and	0.91	ppm).	

Likewise,	the	tert-butyl	resonances	of	3.4	appear	as	a	single	broad	peak	at	0.89	ppm.	The	

broadness	 of	3.2’s	 resonances	 and	 the	 fact	 that	3.4	 only	 showed	 once	 resonance	where	

there	 should	 have	 been	 two	 prompted	 us	 to	 investigate	 the	 fluxional	 behavior	 of	 the	

bpytBu2	using	variable-temperature	(VT)	1H	NMR	spectroscopy.		

	

Figure	 !."	Partial	 !H	NMR	spectra	 (.//	MHz)	of	 (ap)Ni(bpytBu!)	 (!.#)	 in	 toluene-d!		showing	 the	
tert-butyl	proton	resonances	of	the	bpytBu!	acceptor	ligand	over	the	temperature	range	234–!"#K	
(left)	and	Eyring	plot	(right).	

	 The	 1H	 NMR	 spectra	 of	 the	 tert-butyl	 groups	 of	 the	 (bpytBu2)	 ligand	 of	 3.2	 in	

toluene-d8	over	the	temperature	range	258–360	K	are	shown	in	 Figure	3.4,	 left.	 	A	linear	

temperature	 correction	 for	 this	 chemical	 shift	 at	 each	 temperature	 was	 applied	 and	 a	

transverse	 relaxation	 time	 (T2)	 of	 0.08	 s	 was	 estimated	 from	 the	 peak-width	 at	 half	
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maximum.	First-order	rate	constants	for	the	exchange	were	estimated	between	288	K	and	

340	 K	 and	 these	 values	 were	 used	 to	 construct	 an	 Eyring	 plot	 (Figure	 3.4,	 right)	 that	

yielded	transition	state	energies	of	∆H‡	=	19.1	±	1.5	kcal	mol–1	and	∆S‡	=	12	±	5	cal	mol–1	K	

–1	for	3.2	and	∆H‡	=	17.6	±	1.4	kcal	mol–1	and	∆S‡	=	15	±	5	cal	mol–	K	–1	for	3.4.	While	such	

activation	 parameters	 are	 often	 attributed	 to	 ligand	 dissociation	 processes,	 reactions	

between	3.2	and	excess	2,2ʹbipyridine	indicate	that	complete	dissociation	of	the	acceptor	

ligand	is	not	responsible	 for	the	dynamic	behavior	observed	in	the	VT	NMR	experiments.	

Instead,	we	think	the	dynamic	behavior	is	likely	an	intramolecular	isomerization	process.	

One	 possibility	 would	 be	 a	 molecular	 twist	 to	 a	 tetrahedral	 transition	 state.	 A	 second	

possibility	would	 be	 for	 the	 dissociation	 of	 one	 arm	 of	 either	 the	 donor	 or	 the	 acceptor	

ligand	 to	 give	 a	 three-coordinate	 intermediate	 (without	 complete	 loss	 of	 the	 ligand).	 At	

elevated	temperatures,	 isomerization	by	either	process	could	be	fast	enough	that	the	two	

sides	of	the	bpytBu2	ligand	are	equivalent	on	the	NMR	timescale.		

3.2.1	Electrochemistry		

	 The	ground-state	redox	properties	of	the	nickel(II)	charge-transfer	complexes	were	

probed	 by	 cyclic	 voltammetry.	 Figure	 3.5	 shows	 the	 cyclic	 voltammograms	 for	 each	

complex	and	Table	3-2	summarizes	their	electrochemical	potentials	for	two	one-electron	

reductions	 and	 two	 one-electron	 oxidations.	 All	 potentials	 are	 reported	 relative	 to	 the	

[Cp2Fe]+/0	 couple	 using	 an	 internal	 standard.	 As	 expected,	 all	 complexes	 show	 similar	

potentials	 for	 the	 first	 reduction	 (E°'3	 [Ni]0/–)	 averaging,	 –2.05	 V	 and	 second	 reduction	

process	(E°'4	[Ni]–1/–2)	averaging	–2.77	V,	as	such	negative	potentials	are	characteristic	of	
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bipyridine	and	phenanthroline	ligands.19	In	contrast,	the	first	oxidation	potential	for	every	

complex,	E°'2	[Ni]+/0,	is	highly	sensitive	to	the	identity	of	the	donor	ligand.		

	

Figure	 !."	 Cyclic	 voltammograms	 of	 (cat)Ni(bpytBu!)	 (!.#),	 (ap)Ni(bpytBu!)	 (!.#),	 (ap)Ni(phen)	
(!.!),	 and	 (apPh)Ni(bpytBu!)	 (!.#),	 	 as	 &	 mM	 solutions	 in	 THF	 containing	 	 4.&	 M	 [Bu!N][PF!]	
supporting	electrolyte.	Data	were	collected	at	a	glassy	carbon	working	electrode,	with	a	platinum	
wire	counter	electrode,	and	a	silver	wire	pseudo-reference	electrode	using	a	scan	rate	of	011	mV	s–!.	

Table	!-!	Electrochemical	Data	of	Complexes	!.#–!.#.		Conditions	described	in	caption	of	Figure	(.*.	
	 E°'/	V	vs	[Cp2Fe]+/0	 	

	 E°'1	
[Ni]2+/1	

E°'2	
[Ni]+/0	

E°'3	
[Ni]0/–	

E°'4	
[Ni]1–/2–	 E°'2	–	E°'3	

3.1	 0.13	 –0.46	 –2.01	 –2.76	 1.54	

3.2	 –0.07	 –0.73	 –2.15	 –2.80	 1.42	

3.3	 –0.04	 –0.69	 –2.00	 –2.71	 1.31	
3.4	 –0.07	 –0.90	 –2.05	 –2.80	 1.15	

Complex	3.1,	 (cat)Ni(bpytBu2),	with	 the	 catecholate	 donor	 ligand,	 is	 the	most	 difficult	 to	

oxidize	with	an	E°'2	of	–0.46	V	vs.	[Cp2Fe]+/0.	This	oxidation	is	only	partially	reversible,	as	

the	 return	 wave	 is	 both	 broad	 and	 cathodically	 shifted.	 Replacing	 one	 oxygen	 of	 the	

catecholate	with	a	nitrogen	in	3.2–3.4,	results	in	a	cathodic	shift	of	the	first	oxidation	E°'2	
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by	270	mV	to	–0.73	V,	whereas	the	more	conjugated	phenanthroline	backbone	of	3.4	shifts	

E°'2	 even	 further	 to	 –0.90	 V.	 Unlike	 3.1,	 the	 first	 oxidation	 of	 all	 three	 amidophenolate	

complexes	 shows	good	 reversibility	 (ipc/ipa	≅	1),	possibly	due	 to	 the	bulky	2,6-C6H3iPr2	

groups	 of	 the	 amidophenolate	 ligands	 providing	 steric	 protection	 from	 coordinating	

solvent	molecules	 to	 the	oxidized	 cation.	The	ground	state	 redox	potentials	observed	 for	

these	 complexes	 display	 the	 general	 trend	 that	 the	 bipyridyl	 ligands	 influence	 the	

reduction	potentials	and	the	nature	of	the	donor	ligand	influences	the	oxidation	potentials.	

The	difference	between	the	first	oxidation	and	reduction	(E°'2	–	E°'3)	is	a	good	estimate	of	

the	 thermodynamic	 HOMO–LUMO	 gap.	 Shown	 in	 Table	 3-2,	 the	 trend	 in	 E°'2	 –	 E°'3	 for	

complexes	 discussed	 in	 this	 chapter	 adapts	 with	 changes	 to	 the	 donor	 ligand,	 that	 is,	

incorporation	of	the	amidophenolate	makes	the	donor	ligand	easier	to	oxidize	and	shrinks	

the	HOMO-LUMO	gap	by	(up	to)	400	mV.		

3.2.2	Absorption	Profiles	

	 Complexes	 3.1–3.4	 are	 deeply	 colored	 in	 both	 the	 solid	 state	 and	 in	 solution,	

reflecting	 strong	 absorptive	 properties	 in	 the	 visible	 region	 of	 the	 electromagnetic	

spectrum.	Figure	3.6	shows	the	absorption	spectra	of	3.1–3.4	collected	as	solutions	in	THF	

at	 298	 K.	 The	 band	 maxima	 (λmax),	 estimated	 excited-state	 energy	 (ELL′CT),	 extinction	

coefficients	 (ε),	 and	 solvatochromic	 shift	 value	 (SS)6	 of	 each	 complex	 are	 summarized	 in	

Table	 3-3.	 	 A	 notable	 feature	 of	 these	 complexes	 is	 the	 intense,	 low-energy	 absorption	

band	 that	 displays	 intensity	 throughout	 the	 visible	 (400-750	 nm)	 and	 the	 NIR	 portion	

(750-1300	 nm)	 of	 the	 solar	 spectrum.	 The	 highest	 energy	 absorption	 belongs	 to	

(cat)Ni(bpytBu2),	with	a	λmax	of	620	nm	and	a	weak	extinction	coefficient	of	3600		M–1	cm–1.		
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Complexes	 3.2	 and	 3.3	 showed	 extinction	 coefficients	 of	 6200	 and	 8200	 M–1	 cm–1,	

respectively.		The	lowest	energy	absorption	belongs	to	(apPh)Ni(bpytBu2)	(3.4)	which	has	a	

band	maximum	of	950	nm		and	an	extinction	coefficient	of	8100	M–1	cm–1.	

	

Figure	!.!	UV–vis–NIR	spectra	of	(cat)Ni(bpytBu!)	(!.#),	(ap)Ni(bpytBu!)	(!.#),	(ap)Ni(phen)	(!.!),	
and	(apPh)Ni(bpytBu!)	(!.#),	in	THF		at	!"#	K.		
	

	 A	 notable	 characteristic	 of	 these	 absorption	 profiles	 is	 the	 influence	 the	 donor	

ligand	has	on	the	energy	of	the	band	maxima.	For	example,	3.1,	3.2,	and	3.4	all	possess	the	

same	 acceptor	 ligand	 and	metal	 center	 yet	 their	 band	maxima	 range	 from	 620-970	 nm	

(0.72	eV).	Complex	3.1,	with	the	(cat)2–	donor	ligand	shows	a	band	maximum	of	 	620	nm	

(~2	eV).	 	When	one	of	 the	oxygen	donor	atoms	 is	replaced	with	a	nitrogen	as	 is	 the	case	

with	 (ap)2–	 in	 complexes	3.2	 and	3.3,	 the	 band	maxima	 red-shifts	 to	 900	 nm	 (1.34	 eV).

	Table	3-3	UV–vis–NIR	Absorption	Data	of	Complexes	3.1–3.4	in	THF	at	298	K.	

Complex	 λmax	/	nm	 ε	/	M–1	cm–1	 ELLʹCT	/	eV	 Solvatochromic	shift	

3.1	 620	 3600	 1.52	 0.45	
3.2	 890	 6200	 1.12	 0.16	
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Complex	 λmax	/	nm	 ε	/	M–1	cm–1	 ELLʹCT	/	eV	 Solvatochromic	shift	

3.3	 900	 8200	 1.13	 0.15	
3.4	 970	 8100	 0.95	 0.19	

This	 0.62	 eV	 shift	 in	 the	 lowest	 energy	 absorption	 can	 be	 attributed	 to	 perturbing	 the	

energy	 of	 the	HOMO	by	 incorporation	 of	 a	 less	 electronegative	 atom	 such	 as	 nitrogen;	 a	

concept	covered	in	Section	3.1.	Based	on	comparisons	to	the	spectra	of	previously	reported	

(donor)NiII(acceptor)	 complexes	 these	 absorptions	 are	 assigned	 as	 LL′CT	 transitions,	

owing	 to	 dominant	 contributions	 from	 the	 donor	 and	 acceptor	 ligands	 and	 minimal	

contributions	from	the	nickel	center	(also	see	computations	in	Section	3.2.4).		This	trend	in	

the	 optical	 LL′CT	 band	 energy	 is	 also	 observed	 in	 the	 electrochemical	 ground-state	

potentials	discussed	in	the	previous	section.		

3.2.3	Solvatochromic	Behavior		

	 The	 unsymmetrical	 ground	 state	 caused	 by	 the	 presence	 of	 two	 different	 redox-

active	 ligands	 where	 one	 is	 electron	 rich	 and	 the	 other	 is	 electron	 poor	 should	 yield	 a	

dipolar	 ground	 state	 and	 exhibit	 negative	 solvatochromic	 response	 to	 polar	 solvents.	

Figure	3.7a	shows	the	normalized	absorption	spectra	of	(cat)Ni(bpytBu2)	(3.1)	in	a	variety	

of	 solvents	 that	 vary	 in	 polarity.	 	 The	 LL′CT	 absorption	 of	 complex	 3.1	 is	 ~690	 nm	 in	

toluene	and	~520	nm	in	acetonitrile.	As	the	dielectric	constant	of	the	solvent	decreases,	the	

band	maxima	 blue	 shifts	 to	 lower	 energy,	 indicating	 a	 stabilization	 of	 the	 polar	 ground	

state.	In	order	to	quantify	the	solvatochromic	response	and	determine	the	strength	of	the	

ground-state	 dipole,	 the	 solvatochromic	 shift	 number	 (SS)	 was	 determined	 for	 each	
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complex	and	 listed	 in	 Table	 3-3.	The	LL′CT	excited-state	energy	was	estimated	 from	the	

low-energy	onset	of	the	absorption	curve	for	each	solvent,	demonstrated	in	Figure	3.7b.		

Figure	 !.!	 a)	Normalized	 absorption	 spectra	 of	 (cat)Ni(bpytBu!)	 (!.#)	 in	 a	 variety	 of	 solvents,	 b)	
estimation	 of	 the	 onset	 LL′CT	 absorption,	 and	 c)	 plot	 of	 the	 onset	 LL′CT	 absorption	 versus	 the	
empirical	solvent	number	for	each	solvent.		
	

The	SS	number	was	extrapolated	from	the	slope	of	the	line	generated	by	plotting	the	ELL′CT	

of	 each	 solvent	 vs.	 Einsenberg	 and	 Cummings’	 empirical	 solvent	 number	 (ESN)6,	Figure	

3.7c	 According	 to	 the	 analysis,	 all	 four	 complexes	 exhibit	 a	 negative	 solvatochromic	

response	 with	 3.1	 exhibiting	 the	 largest	 shift	 of	 0.41	 and	 complexes	 3.2–3.4	 exhibiting	

similar	shifts	of	~0.1.	

3.2.4	Computational	Studies:	Density	Functional	Theory	

	 Density	 Functional	 Theory	 (DFT)	 computations	 were	 conducted	 to	 model	 the	

electronic	properties	of	complexes	3.1–3.4.		The	single-crystal	structures	were	used	as	the	

starting	 point	 for	 geometry	 optimizations,	 which	 were	 initially	 refined	 at	 the	 TPSS/SVP	

level	of	 theory.	Subsequent	structural	refinements	were	carried	out	using	 the	TZVP	basis	

set	 for	 all	 atoms.	 The	 computational	 results	 were	 then	 vetted	 by	 a	 comparison	 of	 the	
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calculated	optimized	bond	 lengths	with	 the	experimental	X-ray	data.	Agreement	between	

the	 calculated	 and	 experimental	 data	 is	 a	 reliable	 indicator	 of	 the	 dependability	 of	 the	

computational	 methods	 (functional	 and	 basis	 set)	 and	 their	 calculated	 results.	 The	

computed	bond	lengths	agreed	well	with	the	solid-state	structures	with	the	Ni–O,	Ni–N,	and	

intraligand	bond	distances	within	0.02	Å	of	the	solid-state	data.		

Table	3-4	Metal	and	Ligand	Contributions	to	the	HOMO	and	LUMO	Orbitals	of	Complexes	3.1–3.4	
as	Determined	by	Mulliken	Population	Analysis.	

	 	 Percentage	Contribution	 	 Dipole	
moment/	
Debye		 Orbital	 Ni	 Donor		 Acceptor	 Energy	/	eV	

3.1	
LUMO	 8.1	 10.9	 80.9	 –2.91	 10.5	
HOMO	 5.8	 79.1	 15.0	 –3.68	

3.2	
LUMO	 8.2	 14.4	 77.4	 –2.82	 8.9	
HOMO	 7.2	 74.2	 18.6	 –3.56	

3.3	
LUMO	 8.7	 14.9	 76.4	 –2.94	 7.3	
HOMO	 7.0	 73.2	 19.8	 –3.68	

3.4	
LUMO	 10.4	 15.3	 74.3	 –2.78	 8.9	
HOMO	 8.7	 72.0	 19.2	 –3.48	

	 	 	 	 	 	 	

	 Figure	3.8	shows	the	frontier	Kohn–Sham	orbital	diagrams	for	complexes	3.1,	3.2,	

and	 3.4	 along	 with	 POV-Ray	 renderings	 of	 the	 HOMO	 and	 LUMO	 orbitals.	 Table	 3-4	

contains	 the	 energies	 of	 these	 orbitals	 as	 well	 as	 the	 percent	 contribution	 of	 the	metal,	

donor	 and	 acceptor	 ligands	 as	 determined	 by	 Mulliken	 population	 analysis.	 For	 all	 the	

complexes	the	HOMO	is	comprised	of	mostly	donor	ligand	(72-79%)	and	only	6-9%	metal	

and	15-20%	acceptor	ligand.		The	inverse	is	true	for	the	LUMO	orbitals	where	the	acceptor	

ligand	 contributes	 the	 most	 (74-80%),	 the	 metal	 contributes	 8-10%,	 and	 the	 donor	

contributes	 the	 least	 (10-15%).	 (cat)Ni(bpytBu2)	 was	 calculated	 to	 have	 the	 greatest	

ground-state	 dipolar	moment	 of	 10.5	 Debye,	 in	 agreement	with	 the	 population	 analysis.	

Complexes	3.2	and	3.4	were	calculated	to	be	less	dipolar	than	3.1	but	still	strongly	dipolar	
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at	8.9	Debye.	The	smallest	dipolar	ground	state	was	calculated	to	be	complex	3.3,	at	7.39	

Debye.	 This	 computational	 result	 suggests	 the	 HOMO	 and	 LUMO	 orbitals	 are	 mainly	

localized	on	the	redox-active	donor	and	acceptor	ligand,	respectfully	while	the	Ni(II)	center	

contributes	only	6-10%,	 thus	 supporting	 the	assignment	of	 complexes	3.1–3.4	 as	donor-

acceptor	chromophores.	

	 Kohn-Sham	 orbital	 diagrams	 for	 complexes	 3.1,	 3.2,	 and	 3.4	 show	 the	 HOMO	 is	

relatively	high	in	energy	and	well	isolated	from	other	molecular	orbitals.	This	is	consistent	

with	 the	 electrochemical	 data	 covered	 in	 Section	 3.2.1	 where	 3.1–3.4	 are	 oxidized	 at	

modest	 potentials.	 Additionally,	 the	 LUMO	 and	 complex	 3.1	 is	 also	 well	 isolated	 from	

higher-energy	orbitals,	but	interestingly,	this	is	not	the	case	with	3.2–3.4.	Unlike	in	3.1,	the	

LUMO+1	of	3.2–3.4	lies	close	in	energy	to	the	LUMO.	The	LUMO+1	is	predominantly	dx2–y2	

and	M–L	 σ*	 in	 character,	 suggesting	 that	 there	 is	 a	 weaker	 ligand	 field	 imposed	 on	 the	

nickel	 centers	 in	 3.2–3.4	 than	 the	 nickel	 center	 in	 3.1.	 Consistent	 with	 both	 the	

spectroscopic	and	electrochemical	data	above,	the	calculated	HOMO–LUMO	gap	decreases	

along	the	series	3.1	>	3.2	=	3.3	>	3.4,	though	the	magnitude	of	the	decrease	is	smaller	for	

the	computation	than	for	either	measurement.			
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3.3	Summary	 	

	 By	 leveraging	 the	 tunable	 nature	 of	 LL′CT	 transitions,	 new	 charge-transfer	

chromophores	have	been	developed	with	ligand	localized	redox	events,	intense	absorption	

into	 the	 near-IR,	 and	 strong	 ground-state	 dipole	 moments.	 These	 complexes	 were	

constructed	using	a	non-precious	metal	and	readily	accessible	donor	and	acceptor	ligands.	

The	electrochemistry	revealed	redox	potentials	that	are	heavily	dependent	on	the	nature	of	

the	 donor	 and	 acceptor	 ligands.	 The	 LUMO	 localized	 on	 the	 bipyridyl-type	 ligands,	 gives	

rise	 to	 negative	 reduction	 potentials	 (E0/–).	 Incorporation	 of	 the	 strongly	 reducing	

amidophenolate	 donor	 caused	 a	 0.35	 V	 ±	 100	 mV	 cathodic	 shift	 in	 oxidation	 potentials	

when	compared	 to	 the	catecholate-based	dye.	The	absorption	data	mirrored	 the	 trend	 in	

the	 electrochemistry:	 switching	 from	 (cat)2–	 to	 (ap)2–	 or	 (apPh)2–	 ligand	 destabilizes	 the	

HOMO	 and	 pushes	 the	 LL′CT	 absorption	 into	 the	 NIR	 (λmax	 :	 890,	 900,	 and	 970	 nm,	

respectively).	The	dipole	moment	of	the	ground	state	was	evaluated	experimentally	though	

solvatochromic	 measurements	 and	 computationally	 via	 DFT	 calculations.	 Each	 complex	

exhibits	a	negative	solvatochromic	shift	 indicative	of	a	dipolar	ground	state.	Complex	3.1	

possesses	 the	 greatest	 solvatochromic	 shift	 (0.4)	 and	 greatest	 calculated	dipole	moment,	

10.9	 Debye.	 Complexes	 with	 the	 amidophenolate	 ligands	 shows	 a	 slightly	 smaller	

solvatochromic	shifts	of	~0.16	and	smaller	calculated	dipole	moments	(~8.36).			

	 The	 excited-state	 potentials	 of	 these	 (donor)Ni(acceptor)	 complexes	 can	 be	

estimated	by	relating	the	ground	state	potentials	to	the	onset	of	lowest	energy	absorption,	

discussed	in	detail	in	Chapter	1.	Scheme	3-2	summarizes	the	estimated	excited-state	redox	

potentials	for	complexes	3.1–3.4.	According	to	the	electro-	and	spectro-chemical	data,	the	
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(amidophenolate)Ni(bipyridyl)	complexes	(3.2–3.4)	are	estimated	to	access	excited-states	

with	potentials	of	E+/*(1LL′CT)	=	–1.3		V	vs.	SCE	and	E*/–(1LL′CT)	=	–0.5	V	vs.	SCE.	

Scheme	!-!	Estimated	excited-state	redox	potentials	(V	vs.	SCE)	for	!.#–!.#.	

	

Complex	 E+/*	/	V	vs	SCE	 E*/–	/	V	vs	SCE	

(cat)Ni(bpytBu2)	(3.1)	 –1.42	 +0.07	
(ap)Ni(bpytBu2)	(3.2)	 –1.29	 –0.47	
(ap)Ni(phen)	(3.3)	 –1.26	 –0.31	

(apPh)Ni(bpytBu2)	(3.4)	 –1.29	 –0.54	

The	(cat)Ni(bpytBu2)	dye	is	estimated	to	access	excited-state	potentials	of	E+/*	(1LL′CT)	=	–

1.42	 	 V	 vs.	 SCE	 and	 E*/–(1LL′CT)	 =	 +0.07	 V	 vs.	 SCE.	 The	 strength	 of	 these	 excited	 states	

potentials	 can	 be	 understood	 by	 comparing	 them	 to	 the	 quintessential	 MLCT	

photosensitizer,	[Ru(bpy)3]2+,	which	is	a	potent	excited	state	reductant	with	E+/*(1MLCT)	=	

–1.2	V	vs.	SCE	upon	absorption	of	a	2.5	eV	photon	(500	nm).19,20	All	dyes	discussed	in	this	

chapter	are	estimated	to	be	as	strong,	and	in	some	cases,	stronger	excited-state	reductant	

than	 [Ru(bpy)3]2+.	 	The	 ability	 of	 these	 D-A	 LL′CT	 dyes	 to	 access	 high	 electron	 injection	

potentials	at	the	expense	of	NIR	light	suggest	that	first	row	transition	metals	may	be	viable	

alternative	 to	 precious	 metals	 in	 solar	 energy	 conversion	 strategies.	 Charge-transfer	

complexes	 with	 properties	 like	3.1–3.4	 are	 ideal	 candidates	 for	 incorporation	 into	 dye-

sensitized	 solar	 cells	 (DSSCs),	where	 binding	 of	 the	 dye	 to	 the	 TiO2	 surface	 provides	 an	
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intramolecular	pathway	for	fast	charge	injection.	In	DSSCs	incorporating	[Ru(bpy)3]2+-type	

dyes,	charge	injection	from	the	bpy		π*	orbital	into	the	conduction	band	of	TiO2	occurs	on	

the	 sub-picosecond	 timescale.21,22	Given	 that	3.1–3.4	 use	 the	 same	bipyridyl	π*	 acceptor	

orbital,	similarly	rapid	charge-injection	rates	should	be	possible	for	these	dyes.	To	further	

develop	 this	 family	 of	 dyes,	 derivatives	 must	 be	 prepared	 that	 incorporate	 carboxylate	

linkers	capable	of	binding	to	nanocrystalline	TiO2,	a	topic	covered	in	Chapter	4.			

3.4	Experimental	

	 General	 Considerations.	 All	 compounds	 and	 reactions	 reported	 below	 show	

various	levels	of	air-	and	moisture-sensitivity,	so	all	manipulations	were	carried	out	using	

standard	vacuum-line,	Schlenk-line	and	glovebox	 techniques.	Solvents	were	sparged	with	

argon	before	being	deoxygenated	and	dried	by	passage	through	Q5	and	activated	alumina	

columns,	 respectively.	 To	 test	 for	 effective	 oxygen	 and	 water	 removal,	 aliquots	 of	 each	

solvent	were	treated	with	a	few	drops	of	a	purple	solution	of	sodium	benzophenone	ketyl	

radical	in	THF.	The	reagents	Ni(cod)2	(Strem),	3,5-di-tert-butyl-1,2-quinone	(Aldrich),	and	

4,4'-di-tert-butyl-2,2'-bipyridine	 (Aldrich)	 were	 reagent	 grade	 or	 better	 and	 used	 as	

received.	The	iminoquinones,	3,5-di-tert-butyl(2,6-diisopropylphenyl)-ortho-iminoquinone	

and	 9,10-(2,6-diisopropylphenyl)iminophenanthrenquinone	 were	 prepared	 according	 to	

literature	procedures.27,28	Elemental	analyses	were	performed	on	a	PerkinElmer	 series	 II	

2400	CHNS	analyzer.	

	 Spectroscopic	 Measurements.	 NMR	 spectra	 were	 collected	 at	 298	 K	 on	 a	

BrukerAvance	400	MHz	or	500	MHz	spectrometer	in	dry,	degassed	C6D6	or	CDCl3.	1H	and	

13C	NMR	spectra	were	referenced	to	tetramethylsilane	(TMS)	using	the	residual	1H	and	13C	
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impurities	of	the	deuterated	solvent.29	All	chemical	shifts	are	reported	using	the	standard	δ	

notation	 in	 parts	 per	million;	 positive	 chemical	 shifts	 are	 to	 a	 higher	 frequency	 of	 TMS.	

Electronic	 absorption	 spectra	were	 recorded	with	 a	 PerkinElmer	 Lamda	 900	UV-vis-NIR	

Spectrometer	using	one-centimeter	path-length	cells	at	ambient	temperature	(20-24	°C).	

	 Electrochemical	 Methods.	 Electrochemical	 experiments	 were	 recorded	 on	 a	

Gamry	 Series	 G300	 potentiostat/galvanostat/ZRA	 (Gamry	 Instruments,	Warminster,	 PA)	

using	a	3.0	mm	glassy	carbon	working	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	

silver	wire	pseudo-reference	electrode.	Reversibility	of	a	redox	process	was	judged	based	

on	the	ratio	of	the	anodic	to	the	cathodic	current	being	close	to	unity	(ipa/ipc	≅	1)	for	a	given	

process.	Electrochemical	experiments	were	performed	at	ambient	temperature	(20-24	°C)	

in	 a	 nitrogen-filled	 glovebox	 using	 THF	 solutions	 containing	 1	mM	 analyte	 and	 100	mM	

[NBu4][PF6]	as	the	supporting	electrolyte.	All	potentials	are	referenced	to	[Cp2Fe]+/0	using	

ferrocene	 or	 decamethylferrocene	 (−0.49	 V	 vs	 [Cp2Fe]+/0)30	 as	 internal	 standards.	

Ferrocene	and	decamethylferrocene	(Acros)	were	purified	by	sublimation	under	reduced	

pressure	 and	 tetrabutylammonium	hexafluorophosphate	 (Acros)	was	 recrystallized	 from	

ethanol	three	times	and	dried	under	vacuum.	

	 X-ray	Data	Collection	and	Reduction.	X-ray	diffraction	data	for	all	complexes	were	

collected	on	single	crystals	mounted	on	either	a	glass	fiber	or	a	cryoloop	and	coated	with	

oil.	Data	were	acquired	using	a	Bruker	SMART	APEX	II	diffractometer	at	143	K	using	Mo	Kα	

radiation	(λ	=	0.71073	Å).	The	APEX231	program	package	was	used	to	determine	unit-cell	

parameters	and	for	data	collection.	The	raw	frame	data	were	processed	using	SAINT32	and	

SADABS33	 to	yield	 the	reflection	data	 file.	Subsequent	refinement	cycles	were	carried	out	

using	 the	 SHELXTL	program	 suite.34	 Analytical	 scattering	 factors	 for	 neutral	 atoms	were	
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used	 throughout	 the	 analyses.35	 ORTEP	 diagrams	 were	 generated	 using	 ORTEP-3	 for	

Windows.36	Diffraction	data	for	3.1–3.4	are	given	in	the	Table	3-5.	

	 Density	 Functional	 Theory	 Computations.	 Calculations	 were	 performed	 in	 the	

Molecular	Modeling	Facility	in	the	Department	of	Chemistry	at	UC	Irvine.	Calculations	were	

performed	employing	Meta-GGA	functional	TPSS.37	Geometry	optimizations	were	initiated	

using	a	split-valence	plus	polarization	basis	set	(def2-SVP)38	and	further	refined	using	the	

polarized	 triple-ζ	 basis	 set	 def2-TZVP.39	 Structures	 obtained	 from	 single-crystal	 X-ray	

diffraction	 experiments	were	 used	 as	 the	 starting	 points	 for	 geometry	 optimizations;	 no	

molecular	symmetry	was	imposed.	For	complexes	3.1,	3.3,	and	3.4,	molecular	geometries	

and	orbital	energies	were	evaluated	self-consistently	to	tight	convergence	criteria	(energy	

converged	 to	 0.1	 μHartree,	 maximum	 norm	 of	 the	 Cartesian	 gradient	 ≤	 10−4	 a.u.).	 For	

complex	 3.2,	 ultra	 tight	 convergence	 criteria	 (0.01	 μHartree,	 maximum	 norm	 of	 the	

Cartesian	 gradient	 ≤	 10−6	 a.u.)	 yielded	 a	 single	 imaginary	 frequency	 (–6	 cm–1)	 that	was	

identified	as	numerical	noise	upon	vibrational	analysis.	Mulliken	population	analyses	were	

obtained	at	TPSS/TZVP	theory	level;	the	contour	values	were	0.03	for	the	molecular	orbital	

plots.	 All	 calculations	 were	 performed	 using	 the	 quantum	 chemistry	 program	 package	

TURBOMOLE.40,41	

	 General	 Iminoquinone	 Synthesis.	 2,4-di-tert-butyl-2,6-diisopropylphenyl-

iminoquinone	 (iq)	 and	 2,6-diisopropylphenyl-imino-phenanthrenquinone	 (iqph)	 were	

prepared	according	to	literature	procedures.	27,28		

	 Synthesis	 of	 (cat)Ni(bpytBu2)	 (3.1).	 A	 benzene	 solution	 of	 a	 Ni(cod)2	 (140	mg,	

0.50	mmol,	 1.0	 equiv)	 and	3,5-bis(tert-butyl)-1,2-benzoquinone	 (110	mg,	 0.50	mmol,	 1.0	

equiv)	was	stirred	at	ambient	glovebox	temperature	for	one	hour.	Solid	4,4'-di-tert-butyl-
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2,2'-bipyridine	(130	mg,	0.50	mmol,	1.0	equiv)	was	then	added	to	the	solution	and	stirring	

was	continued	for	2	days.	The	volume	of	the	resulting	dark	blue	solution	was	reduced	to	¼	

and	10	ml	of	pentane	was	added	to	yield	the	product	as	a	deep	blue	crystalline	solid	in	80%	

yield	(220	mg).	X-ray	quality	crystals	were	grown	by	vapor	diffusion	of	diethyl	ether	into	a	

solution	of	3.1	 in	benzene.	 1H	NMR	(400	MHz,	CDCl3)	δ/ppm:	1.26	 (s,	9H),	1.40	 (s,	18H),	

1.47	(s,	9H),	6.34	(d,	J	=	2.1	Hz,	1H),	6.55	(d,	J	=	2.2	Hz,	1H),	7.36	(m,	1H),	7.47	(d,	J=	5.7	Hz,	

1H),	7.48,	7.65	(s,	2H),	8.63	(d,	J	=	5.7	Hz,	1H),	8.71	(d,	J	=	5.7	Hz,	1H).	13C	NMR	(126	MHz,	

CDCl3,)	δ/ppm:	163.3	(C=N),	160.9	(C–O),	160.7	(C–O),	156.9	(aryl–C),	153.1	(aryl–C),	149.7	

(aryl–C),	 149.5	 (aryl–C),	 136.6	 (aryl–CH),	 133.0	 (aryl–CH),	 123.0	 (aryl–CH),	 122.6	 (aryl–

CH),	120.6	(aryl–CH),	118.2	(aryl–CH),	116.6	(aryl–CH),	109.5	(aryl–CH),	109.2	(aryl–CH),	

35.5	(C–(CH3)3)	 ,	34.2	(C–(CH3)3),	33.9	(C–(CH3)3),	32.1	((–CH3)3),	30.6	((–CH3)3),	30.3	((–

CH3)3).	Anal.	Calcd.	for	C32H44N2O2Ni:	C,	70.21;	H,	8.10;	N	5.12.	Found:	C,	70.09;	H,	8.15;	N,	

5.05	%.	UV-vis-NIR	(THF)	λmax/nm	(ε/M–1	cm–1):	370	(2000),	620	(3600).	

	 Synthesis	 of	 (ap)Ni(bpytBu2)	 (3.2).	 A	 benzene	 solution	 of	 a	 Ni(cod)2	 (140	mg,	

0.50	 mmol,	 1.0	 equiv)	 and	 3,5-di-tert-butyl(2,6-diisopropylphenyl)-ortho-iminoquinone	

(190	mg,	0.50	mmol,	1.0	equiv)	was	stirred	at	ambient	glovebox	temperature	for	one	hour.	

Solid	4,4'-di-tert-butyl-2,2'-bipyridine	 (130	mg,	0.50	mmol,	1.0	equiv)	was	 then	added	 to	

the	 solution	 and	 stirring	 was	 continued	 for	 2	 days.	 The	 solvent	 was	 stripped	 from	 the	

resulting	dark	yellow-green	solution	and	the	solid	residue	was	dissolved	in	toluene,	diluted	

with	 pentane,	 and	 chilled	 to	 −35	 °C.	 The	 precipitated	 solid	 was	 collected	 by	 filtration,	

washed	with	cold	pentane,	and	dried	under	reduced	pressure	to	obtain	the	desired	product	

as	 a	 black	 crystalline	 solid	 in	 66%	 yield	 (220	mg).	 X-ray	 quality	 crystals	were	 obtained	

from	concentrated	solution	of	3.2	 in	benzene.	1H	NMR	(500	MHz,	C6D6)	δ/ppm:	0.72	(br	s,	
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9H),	0.91	(br	s,	9H),	1.26	(d,	J	=	6.9	Hz,	6H),	1.30	(d,	J	=	6.9	Hz,	6H),	1.51	(s,	9H),	2.01	(s,	9H),	

4.59	(m,	2H),	6.27	(d,	J	=	2.1	Hz,	1H),	6.59	(s,	1H,),	6.88	(br	s,	2H),	6.95	(d,	J	=	2.1	Hz,	1H),	

7.14	(d,	J	=	1.6	Hz,	2H),	7.42	(d,	J	=	6.7,	2H),	7.48	(m,	1H),	9.79	(s,	1H).	13C	NMR	(101	MHz,	

C6D6,)	δ/ppm:	160.9	(N=C),	160.7	(aryl–C),	155.9	(C–O),	155.1	(C–N),	154.2	(aryl–C),	152.1	

(aryl–C),	150.1	(br,	N–CH),	149.9	(aryl–C(ipp),	147.7	(aryl–C),	137.2	(aryl–C),	131.5	(aryl–

C),	128.4	(aryl–CH,	125.8	(diip	aryl–CH),	125.1	(diip	aryl–CH),	123.5	(aryl–C),	123.4	(aryl–

C),	 122.2	 (aryl–C),	 121.4	 (aryl–C),	 116.6	 (aryl–C),	 116.1	 (aryl–C),	 109.2	 (aryl–CH),	 108.5	

(aryl–CH),	 35.1	 (ap–C(CH3)3),	 34.7	 (C(CH3)3),	 32.8	 (C(CH3)3),	 31.0	 (C(CH3)3),	 29.9	 (br,	

C(CH3)3),	29.6	(br,	C(CH3)3),	28.2	(CH(CH3)2),	24.9	(CH(CH3)2),	24.4	(CH(CH3)2).	Anal.	Calcd.	

for	C44H61N3ONi:	C,	74.78;	H,	8.70;	N,	5.95.	Found:	C,	74.52;	H,	8.60;	N,	5.41%.	UV-vis-NIR	

(THF)	λmax/nm	(ε/M–1	cm–1)]:	310	(19600),	890	(6200).		

	 Synthesis	 of	 (ap)Ni(phen)	 (3.3).	 Complex	 3.3	 was	 prepared	 by	 treatment	 of	 a	

Ni(cod)2	 (140	 mg,	 0.50	 mmol,	 1	 equiv)	 THF	 solution	 with	 one	 equivalent	 of	 1,10-

phenanthroline	 (90	mg,	 0.50	mmol,	 1	 equiv)	 to	 generate	 a	 dark	 green	 solution.	 After	 20	

minutes	 of	 stirring,	 the	 putative	 (cod)Ni(phen)	 intermediate	 was	 then	 treated	 with	 a	

chilled	solution	of	iq	(190	mg,	0.50	mmol,	1	equiv)	and	stirred	for	2	days.	The	volume	of	the	

resulting	dark	green	solution	was	reduced,	pentane	was	added,	and	cooled	to	–35	ºC.	The	

solid	was	collected	over	a	frit	and	washed	with	cold	pentane	to	yield	3	as	a	deep	evergreen	

microcrystalline	solid.	(230	mg,	73%	yield).	(500	MHz,	C6D6)	δ/ppm:	δ/ppm	1.16	(d,	J=	6.5	

Hz,	6H),	1.22	(d,	 J=	6.3	Hz,	6H),	1.51	(9H,),	1.98	(s,	9H),	4.53	(m,	 J=	6.1,	2H),	6.31	(s,	1H),	

6.42	(s,	1H),	6.69	(s,	1H),	6.78	(s,	2H),	6.97	(m,	2H),	7.00	(s,	1H),	7.07	(s,	1H),	7.38	(d,	J=	7.3,	

2H),	7.44	(t,	J=	7.6,	1H),	9.76	(s,	1H).	13C	NMR	(126	MHz,	C6D6,)	δ/ppm:	163.3	(C=N),	160.9	

(C–O),	 160.7	 (C–O),	 156.9	 (aryl–C),	 153.1	 (aryl–C),	 149.7	 (aryl–C),	 149.5	 (aryl–C),	 136.6	
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(aryl–CH),	133.0	(aryl–CH),	123.0	(aryl–CH),	122.6	(aryl–CH),	120.6	(aryl–CH),	118.2	(aryl–

CH),	116.6	(aryl–CH),	109.5	(aryl–CH),	109.2	(aryl–CH),	35.5	(C–(CH3)3)	 ,	34.2	(C–(CH3)3),	

33.9	(C–(CH3)3),	32.1	((–CH3)3),	30.6	((–CH3)3),	30.3	((–CH3)3).	Anal.	Calcd.	for	C38H45N3ONi:	

C,	 73.80;	H,	 7.33;	N,	 6.79.	 Found:	C,	 73.52;	H,	 7.74;	N	6.77	%.	UV-vis-NIR	 (THF)	 λmax/nm	

(ε/M–1	cm–1):	410	(3700),	890	(8400).	

	 Synthesis	 of	 (apph)Ni(bpytBu2)	 (3.4).	 The	 complex	 (apph)Ni(bpytBu2)	 was	

prepared	by	the	same	method	used	to	prepare	3.2,	using	134	mg	of	Ni(cod)2	(0.5	mmol,	1	

equiv),	 134	 mg	 of	 4,4'-di-tert-butyl-2,2'-bipyridine	 (134	 mg,	 0.5	 mmol),	 and	 180	 mg	 of	

9,10-(2,6-diisopropylphenyl)iminophenanthrenquinone	 (0.5	mmol,	 1	 equiv).	 The	product	

was	isolated	as	black	crystals	in	81%	yield	(260	mg).	X-ray	quality	crystals	were	grown	by	

vapor	diffusion	of	diethyl	 ether	 into	 a	 solution	of	3.4	 dissolved	 in	benzene.	 1H	NMR	500	

MHz	(C6D6)	δ/ppm:	0.86	(s,	18H),	1.14	(d,	 J	=	6.9	Hz,	6H)	1.31	(d,	 J	=	6.9	Hz	6H,)	4.76	(m,	

2H),	6.59	(d,	J	=	5.4	Hz,	2H,),	7.12	(d,	J	=	1.6	Hz,	2H),	7.18	(m,	2H,),	7.25	(t,	J	=	7.4	Hz,	1H),	

7.37	(d,	J	=	7.7	Hz,	2H),	7.47	(t,	J	=	7.5	Hz,	1H),	7.55	(t,	J	=	7.6	Hz,	1H),	7.63	(d,	J	=	8.6	Hz,	1H),	

7.83	(t,	J	=	7.4	Hz,	1H),	8.73	(d,	J	=	8.3	Hz,	1H),	8.79	(d,	J	=	8.2	Hz,	1H,),	9.16	(d,	J	=	8.1	Hz,	

1H).	 13C	 NMR	 (126	MHz;	 C6D6)	 δ/ppm:	 160.5	 (N=C),	 152.3	 (C–O),	 149.6	 (aryl–C),	 147.8	

(aryl–C),	 141.1	 (aryl–C),	 129.22	 (aryl–C),	 129.0	 (aryl–C),	 128.5	 (aryl–C),	 126.5	 (aryl–C),	

125.6	(aryl–CH),	125.2	(aryl–CH),	124.4	(aryl–CH),	124.1	(aryl–CH),	123.5	(aryl–CH),	123.4	

(aryl–CH),	122.7	(aryl–CH),	121.1	(aryl–CH),	121.0	(aryl–CH),	120.6	(aryl–CH),	116.2	(aryl–

CH),	 30.5	 (–C(CH3)3),	 29.8	 (–C(CH3)3),	 28.6	 (CH(CH3)2),	 23.9	 (CH(CH3)2),	 23.8	 (CH(CH3)2).	

Anal.	calcd	for	C44H49N3ONi	•	C6H6	:	C,	77.72;	H,	7.17;	N,	5.44.	Found:	C,	77.43;	H,	7.09;	N,	

5.24%.	UV-vis-NIR	(THF)	λmax/nm	(ε/M–1	cm–1):	400	(18000),	955	(8100).	
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Experimental	and	Computational	Studies	of	Square-Planar			

(donor)NiII(acceptor)	LL′CT	Dyes	Equipped	With		

Carboxyl	-Anchoring	Groups	
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4.1	 Introduction	

	 Titanium	 dioxide	 (TiO2)	 remains	 one	 of	 the	 most	 widely	 used	 metal	 oxides	 in	

photocatalytic	and	photovoltaic	systems	owing	to	its	photo(electro)chemical	stability,	high	

energy	 conduction	 band,	 ease	 of	 availability,	 and	 low	 cost.1,2	 Once	 an	 electron	 is	 photo-

excited	 into	 the	 conduction	 band,	 it	 possesses	 enough	 potential	 energy	 to	 generate	 an	

electrical	 current	 in	 photovoltaic	 systems	 (dye	 sensitized	 solar	 cells,	 DSSCs),	 or	 fuel	 a	

catalyst	for	artificial	photosynthetic	reactions.3-7	The	major	drawback	of	TiO2	is	the	lack	of	

spectral	 response	 in	 the	visible	and	NIR	regions	of	 the	solar	spectrum,	making	 it	 inert	 to	

visible	light	excitation.	Therefore,	the	surface	of	TiO2	is	commonly	sensitized	by	molecular	

dyes,	 that	when	 are	 excited	 by	 a	 visible	 photon	 access	 excited-state	 oxidation	 potentials	

potent	enough	to	inject	into	the	conduction	band	of	TiO2.		

	 The	 most	 frequently	 employed	 photosensitizers	 have	 been	 the	 ruthenium	

polypyridyl	 family	 of	 dyes.	 When	 the	 acceptor	 ligands	 are	 functionalized	 with	 carboxyl	

anchoring	 groups	 and	 adsorb	 onto	 the	 metal	 oxide	 surface,	 charge-injection	 into	 the	

conduction	 band	 of	 TiO2	 takes	 place	 on	 a	 femtosecond	 time-scale.8,9	 Square-planar	 dyes	

have	 also	 been	 studied	 by	 Eisenberg	 and	 coworkers,	 where	 they	 employed	

(dithiolate)PtII(bipyridyl)	 complexes	 in	 photochemical	 hydrogen	 evolution	 (photo-HER)	

applications.10-12	 The	 development	 of	 less-costly	 alternatives	 to	 these	 noble-metal	

sensitizers	 is	 particularly	 important	 regarding	 the	 realization	 of	 sustainable,	 renewable	

energy.	 Earth-abundant	 charge-transfer	 chromophores	 can	 be	 equipped	 with	 carboxyl-

anchoring	 groups	 for	 sensitization	 of	 large	 band-gap	 semiconductors.	 The	 LL′CT	

chromophores	discussed	in	Chapter	3	are	promising	candidates	as	NIR	light	harvesters	for	

TiO2	sensitization	because	of	their	potent	excited-state	oxidation	potentials.	In	this	chapter,	
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two	(donor)NiII(bipyridine)	LL′CT	chromophores	are	functionalized	with	anchoring	groups	

capable	 of	 tethering	 to	metal	 oxide	 surfaces.	 The	 thermodynamic	 characteristics	 of	 dyes	

with	 the	 general	 formula:	 (donor)NiII(bpyCOOMe)	 where	 donor	 =	 3,5-di-tert-butyl-

catecholate,	(cat)2–;	and	2,4-di-tert-butyl-6-((2,6-diisopropylphenyl)amidophenolate,	(ap)2,	

and	 bpyCOOMe	 =	 dimethyl	 [2,2'-bipyridine]-4,4'-dicarboxylate	 are	 investigated	

spectroscopically,	electrochemically,	and	computationally.	The	potential	of	the	LL′CT	dyes	

to	 be	 sensitizers	 for	 photovoltaic	 solar	 cells	 is	 investigated	 through	 preliminary	 binding	

studies	onto	metal	oxide	surfaces.		

4.2	Results	and	Discussion	

4.2.1	Synthesis	and	Characterization	

	 4,4'-di-methyl-bipyridine	 (bpyMe)	was	 functionalized	with	 two	 carboxyl	 anchoring	

groups	 at	 the	4	 and	4′	 positions	 via	 oxidation	by	Cr(VI)O3	to	 yield,	 [2,2′-bipyridine]-4,4′-

dicarboxylic	 acid	 (bpyCOOH).	Due	 to	 the	poor	 solubility	 of	 the	bpyCOOH	ligand,	 the	 carboxy-

functional	groups	were	methylated	to	yield	to	more	soluble	ester-protected	derivative,	di-

methyl	[2,2′-bipyridine]-4,4′-dicarboxylate		(bpyCOOMe)	in	excellent	yield	(90%).		

	 Square-planar	Ni(II)	 donor-acceptor	 LL′CT	 chromophores	 equipped	with	 carboxyl	

anchoring	groups	for	tethering	to	metal	oxide	surfaces	were	achieved	through	treatment	of	

a	Ni(0)	synthon,	Ni(cod)2	with	the	functionalized	acceptor,	dimethyl	[2,2′-bipyridine]-4,4′-

dicarboxylate.	The	reaction	was	stirred	for	12	hours	as	outlined	in	Scheme	4.	Metallation	

to	 the	Ni(0)	 center	was	 indicated	 by	 a	 drastic	 color	 change	 from	 yellow	 to	 dark	 purple.		

Subsequent	 addition	 of	 the	 donorquinone	 resulted	 in	 a	 two	 electron	 oxidation	 of	 the	Ni(0)	

intermediate	to	Ni(II)	and	the	reduction	of	donorquinone	to	[donorcat]2–	;	a	two-electron	redox	
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reaction	 indicated	 by	 an	 obvious	 color	 change	 from	 purple	 to	 dark	 blue	 (4.1)	 or	 green	

(4.2).	The	desired	square-planar	complexes,	 (cat)Ni(bpyCOOMe)	 (4.1)	and	 (ap)Ni(bpyCOOMe)	

(4.2)	were	isolated	in	good	yields	and	purity	(76%	and	90%).		

Scheme	!-!		Synthetic	procedure	and	donor	and	acceptor	ligands	used	in	this	chapter.		

	

	 The	 square-planar	 D-A	 LL′CT	 Ni(II)	 dyes	 are	 diamagnetic	 and	 are	 confirmed	

unequivocally	via	1H	NMR	spectroscopy.	The	1H	NMR	spectrum	of	(cat)Ni(bpyCOOMe)	(4.1)	

displayed	a	sharp	singlet	for	the	methoxy	proton	resonances	of	the	bpyCOOMe	ligand	where	

there	 should	 be	 two,	 considering	 the	 unsymmetrical	 nature	 of	 3,5-di-tert-butyl-1,2-

catecholate.	A	high	field	NMR	spectrometer	did	not	resolve	this	resonance	however,	the	Cs	

symmetry	 is	 apparent	 in	 the	 aromatic	 region.	 	Between	8.86	and	7.19	ppm	 there	 are	 six	

singlet	 resonances	 corresponding	 to	 the	 chemically	 distinct	 aromatic	 protons	 on	 the	

bpyCOOMe	 ligand.	 The	 1H	 NMR	 of	 (ap)Ni(bpyCOOMe)	 (4.2)	 shows	 sharp	 and	 well	 resolved	

resonances	for	the	aromatic	protons	of	the	donor	(ap)2–	ligand.	The	isopropyl	groups	give	

rise	to	a	septet	near	4.23	ppm	for	the	methine	proton	and	a	pair	of	doublets	near	1.7	and	

1.4	ppm	for	the	chemically	different	methyl	protons,	consistent	with	the	Cs	symmetry	and	

the	square-planar	geometry	 indicated	 in	 the	single-crystal	X-ray	structure.	Similar	 to	4.1,	

the	methyl	 resonances	 of	 the	 bpyCOOMe	 ligand	 in	4.2	 appear	 as	 a	 singlet	 at	 3.34	 ppm	 for	

(ap)Ni(bpyCOOMe)	(4.2).			
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Figure	 !.!	 ORTEP	 Diagram	 of	 !.#.	 Thermal	 ellipsoids	 are	 shown	 at	 12%	 probability.	 Hydrogen	
atoms	and	non-coordinated	solvent	molecules	are	omitted	for	clarity.		

Table	!-!	Selected	Bond	Distances	for	!.#	and	MOS	assignment.	
	

Bond	Distances	/	Å	
Ni-O(1)	 1.831	
Ni–N(3)	 1.862	
Ni–N(1)	 1.895	
Ni–N(2)	 1.926	
N(3)–C(2)	 1.396	
C(1)–C(2)	 1.404	
C(2)–C(3)	 1.399	
C(3)–C(4)	 1.400	
C(4)–C(5)	 1.410	
C(5)–C(6)	 1.411	
C(1)–C(6)	 1.409	
N(2)–C(8)	 1.363	
N1–C7	 1.347	
C7–C8	 1.457	
MOS	 –1.77	

	 Single	crystals	of	(ap)Ni(bpyCOOMe)	were	obtained	by	vapor	diffusion	of	pentane	into	

a	solution	of	4.2	 in	THF.	The	ORTEP	diagram	of	4.2	 is	shown	in	Figure	4.1	and	relevant	

bond	lengths	are	listed	in	Table	4-1.	Examination	of	the	crystal	structure	reveals	the	Ni(II)	
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center	 is	 in	 a	 pseudo	 square-planar	 coordination	 environment	 with	 the	 bond	 angle	

between	 the	 two	 chelating	 nitrogen	 atoms	 of	 the	 acceptor	 ligand	 and	 the	 metal	 center	

N(1)–Ni–N(2)	measuring	 82.9˚.	 The	 4,4ʹ-ester-functionalized	 bipyridine	 ligand	 is	 close	 to	

planar,	with	a	dihedral	angle	of	11.43˚,	between	the	two	pyridine	rings.	The	bpyCOOMe	ligand	

shows	bridgehead	C–C	bond	distance	of	1.457	Å	and	C–N	distances	of	1.347	and	1.363	Å,	

consistent	with	neutral	bipyridyl-type	ligands.15		

	 For	the	donor	ligand,	the	bond	angle	between	the	two	chelating	oxygen	and	nitrogen	

atoms	and	 the	metal	 center	N(1)–Ni–N(2)	measures	85.8˚.	The	C(1)–O(1)	distance	of	 the	

amidophenolate	ligand	measures	1.336	Å	and	is	longer	than	observed	distances	of	carbon-

oxygen	double	bonds,	1.23	Å.15	The	C(2)–N(3)	distance	of	the	(ap)2–	ligand	measures	1.34	Å	

and	 is	also	 longer	 than	 the	1.27	Å	observed	 for	 the	C=N	bond	 in	neutral	quinone	 ligands	

and	is	consistent	with	carbon–nitrogen	single	bonds	observed	in	dianionic	amidophenolate	

ligands.	The	metrical	oxidation	state	assignment	for	the	donor	ligand	in	4.2	is	–1.77,	which	

corresponds	 to	 the	 dianionic,	 amidophenolate	 oxidation	 state.16	 The	 available	 structural	

data	are	consistent	with	a	fully	reduced	donor	and	neutral	acceptor	

4.2.2	Electrochemistry	

	 Cyclic	 voltammetry	 studies	 of	 all	 complexes	 were	 conducted	 in	 MeCN	 and	 THF	

solutions	containing	0.10	M	[Bu4N][PF6]	as	 the	supporting	electrolyte	at	a	glassy	carbon-

working	 electrode.	 The	 results	 of	 the	 electrochemical	 experiments	 are	 summarized	 in	

Table	4-2	(note:	the	potentials	recorded	in	THF	for	4.1	and	4.2	are	in	parenthesis).	Figure	

4.2	 shows	 the	 cyclic	 voltammograms	 of	 (cat)Ni(bpyCOOMe)	 and	 (ap)Ni(bpyCOOMe)	 taken	 in	

MeCN.	 The	 electrochemical	 behavior	 of	 the	 functionalized	 dyes	 shows	 two,	 one-electron	
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reduction	events.	The	first,	E°'3,	corresponds	to	the	reduction	of	the	neutral	bpyCOOMe	to	the	

monoanionic	semiquinone	(bpyCOOMe�)–;	and	the	second,	E°'4,	corresponds	to	the	reduction	

of	 (bpyCOOMe�)–	 to	 the	 dianionic	 (bpyCOOMe)2–.	 The	 reduction	 event	 (E°′3)	 for	 4.1	 and	 4.2	

exhibit	full	reversibility	(ipc/ipa	≅	1)	in	MeCN	and	falls	at	–1.44	and	–1.38	V	vs.	[Cp2Fe]+/0,	

for	4.1	and	4.2,	respectively.	Considering	the	potentials	recorded	in	THF	(Table	4-2,	values	

in	parenthesis),	we	can	make	a	direct	comparison	to	the	potentials	of	 the	same	events	of	

the	 non-functionalized	 dyes,	3.1	 and	3.2	 (introduced	 in	 Chapter	 3).	 	 The	 values	 for	 the	

functionalized	 dyes	 are	 considerably	 less	 negative	 when	 compared	 to	 the	 non-

functionalized	derivatives	 in	the	same	solvent.	For	example,	E°'3	for	(ap)Ni(bpytBu2)	(3.2)	

is	–2.15	V	and	when	the	acceptor	 ligand	 is	 functionalized	with	the	ester-anchoring	group	

(as	is	the	case	with	4.2),	 	E°'3	shifts	anodically	by	0.77	V	to	–1.58	V	in	THF.	 	Likewise,	the	

second	reduction	event,	E°′4,	shifts	+0.61	V	compared	to	the	non-functionalized	dye.		

	

Figure	!.#	Cyclic	voltammograms	of	(cat)Ni(bpyCOOMe),	!.#	(left)	and	(ap)Ni(bpyCOOMe),	!.#	(right)	as	
!	mM	solutions	in	MeCN	containing	2.!	M	[Bu!N][PF!]	supporting	electrolyte.	Data	were	collected	at	
a	 glassy	 carbon	 working	 electrode,	 with	 a	 platinum	 wire	 counter	 electrode,	 and	 a	 silver	 wire	
pseudo-reference	 electrode	 using	 a	 scan	 rate	 of	 011	 mV	 s–!.
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Table	!-!	Electrochemical	Potentials	of	Complexes	!.#,	!.&,	#.%*,	and	!.#*.		

	 The	reduction	potentials	of	both	the	(cat)Ni(acceptor)	complexes	exhibits	the	same	

behavior	where	E°′3	for	(cat)Ni(bpytBu2)	(3.1)	is	found	at	–2.01	V	in	THF	and	when	the	tert-

butyl	 groups	 of	 the	 acceptor	 ligand	 is	 switched	 to	 the	 ester-functional	 groups,	 E°'3	shifts	

anodically	 by	 0.55	 V	 to	 –1.46	 V.	 The	 less	 negative	 reduction	 events	 exhibited	 by	 the	

bpyCOOMe	 acceptor	 in	 both	 complexes	 suggests	 that	 the	 electron	 withdrawing	 ester	

functionality	 lowers	 the	energy	of	 the	 ligand-localized	LUMO,	making	 the	acceptor	 ligand	

easier	to	reduce.		The	oxidation	potentials	follow	the	same	trend	discussed	throughout	this	

dissertation,	where	the	potentials	are	dependent	on	the	identity	of	the	donor	ligand.			

	 Complex	4.1,	with	the	catecholate	donor,	shows	a	first	oxidation	event	(E°'2)	–0.43	V	

in	MeCN	(and	–0.45	V	in	THF).	This	event	appears	to	be	only	semi-reversible	with	a	broad	

and	cathodically	shifted	return	wave,	similar	to	its	bpytBu2	derivative.	The	(ap)2–	donor	in	

4.2,	 exhibits	 the	same	event,	E°'2	at	 –0.65	V	 in	MeCN	(–0.65	V	 in	THF).	The	 less	negative	

oxidation	potential	in	4.2	is	indicative	of	a	HOMO	that	is	easier	to	oxidize,	consequently	due	

to	the	strongly	reducing	(ap)2–.		Nevertheless,	the	thermodynamic	HOMO–LUMO	gap	(E°'3	–	

E°'2)	of	these	complexes	follows	the	same	trend	as	the	complexes	in	Chapter	3	where	the	

E°'	/	V	vs	[Cp2Fe]+/0	

	 E°'1	 E°'2	 E°'3	 E°'4	 E°'2	–	E°'3	
	 [Ni]2+/1	 [Ni]+/0	 [Ni]0/–	 [Ni]1–/2–	

4.1	 –0.08	 –0.43	(–0.45)	 –1.38	(–1.46)	 –1.93	(–2.07)	 0.93(1.01)	
4.2	 –0.18	 –0.65	(–0.6)	 –1.44	(–1.58)	 –2.01	(–2.19)	 0.8		(0.98)	
3.1*	 		0.13	 –0.46	 –2.01	 –2.76	 1.54	
3.2*	 –0.07	 –0.73	 –2.15	 –2.80	 1.42	

*Included	in	table	for	comparison	purposes.	Potentials	recorded	in	THF	
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larger	HOMO–LUMO	gap	is	observed	for	the	catecholate	ligand	(E°'3	–	E°'2		=	930	mV)	and	

the	amidophenolate	ligand	shows	a	smaller	gap	of	800	mV.	

4.2.3	Absorption	Features	

	

Figure	!.!	UV–vis–NIR	absorption	spectra	of	!.#	(black	line)	and	!.#	(dotted	grey	line),	left;	and	!.#	
(black	line)	and	!.#	(dotted	grey	line),	right.	

	 Complexes	4.1	 and	4.2	 are	 deeply	 colored	 in	 both	 the	 solid	 state	 and	 in	 solution,	

reflecting	 strong	 absorptive	 properties	 in	 the	 visible	 region	 of	 the	 electromagnetic	

spectrum.	 Figure	 4.3	 shows	 the	 absorption	 spectra	 of	 (cat)Ni(bpyCOOMe)	 4.1	 and	

(ap)Ni(bpyCOOMe)	4.2	compared	to	their	non-functionalized	counterparts,	 (cat)Ni(bpytBu2)	

3.1	and	(ap)Ni(bpytBu2)	3.2.	The	measurements	were	collected	as	solutions	in	THF	at	298	

K.	The	band	maximum	 (λmax),	molar	 absorptivity	 (ε),	 estimated	onset	 of	 LL′CT	 transition	

(ELLʹCT),	and	solvatochromic	shift	value	(SS)	of	each	complex	are	summarized	in	Table	4-3.	

Inspection	of	 the	absorption	profiles	of	4.1	and	4.2	 illustrates	 the	effect	on	the	energy	of	

the	LUMO	when	 the	acceptor	 is	 functionalized	with	 the	electron-withdrawing	anchoring-
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group.	 For	 instance,	 (cat)Ni(bpytBu2)	 has	 a	 λmax	 of	 620	 nm	 (2	 eV)	 in	 THF.	 When	 the	

acceptor	 ligand	 is	 bpyCOOMe,	 the	 λmax	 red-shifts	 to	 790	 nm	 (1.57	 eV).	 	 	 Likewise,	 for	 the	

(ap)Ni(acceptor)	complexes,	the	band	maximum	red-shifts	0.28	eV	from	890	nm	(1.39	eV)	

to	1120	nm	(1.1	eV)	with	the	incorporation	of	the	ester-anchoring	group.	This	red-shift	in	

the	lowest	energy	absorption	can	be	attributed	to	the	drop	in	the	energy	of	the	LUMO	by	–

0.28	eV	as	the	electron	withdrawing	anchoring	groups	lower	the	energy	of	the	π*	orbital,	

thus	 shrinking	 the	 HOMO–LUMO	 gap.	 This	 trend	 mirrors	 the	 trend	 from	 the	

electrochemical	 data,	 where	 the	 electron-withdrawing	 ester	 functionality	 yields	 more	

modest	reduction	potentials.		

Table	!-!	LL′CT	Absorption	Maxima,	Extinction	Coefficients,	Estimated	Excited-State	Energies,	and	
Solvatochromic	Shift		Values	for	!.#	and	!.#	compared	to	!.#	and	!.#.		

	 λmax	/	nm	 ε	/	M–1	cm–1	 ELLʹCT	/	eV	 Solvatochromic	shift	

4.1	 790	 6000	 1.1	 0.35	

4.2	 1140	 10000	 0.9	 0.34	

3.1	 620	 3600	 1.52	 0.45	

3.2	 890	 6200	 1.12	 0.16	

	 In	addition	 to	 the	 shift	 in	 energy	of	 the	band	maxima,	4.1	 and	4.2	 exhibit	 greater	

extinction	coefficients	(ε)	when	compared	to	the	non-functionalized	dyes.	The	probability	

of	 a	 promotion	 of	 an	 electron	 from	 the	 HOMO	 to	 the	 LUMO	 almost	 doubles	 when	 each	

complex	is	functionalized	with	the	anchoring	groups.	The	increase	in	molar	absorptivity	is	

indicative	 of	 the	 increased	 conjugation	 across	 the	 molecule,	 which	 could	 be	 a	 result	 of	

greater	contribution	of	the	acceptor	to	the	HOMO	(a	concept	investigated	further	in	Section	

4.2.4).	 Complex	 4.1	 exhibited	 a	 bathochromic	 shift	 in	 polar	 solvents,	 with	 a	 specific	

solvatochromic	shift	(SS)	value	of	0.35	(Table	4-4).	Notably,	this	value	is	less	than	the	SS	

value	 derived	 for	 complex	 3.1	 (SS	 =	 0.45).	 Complex	 4.2	 exhibited	 the	 same	 negative	
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solvatochromic	 behavior	 as	 4.1,	 with	 a	 SS	 of	 0.34.	 Interestingly,	 the	 SS	 value	 for	 4.2	

becomes	 larger	when	 compared	 to	 the	 non-functionalized	 dye	3.2,	 not	 smaller,	 as	 is	 the	

case	 for	 4.1.	 Such	 a	 result	 suggests	 that	 the	 incorporation	 of	 the	 electron-withdrawing	

anchoring	group	weakens	the	ground-state	dipole	in	4.1	and	strengthens	it	in	4.2.		

	

Figure	!."	Normalized	ground	state	electronic	 absorption	 spectra	of	!.#	recorded	 in	a	variety	of	
solvents	(left)	and	Plot	of	the	linear	correlation	between	the	energy	of	the	charge	transfer	state	and	
the	solvent	polarity,	with	a	slope	(solvatochromic	shift)	of	6.89	eV	(;<=6	cm	–!)	(right).	

	 The	charge-transfer	nature	of	the	lowest	energy	absorption	band	for	each	complex	

is	further	verified	through	solvatochromic	studies.	Previously,	CT	transitions	of	D-A	LL′CT	

complexes	have	been	shown	to	display	negative	solvatochromism;	namely	the	shift	of	the	

LL′CT	 band	maximum	 to	 higher	 energy	 in	 increasing	 solvent	 polarity.17	 This	 behavior	 is	

exemplified	for	4.1	in	Figure	4.4,	where	the	electronic	absorption	spectrum	is	recorded	in	

a	variety	of	solvents.	The	red	shift	for	the	λmax	from	650	nm	in	MeCN	to	790	nm	in	THF	is	

indicative	of	the	decrease	in	magnitude	of	the	dipole	moment	of	the	LL′CT	state.18	
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4.2.4	DFT		

	 Density	 Functional	 Theory	 (DFT)	 computations	 were	 conducted	 to	 model	 the	

electronic	 properties	 of	 complexes	4.1	 and	4.2.	 	 The	 single-crystal	 structure	 of	4.2	 was	

used	 as	 a	 starting	 point	 for	 geometry	 optimizations	 for	 both	 complexes.	 Before	

optimizations	were	calculated,	the	following	structural	simplifications	were	made	using	the	

program	Avogadro:	the	tert-butyl	groups	of	both	donor	ligands,	the	methyl	substituents	of	

the	esters,	and	the	isopropyl	groups	on	the	phenyl	of	the	(ap)2–		ligand	were	replaced	with	

hydrogen	 atoms.	 Substitution	 of	 these	 bulky	 alkyl	 groups	 with	 hydrogen	 atoms	 was	

necessary	in	order	to	maintain	tight	convergence	and	has	no	affect	on	the	outcome	of	the	

calculations.	The	simplified	structures	of	4.1	and	4.2	were	initially	refined	at	the	TPSS/SVP	

level	of	theory	with	subsequent	structural	refinements	carried	out	using	the	TZVP	basis	set.		

Table	!-!	Metal	and	Ligand	Contributions	to	the	Frontier	MO	Manifold	as	Determined	by	Mulliken	
Population	Analysis.	

	

The	calculated	optimized	bond	lengths	of	4.2	agreed	well	with	the	experimental	X-ray	data	

of	4.2	where	the	Ni–O,	Ni–N,	and	intraligand	bond	distances	were	calculated	within	0.04	Å	

of	 the	 solid-state	 data.	 Figure	 4.5	 shows	 the	 frontier	 Kohn–Sham	 orbital	 diagrams	 for	

complexes	4.1	 and	4.2	 along	with	POV-Ray	 renderings	of	 the	HOMO	and	LUMO	orbitals.	

Percent	Contribution	
	 Orbital	 Ni	 donor	ligand	 bpyCOOMe	 Energy	/	eV	 ∆E	/	eV	

4.1	

LUMO	+1	 2.5	 0	 97.5	 –3.10	

0.81	LUMO	 10.1	 17.3	 72.5	 –3.72	
HOMO	 4.6	 75.3	 20.1	 –4.53	
HOMO	–1	 29.7	 70.3	 0	 –5.25	

4.2	

LUMO+1	 52.2	 26.6	 21.1	 –3.04	

0.71	LUMO	 10.8	 21.7	 67.4	 –3.52	
HOMO	 6.6	 66.5	 26.8	 –4.23	
HOMO	–1	 39.1	 60.9	 0	 –5.43	



	 82	

Table	4-4	contains	the	energies	of	these	orbitals	as	well	as	the	percent	contribution	of	the	

metal,	 donor	 and	 acceptor	 ligands	 as	 determined	 by	 Mulliken	 population	 analysis.		

According	 to	 the	 MPA,	 the	 HOMO	 of	 complex	 4.1	 is	 calculated	 to	 be	 at	 –4.53	 eV	 and	

localized	 predominantly	 on	 the	 donor	 ligand,	 with	 the	 specific	 contributions	 of	 75.3%	

(cat)2–,	 4.6%	 Ni(II),	 and	 20.1%	 bpyCOOMe.	 The	 LUMO	 of	 4.1	 is	 found	 at	 –3.72	 eV	 and	 is	

localized	 mostly	 on	 the	 acceptor	 ligand,	 with	 specific	 contributions	 of,	 72.5%	 bpyCOOMe,	

17.3%	 Ni(II)	 ,	 and	 17.3%	 (cat)2–.	 Likewise,	 the	 HOMO-1	 and	 the	 LUMO+1	 of	

(cat)Ni(bpyCOOMe)	 are	 comprised	 of	mostly	 donor	 and	 acceptor	 ligand,	 respectively.	 	 The	

highest	occupied	MO	to	be	primarily	metal-based	is	the	HOMO-2,	which	is	localized	in	the	

dz2	orbital	and	falls	at	–5.6	eV.	The	lowest	unoccupied	metal-based	molecular	orbital	is	the	

LUMO+2,	which	is	localized	on	the	dx2–y2	orbital,	and	falls	at	–3.02	eV.	The	splitting	of	the	

ligand	field	gives	a	2.54	eV	gap,	where	several	ligand	localized	frontier	orbitals	have	been	

electronically	 inserted.	The	HOMO	of	 (ap)Ni(bpyCOOMe)	 (4.2)	 is	+0.32	eV	higher	 in	energy	

that	 the	catecholate	HOMO	of	4.1,	with	a	specific	energy	of	–4.28	eV,	which	makes	sense		

considering	the	one	oxygen	atom	is	replaced	with	nitrogen	atom.	Expectedly,	it	is	localized	

mostly	on	the	donor	ligand	with	specific	contributions	of	66.5%	(ap)2–	ligand,	6.6%	Ni(II),	

and	26.8%	bpyCOOMe.	Notably,	there	is	a	10%	increase	in	acceptor	character	in	the	HOMO	of	

4.2	 compared	 to	 the	HOMO	of	4.1.	 The	LUMO	of	4.2	 is	 found	 at	 –3.52	 eV.	 It	 is	 localized	

primarily	on	the	acceptor	ligand	and	specifically	comprised	of	64.5%	bpyCOOMe,	17.3%	Ni(II)	

and	17.3%	(cat)2–.	The	HOMO-1	for	4.2	is	just	like	the	HOMO-1	in	4.1	in	that	it	is	comprised	

of	 just	metal	 and	 donor	 orbitals.	 The	 difference	 is	 (cat)Ni(bpyCOOMe)’s	 HOMO-1	 is	 29.7%	

metal	 and	 70.3%	 acceptor,	while	 (ap)Ni(bpyCOOMe)’s	 HOMO-1	 contains	 about	 ten	 percent	

more	metal	character	(39.1%)	and	about	10%	less	contribution	from	the	acceptor	ligand.	
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Figure	 !."	 Frontier	 Kohn-Sham	 orbital	 diagram	 for	 (cat)Ni(bpyCOOMe),	 !.#	 (left)	 and	
(ap)Ni(bpyCOOMe),	!.#	(right)	as	determined	by	DFT	computations	at	the	TPSS/TZVP	level	of	theory.	

	 The	 compositions	 of	 the	 HOMO-1	 to	 LUMO	 are	 generally	 the	 same	 for	 both	

complexes	with	 the	exception	 that	 there	 is	more	delocalization	present	 in	each	orbital	of	

(ap)Ni(bpyCOOMe)	 than	 in	 (cat)Ni(bpyCOOMe).	 	 The	 LUMO+1,	 however,	 does	 differ	 between	

complex	4.1	and	4.2.	The	LUMO+1	for	(cat)Ni(bpyCOOMe)	(4.1)	appears	to	be	a	bpyCOOMe	π*	

orbital	where	it	is	comprised	of	97.5%	acceptor	ligand.	And	the	LUMO+2	(not	shown)	is	the	

M-L	 σ*	 orbital.	 This	 is	 in	 contrast	 to	4.2,	 where	 the	 LUMO+1	 is	 the	M-L	 σ*	 orbital	with	

52.2%	 metal	 character,	 26.6%	 donor	 character,	 and	 21.1%	 acceptor	 character.	 	 The	

LUMO+2	contains	95.8%	acceptor	 character	with	 the	 remaining	4.2%	being	 contribution	

from	the	metal	center.		Where	the	M-L	σ*	orbital	in	4.1	is	above	the	second	bpyCOOMe	π*,	it	

drops	 below	 the	 bpyCOOMe	 π*	 in	 complex	4.2.	 	 This	 reflects	 the	 same	 trend	 discussed	 in	
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Chapter	 3	 where	 the	 catecholate	 complex	 provides	 a	 stronger	 ligand	 field	 than	 the	

amidophenolate	ligand.	

4.2.5	TD-DFT	

	 With	the	prerequisite	ground-state	calculations	 in	hand,	 time	dependent	DFT	(TD-

DFT)	calculations	(TPSS/TZVP+THF)	were	performed	to	 find	 the	characters	and	energies	

of	the	singlet	low-lying	excited	states	of	complexes	4.1	and	4.2.		The	energy	of	each	excited	

state	 is	 the	 vertical	 excitation	 energy	 in	 electron-volts	 (eV)	 from	 the	 ground	 state.21	 The	

first	 five	 transitions	with	 the	 greatest	 oscillator	 strengths	 for	 each	 complex	 are	 listed	 in	

Table	 4-5,	 along	with	 their	 energies,	 transitions,	 and	 character.	 This	 information	 is	 also	

presented	graphically	for	all	calculated	excited-states	in	Figure	4.6.	In	complexes	4.1	and	

4.2,	 there	 are	 excited-states	 with	 significant	 oscillator	 strength	 throughout	 the	 1.2-3	 eV	

region,	 but	 the	 strongest	 are	 clustered	 around	1.25	 eV.	 These	 transitions	 are	 reasonably	

strong	with	calculated	oscillator	strengths	of	0.2124	for	4.1	and	0.1528	and	0.1048	for	4.2.	

There	were	no	calculated	excitations	below	1	eV	in	either	complex.		For	some	transitions	in	

Table	4-5,	a	simplistic	model	of	excited-state	excitations	can	be	applied	where	a	transition	

corresponds	to	the	promotion	of	an	electron	from	an	occupied	MO	(ΦO)	to	an	unoccupied	

MO	(ΦU).		Some	excited-states,	however,	show	optical	transitions	that	correspond	to	multi-

electronic	 states,	 where	 a	 linear	 combination	 of	 two,	 occupied-to-unoccupied	 MO	

excitations	 comprise	a	given	 transition.	The	 character	of	 each	excited-state	was	assigned	

according	 to	 the	 compositions	 of	 the	 occupied	 and	 unoccupied	 MOs	 of	 the	 dominant	

excitation(s).	For	example,	 for	(cat)Ni(bpyCOOMe)	(4.1)	the	first	singlet	excitation	occurs	at	

1.24	eV	and	corresponds	to	a	promotion	from	the	HOMO,	which	is	75%	donor	ligand,	to	the	
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LUMO,	which	is	72%	acceptor	ligand.	This	first	singlet	excitation	is	designated	LL′CT.		The	

first	 singlet	 excitation	 for	 (ap)Ni(bpyCOOMe)	 (4.2)	 is	 the	 combination	 of	 two	 different	

transition:	 56%	 of	 it	 corresponds	 to	 a	 transition	 from	 the	 HOMO	 which	 is	 66%	 donor	

ligand,	to	the	LUMO	that	 is	67%	acceptor	 ligand.	This	transition	can	be	designated	LL′CT.	

The	second	transition,	which	makes	up	42%	of	the	excitation	corresponds	to	a	promotion	

from	 the	 donor-based	HOMO	 to	 the	 LUMO+1,	which	 is	 53%	metal,	 and	 therefore	 can	 be	

assigned	 ligand-to-metal	 charge	 transfer	 (LMCT).	 	With	56%	being	LL′CT	and	42%	being	

LMCT,	the	overall	character	of	the	excitation	is	designated:	mixed	LL′CT	/	LMCT.	

	

Figure	 !."	 Calculated	 singlet	 excitations	 for	 !.#	 (left)	 and	!.#	 (right)	 vs.	 oscillator	 strengths	 (f)	
overlaid	against	the	normalized	experimental	spectra	collected	in	THF	at	!"#	K.	

Table	!-!	Selected	Calculated	Singlet	Excited	States	for	!.#	and	!.#.	
	 State	 E/eV(nm)	 ƒ	 ΦO	à 	ΦU	 Character	

4.1	

1	 1.24	(993)	 0.212	 HOMO	à	LUMO	 LL′CT	

3	 1.53	(808)	 0.023	
HOMO	à	LUMO+1	(70%)			
HOMO-1	à	LUMO	(30%)	

LL′CT		

4	 1.61	(766)	 0.356	
HOMO-1	à	LUMO	(71%)	
HOMO	à	LUMO	(29%)	

LL′CT		
	

7	 2.21	(560)	 0.044	
HOMO	à	LUMO+1	 LL′CT		

15	 2.95	(421)	 0.143	 HOMO-4	à	LUMO+4	(54%)	
HOMO-2	à	LUMO+2	(41%)	

LL′CT	/		
dz2	à	dx2-y2	
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1	 1.24	(999)		 0.1528	 HOMO	à	LUMO	(56%)	
HOMO	à	LUMO+1	(42%)	

LL′CT	/		
LMCT	

4.2	

2	 1.27	(979)	 0.1048	
HOMO	à	LUMO+1	(55%)		
HOMO	à	LUMO	(40%)	

LMCT/	
LL′CT		

3	 1.47	(842)	 0.0732	 HOMO	à	LUMO+2		 LL′CT		

4	 1.61	(771)	 0.0267	 HOMO-1	à	LUMO	 LL′CT		

8	 2.14	(580)	 0.0258	 HOMO-1à	LUMO+2	 LL′CT		

	

	 The	calculated	excitations	agree	with	the	experimental	data	(spectra	of	4.1	and	4.2	

taken	 in	 THF	 at	 298K,	 Figure	 4.6).	 	 For	 both	 complexes,	 the	 excitation	 that	 gives	 the	

highest	 oscillator	 strength	 is	 the	 lowest	 energy	 transition.	 For	 complex	4.1,	 excitation	 to	

the	first	singlet	excited-state	corresponds	to	a	promotion	of	an	electron	from	the	HOMO	to	

the	 LUMO	 and	 is	 calculated	 to	 fall	 at	 1.24	 eV	 (993	 nm).	 	 Although	 the	 strength	 of	 this	

excitation	does	not	align	with	the	molar	absorptivity	observed	in	the	experimental	data,	the	

energy	of	it	does	align	within	the	onset	of	lowest	energy	absorption.	The	second	excitation	

calculated	 for	 4.1	 yielded	 an	 oscillator	 strength	 of	 zero	 and	 although	 present	 in	 the	

molecule’s	 excite-state	 manifold,	 it	 does	 not	 contribute	 to	 the	 compound’s	 absorption	

cross-section	and	thus	is	not	considered	further.	The	third	excitation,	calculated	at	1.53	eV	

is	 a	 linear	 combination	 of	 two	 transitions,	 one	 from	 the	 HOMO	 to	 the	 LUMO+1	 and	 the	

other	 from	the	HOMO-1	 to	 the	LUMO	and	are	assigned	as	LL′CT.	Transitions	4	and	7	are	

solely	LL′CT,	while	transition	15	is	mixed	LL′CT,	with	41%	contribution	from	a	dz2	à	dx2-y2	

transition	(HOMO-2	to	LUMO+2).		

	 The	weaker	ligand	field	imposed	by	the	(ap)2–	donor	ligand	in	4.2	causes	mixing	of	

the	metal	dx2-y2	orbital	 into	 the	 two	 lowest	 energy	 transitions	which	 fall	 at	999	nm	and	

979	nm.	 	Both	of	 these	excitations	are	 linear	 combinations	of	 the	 transition	between	 the	



	 87	

HOMO	and	LUMO,	 and	HOMO	 to	LUMO+1.	Their	 compositions	 are	 inverse	 to	 each	other,	

where	the	excitation	at	999	nm	is	56%	HOMO	to	LUMO,	the	second	excitation	(808	nm)	is	

55%	HOMO	to	LUMO+1.	This	mixing	of	metal-to-ligand	charge-transfer	transition	into	the	

LL′CT	excitation	is	due	to	the	LUMO+1	being	M-L	σ*	in	character.		Transitions	3,4,	and	8	are	

solely	LL′CT	and	correspond	to	the	transition	from	the	donor	localized	HOMO	or	HOMO-1	

to	 the	 acceptor	 localized	 LUMO	 or	 LUMO+2.	 The	 energy	 of	 these	 transitions	 and	 the	

oscillator	strengths	agree	well	with	the	experimental	measurement.				

	 The	 transitions	 that	 dominate	 the	 visible	 to	 NIR	 region	 of	 the	 electromagnetic	

spectrum	of	complexes	4.1	and	4.2	are	majority	LL′CT	in	nature.	The	lowest	energy	dàd	

transition	for	complex	4.1	is	1.71	eV	above	the	energy	of	the	ground	state.	In	contrast,	the	

weaker	ligand	field	imposed	on	complex	4.2	gives	a	LUMO+1	that	is	M-L	σ*character	and	

causes	some	mixing	in	the	two	lowest	energy	transitions,	making	each	posses	considerable	

ligand-to-metal	charge-transfer	character.			

4.2.6	Estimating	the	Excited	State	and	Preliminary	Binding	Studies		

	 Estimated	excited-state	redox	potentials	were	determined	 for	each	complex	based	

on	 the	 ground	 state	 electrochemical	 potentials	 (taken	 in	 THF)	 and	 estimated	 optical	

excitation	 energy,	 taken	 from	Table	 4-3,	 Section	 4.2.3.	 The	 derived	 values	 for	 E+/*	 show	

that	 upon	 absorption	 of	 a	 low	 energy	 photon	 (0.9	 and	 1.2	 eV),	 complexes	 4.1	 and	 4.2	

exhibit	E+/*	values	of	–0.99	and	–0.94	V	vs.	SCE,	respectively.	Although	these	values	are	less	

negative	and	therefore	less	potent	than	[Ru(bpy)3]2+’s	singlet	excited	state	(1MLCT	=	E+/*	=	

–1.2),	they	are	more	negative	than	the	triplet	state,	3MLCT	=	E+/*=	-0.86	V	vs.	SCE,	which	is	

still	known	to	inject	electrons	into	TiO2.	These	estimations	are	at	more	negative	potentials	
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than	 the	 conduction	 band	 of	 TiO2	 (–0.82	 V	 vs	 SCE)	 and	 suggest	 electron	 injection	 is	

possible.	 Complexes	 4.1	 and	 4.2	 are	 estimated	 to	 access	 comparable	 excited-state	

oxidation	potentials	to	the	3MLCT	of	Ru(bpy3)2+	with	considerably	less	energy	(1.1	and	0.9	

eV).	

	

Figure	!.!	Thin	films	coated	with	dye	!.#	 (top	left)	and	!.#	 (top	right)	and	UV–vis–NIR	spectra	of	
!.#	in	a	THF	solution	(solid	line),	and	when	anchored	to	TiO!	(dashed	line).			

	 The	 tethering	of	4.1	 and	4.2	 to	a	TiO2	surface	requires	 the	hydrolysis	of	 the	ester	

functionality	 so	 the	 carboxyl	 anchoring	 groups	 can	 interact	 with	 the	 Ti(3d)	 conduction	

band	of	the	manifold.	Common	deprotection	methods	require	acidic	or	basic	conditions	in	

aqueous	solvents	and	because	we	assume	4.1	and	4.2	are	not	stable	aqueous	solutions,	we	

sought	 a	 more	 benign	 pathway	 to	 deprotection	 and	 sensitization	 of	 TiO2.	 Following	 the	

method	introduced	by	Lindquist	et	al.,	 freshly	prepared	thin	films	of	nanocrystalline	TiO2	

were	base	 treated	 for	 40	hours	 in	 1M	LiOtBu/hexane	 solution.	After	 forty-eight	 hours	 of	
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soaking,	 the	 thin	 films	 were	 quickly	 removed	 from	 solution,	 washed	 with	 hexanes,	 and	

immediately	immersed	in	THF	solutions	of	4.1	and	4.2.	The	resulting	surface	anions	of	the	

base-treated	films	reacted	with	the	ester	unit(s)	of	the	Ni(II)	dyes	and		led	to	an	in	situ	de-

esterification	and	the	formation	of	the	desired	carboxylate	unit(s),	which	could	then	bind	to	

the	 TiO2	 surface.22	 After	 soaking	 the	 films	 for	 the	 appropriate	 amount	 of	 hours,	 a	

functionalized	 thin	 film	 of	4.1	 resulted	 in	 a	 color	 change	 from	white	 to	 an	 intense	 blue-

green	 (Figure	 4.7,	 top	 left)	 and	 an	 amber-brown	 color	 for	 4.2	 (Figure	 4.7,	 top	 right).	

Several	washings	of	the	thin	films	with	THF	did	not	remove	the	color.	This	was	encouraging	

as	 the	 color	 of	 the	 films	 closely	 matched	 the	 color	 of	 the	 dyes	 while	 in	 solution	 and	

suggested	 successful	 dye	 adsorption.	 The	 UV-vis-NIR	 absorption	 spectra	 of	 the	 thin	 film	

coated	in	4.1	is	shown	in	Figure	4.7,	where	it	clearly	shows	a	broad	band	in	the	region	of	

680-700	nm	and	on	onset	of	1000	nm.	The	absorbance	 feature	corresponds	 to	 the	LL′CT	

bands	observed	 in	 the	solution	phase	spectra,	 although	being	blue-shifted.	 	The	 thin	 film	

coated	 in	4.2	 although	 strongly	 colored,	 produced	 a	 less	 promising	 spectrum	 than	 non-

tethered	4.2,	as	the	absorption	features	are	minimal	and	degraded	over	a	short	period	of	

time	in	air.		Although	4.1	exhibited	air	stability	long	enough	to	take	spectral	measurements,	

it	too	degraded	in	air	shortly	thereafter.	

	4.3	Summary	and	Outlook	

	 The	square-planar	Ni(II)	D-A	LL′CT	dyes	reported	herein	have	been	functionalized	

with	 two	ester	 functionalities	groups	at	 the	4	and	4ʹ	positions	of	 the	bipyridine	acceptor	

ligand	 for	 tethering	 to	metal	 oxide	 surfaces.	Upon	optical	 excitation,	 the	 dyes	 are	 potent	

excited-state	 reductants	 and	 should	 be	 able	 to	 populate	 the	 conduction	 band	 of	 TiO2.	
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Complexes	4.1	and	4.2	absorb	strongly	in	the	red	and	NIR	portions	of	the	electromagnetic	

spectrum	and	possess	reversible,	ligand-localized	redox	events.		DFT	calculations	revealed	

the	composition	of	the	photoactive	frontier	molecular	orbitals	where	in	the	case	of	4.1,	the	

HOMO-1,	HOMO,	LUMO,	and	LUMO+1	are	all	ligand-based	and	any	molecular	orbitals	with	

significant	metal	contribution	have	been	pushed	to	lower	and	higher	energies.	In	contrast,	

the	weak	ligand	field	imposed	by	the	(ap)2–	ligand	in	4.2	results	in	greater	contribution	of	

the	metal	orbital	mixing	of	the	metal	d	orbitals	throughout	the	pFMO	set.		Where	the	LUMO	

is	predominately	bpyCOOMe	based,	the	LUMO+1	is	the	M-L	σ*	orbital	and	lies	+0.48	eV	from	

the	LUMO.			

	 TD-DFT	 calculations	 revealed	 the	 first	 lowest	 energy	 transitions	 of	4.1	 are	 LL′CT	

transitions,	while	 for	4.2,	 the	 low-lying	dx2-y2	 orbital	 (the	LUMO+1)	 causes	 the	 first	 two	

transitions	 to	be	mixed	LL′CT	and	LMCT.	 	 It	would	be	 interesting	 to	 investigate	whether	

this	mixed	LL′CT	/	LMCT	transition	would	facilitate	deactivation	of	the	singlet	excited-state,	

as	this	is	a	common	occurrence	with	first	row	transition	metal	charge-transfer	dyes.		

	 Nevertheless,	efforts	to	attached	these	dyes	to	nanocrystalline	TiO2	were	performed	

by	 base-treating	 the	 TiO2	 surface	 using	 LiOtBu	 to	 deprotonate	 and	 turn	 the	 surface	

hydroxyl	 groups	 (–OH)	 into	 oxygen	 anions	 (–O),	 thus	making	 the	 surface	more	 reactive	

toward	the	ester	functionalities	of	the	dye.	Although	dyes	4.1	and	4.2	appeared	to	adsorb	

to	 the	 TiO2	 surface,	 the	 resulting	 sensitized	 films	 degraded	 once	 exposed	 to	 air	 and	

rendered	electron	injection	studies	impossible.		Although	the	air	sensitivity	of	these	dyes	is	

problematic,	future	precautions	such	as	air	free	studies	can	be	made	in	order	to	test	their	

efficacy	to	inject	electrons	into	large	band	gap	semiconductors.		
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4.4	Experimental	

	 General	 Considerations. All	 compounds	 and	 reactions	 reported	 below	 show	

various	levels	of	air-	and	moisture-sensitivity,	so	all	manipulations	were	carried	out	using	

standard	vacuum-line,	Schlenk-line	and	glovebox	 techniques.	Solvents	were	sparged	with	

argon	before	being	deoxygenated	and	dried	by	passage	through	Q5	and	activated	alumina	

columns,	 respectively.	 To	 test	 for	 effective	 oxygen	 and	 water	 removal,	 aliquots	 of	 each	

solvent	were	treated	with	a	few	drops	of	a	purple	solution	of	sodium	benzophenone	ketyl	

radical	 in	THF.	The	 reagents	Ni(cod)2	 (Strem)	and	3,5-di-tert-butyl-1,2-quinone	 (Aldrich)	

where	 reagent	 grade	 or	 better	 and	 used	 as	 received.	 The	 iminoquinone,	 3,5-di-tert-

butyl(2,6-diisopropylphenyl)	 orthoiminoquinone32	 was	 prepared	 according	 to	 literature	

procedure.	The	diimine	 ligand,	4,4'-di-methyl-bipyridine	(Aldrich),	was	oxidized	and	then	

methylated	to	yield:	dimethyl	2,2’-bipyridyl-4,4'-dicarboxylate.		

	 Spectroscopic	 Measurements.	 NMR	 spectra	 were	 collected	 at	 298	 K	 on	 a	

BrukerAvance	400	MHz	or	500	MHz	spectrometer	in	dry,	degassed	C6D6	or	CDCl3.		1H		NMR	

spectra	were	referenced	to	tetramethylsilane	(TMS)	using	the	residual	1H	impurities	of	the	

deuterated	solvent.	All	chemical	shifts	are	reported	using	the	standard	δ	notation	in	parts	

per	million;	positive	chemical	shifts	are	to	a	higher	frequency	of	TMS.	Electronic	absorption	

spectra	were	recorded	with	a	PerkinElmer	Lamda	900	UV-vis-NIR	Spectrometer	using	one-

centimeter	path-length	cells	at	ambient	temperature	(20-24	°C).	

	 Electrochemical	Methods.	Electrochemical	experiments	were	recorded	on	a	Gamry	

Series	G300	potentiostat/galvanostat/ZRA	 (Gamry	 Instruments,	Warminster,	 PA)	using	 a	

3.0	mm	glassy	carbon	working	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	silver	

wire	pseudo-reference	electrode.	Reversibility	of	a	redox	process	was	judged	based	on	the	
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ratio	 of	 the	 anodic	 to	 the	 cathodic	 current	 being	 close	 to	unity	 (ipa/ipc	≅	1)	 for	 a	 given	

process.	Electrochemical	experiments	were	performed	at	ambient	temperature	(20-24	°C)	

in	 a	 nitrogen-filled	 glovebox	 using	 THF	 solutions	 containing	 1	mM	 analyte	 and	 100	mM	

[NBu4][PF6]	as	the	supporting	electrolyte.	All	potentials	are	referenced	to	[Cp2Fe]+/0	using	

ferrocene	 or	 decamethylferrocene	 (−0.49	 V	 vs	 [Cp2Fe]+/0)26	 as	 internal	 standards.	

Ferrocene	and	decamethylferrocene	(Acros)	were	purified	by	sublimation	under	reduced	

pressure	 and	 tetrabutylammonium	hexafluorophosphate	 (Acros)	was	 recrystallized	 from	

ethanol	three	times	and	dried	under	vacuum.	

	 X-ray	Data	Collection	and	Reduction.	X-ray	diffraction	data	for	all	complexes	were	

collected	on	single	crystals	mounted	on	either	a	glass	fiber	or	a	cryoloop	and	coated	with	

oil.	Data	were	acquired	using	a	Bruker	SMART	APEX	II	diffractometer	at	143	K	using	Mo	Kα	

radiation	(λ	=	0.71073	Å).	The	APEX227	program	package	was	used	to	determine	unit-cell	

parameters	and	for	data	collection.	The	raw	frame	data	were	processed	using	SAINT28	and	

SADABS29	 to	yield	 the	reflection	data	 file.	Subsequent	refinement	cycles	were	carried	out	

using	 the	SHELXTL	program	suite.	30	Analytical	 scattering	 factors	 for	neutral	 atoms	were	

used	 throughout	 the	 analyses.	 31	 ORTEP	 diagrams	 were	 generated	 using	 ORTEP-3	 for	

Windows.	32	Diffraction	data	for	4.2	is	given	in	Table	4-6.	

	 Density	 Functional	 Theory	 Computations.	 Calculations	 were	 performed	 in	 the	

Molecular	Modeling	Facility	in	the	Department	of	Chemistry	at	UC	Irvine.	Calculations	were	

performed	employing	Meta-GGA	functional	TPSS.32	Geometry	optimizations	were	initiated	

using	a	split-valence	plus	polarization	basis	set	 (def2-SVP)	33	and	 further	refine	using	 the	

polarized	triple-ζ	basis	set	def2-TZVP.34	The	structure	of	4.2	obtained	 from	single-crystal	

X-ray	diffraction	experiments	were	used	as	the	starting	points	for	geometry	optimizations;	
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no	molecular	 symmetry	was	 imposed.	 For	 complexes	4.1	 and	4.2,	molecular	 geometries	

and	orbital	energies	were	evaluated	self-consistently	to	tight	convergence	criteria	(energy	

converged	to	0.1	μHartree,	maximum	norm	of	the	Cartesian	gradient	≤	10−4	a.u.).	Mulliken	

population	 analyses	were	 obtained	 at	 TPSS/TZVP	 theory	 level;	 the	 contour	 values	were	

0.03	 for	 the	molecular	 orbital	 plots.	 All	 calculations	were	 performed	 using	 the	 quantum	

chemistry	program	package	TURBOMOLE.	35,36		

Table	 !-!.	 X-ray	 diffraction	 data	 collection	 and	 refinement	 parameters	 for	 (ap)Ni(bpyCOOMe)•"	
C!H!O	

	 4.2	
empirical	
formula	 C40	H49	N3	Ni	O3	

formula	weight	 710.53	+	(2*72.11)	=	
854.75	

crystal	system	 Monoclinic	
space	group	 P21/c	

a	/	Å	 10.2568(9)	
b	/	Å	 19.4457(18)	
c	/	Å	 15.3511(14)	
α	/	deg	 90	
β	/	deg	 107.5750(12)	
γ	/	deg	 90	
V	/	Å3	 2918.9(5)	
Z	 4	

refl.	collected	 35094	
indep.	refl.	 7204	[R(int)	=	0.0419]	
R1	(I	>	2σ)a	 0.0337	(0.0505)	

wR2	(all	data)b	 0.0731	(0.0794)	

	 TiO2	 Binding	 Studies.	 The	 binding	 of	 anchor-functionalized	 2,2'-bipyridine	

complexes	 was	 studied	 using	 6	 μm	 thick	 films	 of	 nanocrystalline	 anatase	 TiO2	 (20	 nm	

average	particle	 size)	on	glass	 slides	prepared	according	 to	a	 literature	procedure.37	The	

TiO2	 films	were	 soaked	 in	0.5	mM	solutions	of	 the	 complex	dissolved	 in	diethyl	 ether	or	

THF.	 To	 check	 for	 binding	 the	 films	were	 removed	 from	 the	 solution,	 rinsed	with	 clean	

solvent,	 and	 the	 UV-vis-NIR	 spectra	 were	 recorded.	 UV-vis-NIR	 spectra	 of	 films	 were	



	 94	

recorded	 on	 a	 Perkin-Elmer	 Lambda	 950	 spectrophotometer	 equipped	 with	 a	 60	 mm	

integrating	sphere.		

	 Synthesis	of	(cat)Ni(bpyCOOMe)	(4.1).	Complex	4.1	was	prepared	by	treatment	of	a	

Ni(cod)2	 (69	mg,	0.25	mmol,	1	equiv)	THF	solution	with	one	equivalent	of	dimethyl	2,2’-

bipyridyl-4,4'-dicarboxylate	 (68	 mg,	 0.25	 mmol,	 1	 equiv)	 to	 generate	 a	 purple	 solution.	

After	20	minutes	of	stirring,	the	putative	(cod)Ni(bpyCOOMe)	intermediate	was	then	treated	

with	 a	 solution	 of	 quinone	 (55	 mg,	 0.25	 mmol,	 1	 equiv)	 and	 stirred	 for	 24	 hours.	 The	

volume	of	the	resulting	brown	solution	was	reduced;	ether	was	added	and	cooled	to	–35	ºC.	

The	solid	was	collected	over	a	frit	and	washed	with	cold	ether	to	yield	4.1	as	a	blue	green	

microcrystalline	solid	 (114	mg,	76%	yield).	 1H	NMR	400	MHz	(C6D6):	δ/ppm	1.58	(s,9H),	

1.71	(s,	9H),	1.47	(9H),	3.47	(s,	6H),	6.59	(d,	J	=	9.8	Hz,	2H),	7.19	(s,	4H),	7.44	(s,	1H),	7.52	(s,	

1H),	7.52	(s,	1H),	7.95	(s,	1H),	8.35	(s,	1H),	8.87	(s,	1H).	UV–vis–NIR	[THF;	λmax/nm	(ε/M–

1cm–1)]:	314	(19000),	800	(5800).	

	 Synthesis	of	(ap)Ni(bpyCOOMe)	(4.2).	Complex	4.2	was	prepared	by	treatment	of	a	

Ni(cod)2	 (69	mg,	0.25	mmol,	1	equiv)	THF	solution	with	one	equivalent	of	dimethyl	2,2’-

bipyridyl-4,4'-dicarboxylate	 (68	 mg,	 0.25	 mmol,	 1	 equiv)	 to	 generate	 a	 purple	 solution.	

After	20	minutes	of	stirring,	the	putative	(cod)Ni(bpyCOOMe)	intermediate	was	then	treated	

with	 a	 chilled	 solution	 of	 iq	 (95	mg,	 0.25	mmol,	 1	 equiv)	 and	 stirred	 for	 24	 hours.	 The	

volume	of	the	resulting	green	solution	was	reduced;	pentane	was	added	and	cooled	to	–35	

ºC.	The	solid	was	collected	over	a	 frit	and	washed	with	cold	ether	to	yield	4.2	as	a	green	

microcrystalline	solid	(160	mg,	90%).	1H	NMR	400	MHz	(C6D6):	δ/ppm	1.18-1.14	(m,	18H),	

1.44	(s,	9H),	1.93	(s,	9H),	3.33	(s,	6H),	4.24-4.22	(m,	2H),	6.36	(s,	1H),	7.04	(s,	1H),	7.29	(s,	
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3H),	7.35	(d,	J	=	0.6,	3H),	7.40	(d,	J	=	6.4,	1H),	7.70	(s,	2H).	UV–vis–NIR	[THF;	λmax/nm	(ε/M–

1	cm–1)]:	314	(3000),	1140	(10000).	
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Chapter	5	
	

Octahedral	Donor-Acceptor	Complexes	of	Ru(II)	Supported	by	the	
Redox-Active	N2N2q	Ligand	
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5.0	Introduction	

	 Photosensitizers	 dominated	 by	 interligand	 photo-induced	 charge	 transfer	 i.e.,	

ligand-to-ligand	charge	 transfer	 (LLʹCT)	 transitions	are	classically	exemplified	by	square-

planar	 complexes	 of	 group	 10	metals	with	 the	 general	 formulation:	 (donor)M(acceptor),	

where	donor	=	catecholate,	dithiolate,	or	amidophenolate;	M	=		Ni(II),	Pd(II),	or	Pt(II);	and	

acceptor	=	α-diimine.1-4	The	square-planar	geometry	is	ideal	because	it	arranges	the	ligand-

based	donor	 and	 acceptor	 orbitals	 co-planar	 to	 one	 another,	 ensuring	 optimal	 electronic	

overlap	 of	 the	 photo-active	 frontier	 molecular	 orbitals	 (pFMOs)	 while	 providing	 the	

delocalized	electronic	pathway	required	to	facilitate	charge-transfer	upon	photo-excitation.	

Although	 ideal	 in	 geometry,	 the	 two	 vacant	 axial	 coordination	 sites	make	 square-planar	

coordination	 compounds	 prone	 to	 decomposition	 through	 associative	 ligand-exchange	

pathways.	Another	drawback	to	square-planar	photosensitizers	is	that	their	planarity	has	

shown	 to	 promote	π-stacking	 interactions,	 both	 in	 solution	 and	 on	metal	 oxide	 surfaces,	

which	can	compromise	efficacy	of	charge	injection	through	self-quenching	pathways.5,6	In	

order	to	realize	a	more	robust	LL′CT	dye	for	solar	energy	conversion	strategies	it	would	be	

advantageous	 to	design	a	coordinately	saturated	complex	where	 the	geometry	and	steric	

interactions	inhibits	π	stacking	in	solution	and	on	a	metal	oxide	surface.		

	 Octahedral	donor-acceptor	(D-A)	LL′CT	complexes	have	been	documented	by	Lever	

and	coworkers,	where	they	paired	two	bipyridine	acceptor	ligands	with	a	series	of	ortho-

phenylene	 donor	 ligands	 (ortho-phenylene	 	 =	 catecholate,	 amidophenolate,	 and	 ortho-

phenylenediimine).7	Their	 investigations	 into	 these	 complexes	 illustrated	 the	 importance	

of	 the	 co-planar	 arrangement	 of	 donor	 and	 acceptor	 ligands	 where	 the	 resulting	 LL′CT	



	 99	

transitions	were	reportedly	weak	(ε	≤	4000	M–1	cm–1)	due	poor	orbital	overlap	between	the	

donor	and	acceptor	orbitals.	8			

	

Figure	 !.!	 	 a)	 Oxidation	 states	 accessible	 to	 the	 N!N!	 ligand	 and	 b)	 Crystal	 structure	 of	
[N!N!cat]TiCl!.	Thermal	ellipsoids	are	drawn	at	the	12%	probability	level.!	

	 The	design	and	synthesis	of	octahedral	LL′CT	chromophores	where	 the	respective	

donor	and	acceptor	ligands	are	arranged	in	the	basal	plane	of	the	octahedron,	and	thus	co-

planar	to	one	another	should	be	possible.	 	The	redox-active,	tetradentate	ligand,	N,N′-bis-

(3-dimethylaminopropyl)-4,5-dimethoxy-benzene-1,2-diiminoquinone	 (N2N2q)	 could	

provide	the	structural	ligand	platform	to	achieve	this	particular	coordination	environment	

(Figure	5.1a).	 	Developed	previously	in	our	lab,	the	N2N2	ligand	is	redox-active	and	when	

coordinated	 to	 a	 transition	 metal	 ion	 can	 access	 the	 three	 oxidation	 states	 inherent	 to	

ortho-diiminoquinone-type	 ligands	 (Figure	 5.1a).9	 The	 crystal	 structure	 obtained	 in	 this	

study	 (Figure	 5.1b)	 showed	 the	 ortho-phenylenediamine	 core	 occupied	 two	 of	 the	 four	

coordination	 spheres	 of	 the	 basal	 plane	 and	 the	 tertiary	 amines	 arms	 occupied	 the	 two	

axial	positions.	This	particular	arrangement	allows	for	the	co-planar	installation	of	another	

redox-active	 to	 realize	 a	 LL′CT	 octahedral	 dye.	 	 This	 chapter	 details	 the	 synthesis	 and	

investigation	 of	 octahedral	 Ru(II)	 charge-transfer	 chromophores	 with	 the	 general	

formulation:	 (donor)RuII(N2N2q),	 where	 donor	 =	 2	 Cl–	 (5.1);	 	 tetrabromocatecholate,	
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(catBr4)2–	 (5.2);	 and	 3,5-di-tert-butyl-catecholate,	 (cat)2–	 (5.3).	 These	 complexes	 are	

investigated	spectroscopically,	electrochemically,	and	computationally	where	I	attempt	to	

elucidate	the	complicated	electronic	nature	of	the	excited-state	manifold.		

5.2	Results	and	Discussion	

5.2.1	Synthesis	and	Characterization		

	 Octahedral	 ruthenium(II)	 complexes	 with	 the	 general	 formulation	

(donor)Ru(N2N2q),	where	donor	=	(cat)2–,	(catBr4)2–,	and	2	Cl–	were	prepared	as	outlined	in	

Scheme	 5-1.	 	 The	 ruthenium(II)	 starting	 material,	 Ru(DMSO)4Cl2	 was	 obtained	 by	 the	

single	electron	reduction	of	RuCl3�nH20	in	refluxing	DMSO.10	A	Ru(DMSO)4Cl2	and	toluene	

slurry		was		combined	with	[N2N2cat]H2	and	excess	triethylamine	and	heated	to	reflux	under	

inert	 atmosphere	 for	 three	 days	 to	 yield,	 Ru(N2N2q)Cl2	 (5.1)	 as	 a	 bright-red	 powder.		

Installation	of	the	(catBr4)	2–	and	(cat)2–	donor	ligands	occurred	by	reacting	their	catechol	

derivatives	with	excess	KH	to	form	the	di-potassium	salt.		After	removal	of	unreacted	KH	by	

filtration	 through	 a	 glass	 frit,	 the	 solution	was	 combined	with	 one	 equivalent	 of	5.1	 and	

stirred	at	ambient	temperature	for	24	hours.	 	Displacement	of	the	chloride	ligands	by	the	

coordination	 of	 the	 (catBr4)	 2–	 or	 (cat)2–	 	 donor	 ligand	 was	 indicated	 by	 a	 drastic	 color	

change	 from	 red	 to	 dark	 blue	 or	 green.	 	 The	 potassium	 chloride	 salt	 was	 removed	 by	

filtration	 through	 a	 glass	 frit	 and	 removal	 of	 solvent	 by	 vacuum	 gave	 the	 desired	

complexes,	(catBr4)Ru(N2N2q)	(5.2)	and	(cat)Ru(N2N2q)	(5.3)	in	good	yields	and	purity	(70-

74%).		
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Scheme	!-!		Synthetic	method	used	in	this	study.		

	

	 High-quality,	 single	 crystals	 of	 Ru(N2N2)Cl2	 (5.1)	 and	 (cat)Ru(N2N2q)	 (5.3)		

complexes	 were	 obtained	 by	 layering	 a	 toluene	 or	 THF	 solution	 with	 pentane.	 The	

confirmed	 structures	 are	 shown	 as	 ORTEP	 diagrams	 in	 Figure	 5.2	 and	 the	 relevant	

distances	 are	 listed	 in	 Table	 5-1.	 	 In	 both	 cases,	 the	 Ru(II)	 center	 displayed	 pseudo-

octahedral	geometry	with	 the	 tertiary	amine	arms	of	 the	N2N2	 ligand	occupying	 the	axial	

positions	of	the	octahedron.		

	 Considering	 the	redox	non-innocence	of	 the	N2N2	 ligand,	metal	 center,	and	(in	 the	

case	 of	 5.3)	 catecholate	 ligand,	 the	 elucidation	 of	 their	 oxidation	 states	 is	 necessary.	

Evaluation	of	 key	bond	 lengths	within	 the	primary	 coordination	 sphere	of	 the	Ru(II)	 ion	

and	 within	 the	 ligand	 platforms	 suggest	 that	 both	 complexes	 consist	 of	 a	 Ru(II)	 ion	

coordinated	 to	 the	N2N2	 ligand	 in	 it’s	 neutral,	 diiminoquinone	 form.	 This	was	 surprising	

considering	 the	N2N2	ligand	was	 installed	 in	 the	 [N2N2cat]2–	 oxidation	 state.	Nevertheless,	

C=N	bonds	for	5.1	and	5.3	measure	an	average	1.34	Å,	which	is	shorter	than	1.5	Å	observed	

for	 carbon-nitrogen	 single	 bonds	 within	 the	 same	 complex	 but	 slightly	 longer	 than	

observed	carbon-nitrogen	double	bonds	of	exo-cyclic	α-diimines	(average	1.30	Å).2,11	This	

lengthening	of	the	C=N	bonds	could	be	indicative	of	[semiquinonate]–	character	within	the	

N2N2	ligand	or	it	could	be	a	result	of	π	back	donation	from	the	Ru(II)	center	as	the	N2N2q	

ligand	is	a	π	accepting	ligand.	There	are	two	kinds	of	Ru-N	bonds	within	5.1	and	5.3	–	the	
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axial	 ruthenium	 to	 amine	 bond	 (Ru-N(2,3)),	 and	 the	 ruthenium	 to	 diimine	 bond	 (Ru-

N(4,1)).	 In	 both	 complexes	 the	 Ru-N(2,3)	 bonds	 are	 longer	 (2.2	 Å)	 than	 the	 Ru-N(4,1)	

bonds	 (average	1.98	Å).	This	shortening	of	 the	Ru-N(4,1)	bonds	suggest	π	back	donation	

from	 the	 metal	 center	 into	 the	 empty	 π*	 orbitals	 of	 the	 N2N2	 ligand.11	 While	 this	 back	

donation	shortens	the	Ru-diimine	bonds,	it	causes	a	slight	lengthening	of	the	C=N	bonds	in	

both	complexes.		

	

Figure	 !.!	 ORTEP	 diagrams	 of	 a)	 Ru(N!N!q)Cl!	 (!.#)	 and	 b)	 (cat)Ru(N!N!q)	 (!.").	 Ellipsoids	 are	
shown	at	!"%	probability.	Hydrogen	atoms	and	solvent	molecules	have	been	omitted	for	clarity.		 	

	 For	the	donor	ligand	in	(5.3),	the	O(3,4)-C(19,24)	distances	average	1.34	Å	and	are	

slightly	shorter	than	the	1.36	Å	measured	for	the	other	carbon-oxygen	single	bonds	but	not	

short	 enough	 for	 the	 semiquinonate	 oxidation	 state	 assignment	 (1.29	Å).12	 Furthermore,	

localized	carbon-carbon	double	bond	character	was	not	observed	within	 the	carbon	ring.	

The	slight	shortening	of	the	carbon-oxygen	single	bond	of	the	catecholate	 ligand	in	5.3	 is	

reflected	in	the	metrical	oxidation	state	assignment	of	–1.68.	If	the	catecholate	ligand	were	

to	be	considered	in	its	semiquinonate	oxidation	state,	the	MOS	value	would	be	closer	to	–1	

than	–2.		Overall,	the	crystallographic	data	support	the	formal	assignment	of	ruthenium(II)	

ions	coordinated	to	a	neutral	N2N2q	ligand,	and	for	5.3,		one	dianionic	catecholate	ligand.		
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Table	 5-1	 Selected	Metrical	 Parameters	 for	 the	 Solid-State	 Structures	 of	 Ru(N2N2q)Cl2	 (5.1)	 and	
(cat)Ru(N2N2q)	(5.3).		

Ru(N2N2q)Cl2	(5.1)	 (cat)Ru(N2N2q)	(5.3)	

Bond	 Length	(Å)	 Bond	 Length	(Å)	
Ru-Cl(1)	 2.464(5)	 Ru-N(1)	 1.9899(15)	
Ru-Cl(2)	 2.448(5)	 Ru-N(4)	 1.9718(15)	
Ru-N(1)	 1.980(15)	 Ru-N(2)	 2.2021(16)	
Ru-N(4)	 1.990(15)	 Ru-N(3)	 2.1818(16)	
Ru-N(2)	 2.211(15)	 Ru-O(3)	 2.0403(13)	
Ru-N(3)	 2.218(15)	 Ru-O(4)	 2.0532(13)	
N(1)-C(11)	 1.339(2)	 N(1)-C(11)	 1.346(2)	
N(4)-C(16)	 1.338(2)	 N(4)-C(16)	 1.342(2)	
N(2)-C(3)	 1.513(2)	 N(2)-C(3)	 1.507(3)	
N(3)-C(8)	 1.509(2)	 N(3)-C(8)	 1.499(2)	
C(11)-C(16)	 1.437(3)	 O(3)-C(19)	 1.341(2)	
C(11)-C(12)	 1.431(3)	 O(4)-C(24)	 1.337(2)	
C(12)-C(13)	 1.362(3)	 O(1)-C(13)	 1.360(2)	
C(13)-C(14)	 1.450(3)	 O(2)-C(14)	 1.369(2)	
C(14)-C(15)	 1.363(3)	 C(19)-C(24)	 1.431(3)	
C(15)-C(16)	 1.432(2)	 C(19)-C(20)	 1.408(3)	

	 	 C(20)-C(21)	 1.400(3)	
	 	 C(21)-C(22)	 1.402(3)	
	 	 C(22)-C(23)	 1.394(3)	
	 	 C(23)-C(24)	 1.396(3)	
	 	 C(11)-C(16)	 1.443(3)	
	 	 C(11)-C(12)	 1.422(3)	
	 	 C(12)-C(13)	 1.369(3)	
	 	 C(13)-C(14)	 1.422(3)	
	 	 C(14)-C(15)	 1.362(3)	
	 	 C(15)-C(16)	 1.422(3)	
	 	 MOS	 –1.68	

	 The	NMR	spectra	of	5.1	and	5.3	are	consistent	with	their	solid	state	structures,	and	

indicative	of	closed-shell,	low-spin,	octahedral	ruthenium(II)	complexes.		The	C2	symmetry	

observed	 in	 the	 solid-state	 structure	 of	5.1	 is	 roughly	 preserved	 in	 solution	 by	 showing	

broad,	 yet	 discernable	 peaks	within	 the	 appropriate	 regions	 of	 the	NMR	 spectrum.	 	 The	

aromatic	 protons	 of	 the	 diimine	 backbone	 and	 the	 methoxy	 protons	 appear	 as	 sharp	

singlets	at	6.92	and	3.89	ppm,	respectively.	The	methylene	resonances	of	the	amine	arms	

are	 split	 into	 two	 sets	 of	 three	 diastereotopic	 pairs:	 the	 down-field	 and	 more	 resolved	
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resonances	at	5.7,	4.6,	3.9	ppm;	and	the	up-field	and	broadened	resonances	at	2.2,	1.5,	and	

1.25	ppm.		Similarly,	the	N-methyl protons appear as two broad singlets at 1.67	and	0.82, 

respectively.	 The	 NMR	 spectrum	 of	5.3	 is	 much	more	 resolved	 and	 indicative	 of	 the	 C1	

symmetry	 observed	 in	 the	 solid-state	 structure.	 Where	 the	 methoxy	 and	 N-methyl	

resonances	appear	as	singlets	 integrating	to	6	protons	each	for	5.1,	 the	same	resonances	

are	split	into	two	distinct	singlets	integrating	to	3	protons	each	for	complex	5.3	as	result	of	

descending	in	symmetry.	Likewise,	the	methylene	resonances	that	appeared	as	6	different	

diastereotopic	 multiplets	 in	 5.1,	 due	 to	 the	 inversion	 center	 of	 the	 C1	 appear	 as	 three	

different	multiplets	in	5.3.		

5.2.2	Absorption	Profiles	 	

	 All	ruthenium(II)	complexes	in	this	series	are	highly	colored	in	both	the	solid	state	

and	 in	 solution	 reflecting	 their	 intense	 spectral	 response	 in	 the	 visible	 region.	 The	

absorption	spectra	of	complexes	5.1–5.3	in	THF	were	collected	at	298	K	and	are	shown	in	

Figure	5.3.	Since	the	acceptor	ligand	and	the	metal	center	are	the	same	in	each	complex,	

we	 can	 attribute	 the	 differences	 of	 the	 absorption	 profiles	 to	 the	 nature	 of	 the	 donor	

ligands.	The	lowest	energy	transition	for	Ru(N2N2q)Cl2	(5.1)	is	at	500	nm	(2.48	eV,		20	000	

cm–1)	and	is	assigned	as	a	MLCT	transition,	where	an	electron	from	the	filled	metal	orbital	

populates	an	empty	π*	orbital	on	the	N2N2q		ligand.	A	modest	extinction	coefficient	of	2800	

M–1	cm–1	for	this	transition	suggests	there	is	weak	electronic	overlap	between	the	HOMO-

localized	metal	and	the	acceptor	orbitals.		
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Figure	 !.!	 UV-vis-NIR	 absorption	 spectra	 of	 Ru(N!N!q)Cl!	 (!.#),	 (catBr!)Ru(N!N!q)	 (!.#),	 and	
(cat)Ru(	N!N!q)	(!.!)	taken	in	THF	at	!"#	K.		

	 When	the	2	Cl–	anions	are	replaced	with	 the	(catBr4)2–	donor	 ligand,	as	 is	 the	case	

with	5.2,	a	new,	lower	energy	absorption	band	appears	at	600	nm	and	the	MLCT	transition	

blue-shifts	to	440	nm	(from	500	nm).	The	band	maxima	of	5.2	is	tentatively	assigned	as	a	

LL′CT	 owing	 to	 the	 promotion	 from	 the	 HOMO	 localized	 on	 the	 (catBr4)2–	 ligand	 to	 the	

empty	π*	of	the	N2N2q	acceptor	ligand.		The	MLCT	state	blue-shifts	from	2.48	eV	(complex	

5.1)	 to	2.81	eV.	This	 is	 reasonable	 considering	 that	 (catBr4)2–	 is	 a	much	weaker	π	donor	

than	the	chloride	anions	and	the	energy	of	 this	orbital	 is	stabilized	by	the	removal	of	 the	

chloride	π	donor	ligands.	The	LL′CT	transition	in	5.2	gives	a	stronger	extinction	coefficient	

(6500	 M–1	 cm–1)	 than	 the	 lowest	 energy	 absorption	 for	 5.1	 (2800	 M–1	 cm–1)	 indicating	

better	electronic	coupling	between	the	donor	and	acceptor	orbitals.		

	 When	the	electron-withdrawing	donor	ligand,	(catBr4)2–	is	swapped	for	the	stronger	

donor,	 3,5-di-tert-butyl-catecholate	 (cat)2–	 as	 is	 the	 case	 in	 5.3,	 another	 red-shift	 of	 the	
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lowest	energy	transition	to	720	nm	(1.72	eV,		13	890	cm–1)	occurs.	The	energy	of	the	MLCT	

transition	 (band	 at	 450	 nm)	 is	 unaltered	 by	 the	 incorporation	 of	 the	 (cat)2–	 ligand	 and	

appears	at	close	to	the	same	energy	as	5.2	(440	nm).		

5.2.3	Electrochemistry		 	

	

Figure	!.!	Cyclic	voltammograms	of	Ru(N!N!q)Cl!	(!.#),	(catBr!)Ru(N!N!q)	(!.#),	and	(cat)Ru(N!N!q)	
(!.#).	 Measurements	 taken	 as	 -	 mM	 solutions	 in	 THF	 containing	 6.-	 M	 [Bu!N][PF!]	 supporting	
electrolyte.	Data	were	collected	at	a	glassy	carbon	working	electrode,	with	a	platinum	wire	counter	
electrode,	and	a	silver	wire	pseudo-reference	electrode	using	a	scan	rate	of	011	mV	s–!.	

	 The	 ground-state	 redox	 behavior	 of	 complexes	 5.1-5.3	 was	 probed	 by	 cyclic	

voltammetry	and	the	results	are	shown	in	Figure	5.4.	Formal	potentials	referenced	against	

the	 [CpFe]+/0	 redox	 couple	 are	 given	 in	 Table	 5-2.	 The	 cyclic	 voltammogram	 of	

Ru(N2N2q)Cl2	 displays	 a	 reversible	 one-electron	 event	 at	 –0.32	V,	 assigned	 as	 the	Ru3+/2+	

couple.	Two	irreversible	one-electron	events	at	–1.99	and	–1.83	V	are	 likely	the	stepwise	

reduction	of	 the	N2N2q	 ligand,	 first	 to	 the	 [N2N2sq•]–,	 and	 then	 to	 the	 [N2N2cat]2–	 oxidation	
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state.	 The	 lack	 of	 reversibility	 of	 these	 events	 is	most	 likely	 due	 to	 the	 dissociation	 of	 a	

chloride	ligand	upon	electrochemical	reduction.	

Table	5-2	Reduction	Potentials	(V	vs.	[Cp2Fe]+/0)	for	Complexes	5.1-5.3	at	298	K	in	THF.	
	

E°'	/	V	vs	[Cp2Fe]+/0	

	 E°'1	 E°'2	 E°'3	 E°'4	 E°'2	–	E°'3	
5.1	 NA	 –0.32	 –1.8	 –1.99	 1.48	
5.2	 –0.22	 –0.58	 –1.9	 NA	 1.32	
5.3	 –0.05	 –0.64	 –2.2	 NA	 1.56	

	

	 When	 the	 chloride	 ligands	are	 substituted	 for	 the	 (catBr4)2–	ligand	 in	5.2,	 the	 first	

oxidation	 cathodically	 shifts	 from	–0.32	V	 to	 –0.58	V	vs	 [Cp2Fe]+/0	 and	 is	most	 likely	 the	

Ru3+/2+	couple.	The	cathodic	shift	observed	for	this	event	is	likely	due	to	replacement	of	the	

π	donor	Cl–	ligands	with	the	(catBr4)2–		ligand	which	subsequently	lowers	the	energy	of	the	

filled	metal	orbital,	making	is	harder	to	oxidize.	A	second	oxidation	event	is	observed	at	–

0.22	V	and	appears	to	be	a	two-electron	event	likely	corresponding	to	the	first	and	second	

oxidation	of	the	catecholate	ligand.	Scanning	cathodically	reveals	an	irreversible	event	at	–

1.9	V	vs.	[Cp2Fe]+/0	that	can	be	assigned	as	the	first	reduction	of	the	N2N2q	ligand.			

	 The	electrochemical	events	observed	for	the	(cat)Ru(N2N2q)	(5.3)	complex	reveals	a	

semi-reversible,	first	oxidation	event	at	–0.64	V	and	a	second,	semi-reversible	event	at		

–0.05	V.	 Comparison	between	 the	oxidations	of	5.2	 and	5.3	 suggest	 the	 –0.64	V	event	 is	

localized	 on	 the	metal	 center,	while	 the	 second	 oxidation	 is	most	 likely	 localized	 on	 the	

donor	 ligand.	 	 These	 observations	 suggest	 a	 HOMO	 localized	 on	 the	 ruthenium	 center	

rather	than	the	donor	ligands.	 	The	electrochemical	HOMO-LUMO	gap	does	not	follow	the	

same	trend	observed	 in	the	UV–vis–NIR	data	and	suggest	that	 further	 investigation	using	
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computational	 methods	 is	 needed	 to	 elucidate	 the	 frontier	 electronic	 structure	 of	

complexes	5.1-5.3.		

5.2.4	DFT	

	 Density	 functional	 theory	 (DFT)	 computations	 were	 conducted	 to	 model	 the	

electronic	 properties	 of	 complexes	5.1–5.3.	 	 The	 single-crystal	 structures	 of	5.1	 and	5.3	

were	used	as	a	starting	point	for	geometry	optimizations	(5.3	was	used	for	5.2).	Geometry	

optimizations	 for	 5.1–5.3	 were	 initially	 refined	 at	 the	 TPSS/SVP	 level	 of	 theory	 with	

subsequent	structural	refinements	carried	out	using	the	TZVP	basis	set.	Figure	5.5	shows	

the	 frontier	 Kohn–Sham	 orbital	 diagrams	 for	 complexes	 5.1–5.3	 along	 with	 POV-Ray	

renderings	 of	 the	 photoactive	 frontier	 molecular	 orbitals	 (HOMO+1	 through	 LUMO–1).	

Table	5-3	contains	the	energies	of	these	orbitals	as	well	as	the	percent	contribution	of	the	

metal,	donor	and	acceptor	ligands	as	determined	by	Mulliken	population	analysis.			

Table	!-!	Metal	and	 ligand	contributions	 to	 the	 frontier	MO	manifold	as	determined	by	Mulliken	
population	analysis.	!.#–!.#.		

	 Orbital	 Ru2+	 Donor	ligand	 N2N2q	 Energy	/	eV	 ∆E	/	eV	

5.1	

LUMO	+1	 64.16	 6.2	 29.64	 -1.04	

0.617	LUMO	 35.57	 4.95	 59.47	 -2.94	
HOMO	 69.31	 17.64	 13.05	 -3.55	
HOMO	–1	 74.53	 20.63	 4.84	 -3.80	

5.2	

LUMO+1	 0	 100	 0	 -1.33	

0.855	LUMO	 31.78	 12.36	 55.85	 -2.88	
HOMO	 72.45	 9.68	 17.87	 -3.73	
HOMO	–1	 5.04	 69.63	 25.33	 -4.02	

5.3	

LUMO+1	 63.31	 4.56	 32.13	 -0.538	

0.848	LUMO	 32.00	 18.16	 49.84	 -2.52	
HOMO	 73.26	 9.56	 17.18	 -3.36	
HOMO	–1	 3.09	 67.69	 29.22	 -3.57	

	 According	to	the	population	analysis,	the	HOMO	and	HOMO-1	of	Ru(N2N2q)Cl2	(5.1)	

is	expectedly	the	π*-metal	orbital	with	75-70%	metal	character	and	20%	contribution	from	
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the	donor	chloride	ligands.		Removal	of	the	π-donor	chloride	ligands	and	incorporation	of	

the	 redox-active	 (catBr4)2–	 	 ligand	 in	 5.2	 causes	 a	 stabilization	 of	 both	 the	 HOMO	 and	

HOMO-1	by	–0.2	eV.	We	expected	the	HOMO	of	5.2	to	be	localized	on	the	donor	ligand,	but	

the	 calculation	 predicted	 75%	 contribution	 from	 the	 metal	 center	 and	 only	 9	 percent		

contribution	 from	 the	 (catBr4)2–	 ligand.	 The	 HOMO-1	 of	 5.2,	 however,	 is	 comprised	 of	

mostly	 donor	 ligand	 (69.6%),	 with	 a	 smaller	 contribution	 from	 the	 acceptor	 ligand	

(25.3%),	 and	 limited	 involvement	 from	 the	metal	 center	 (5%).	 	 Swapping	 the	 (catBr4)2–	

donor	 ligand	 with	 the	 (cat)2–	 ligand	 in	 5.3,	 causes	 a	 destabilization	 of	 the	 HOMO	 and	

HOMO-1	 orbitals	 by	 +0.4	 eV.	 Both	 of	 which	 are	 calculated	 to	 have	 almost	 identical	

composition	 as	 those	 of	5.2,	where	 the	HOMO	 is	 73%	 localized	 on	 the	dz2	 orbital	 of	 the	

metal	center	and	the	HOMO-1	is	70%	localized	on	the	donor	ligand.		The	orbital	parentage	

of	the	each	LUMO	is	consentient	throughout	the	series	with	the	majority	of	the	contribution	

originating	 from	 the	N2N2q	 acceptor	 ligand	 in	 the	 order	 of	5.1	 >	5.2	 >	5.3,	 and	within	 a	

range	of	59-49%.	 	 	The	energies	calculated	for	the	LUMO	of	each	complex	align	well	with	

the	 ground-state	 electrochemical	 potentials	 observed	 in	 Section	 5.2.3,	where	 the	 highest	

energy	 LUMO	 gave	 the	 most	 negative	 reduction	 potential.	 The	 metal-localized	 HOMO	

calculated	for	5.2	and	5.3	 is	an	unexpected	result	considering	the	trends	observed	in	the	

electrochemical	 and	 spectroscopic	 data.	 Consequently,	 a	 closer	 look	 into	 the	 singlet	

excited-state	manifold	using	TD-DFT	calculations	will	be	discussed	in	the	next	section.	
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5.2.5	TD-DFT	

	 With	the	prerequisite	ground-state	calculations	in	hand,	gas-phase	time-dependent	

DFT	(TD-DFT)	calculations	were	employed	to	evaluate	the	characters	and	energies	of	 the	

lowest-lying	 singlet	 excited-states	 of	 complexes	 5.1-5.3.	 	 The	 first	 five	 calculated	

transitions	along	with	the	first	five	transitions	that	gave	the	greatest	oscillator	strengths	for	

each	complex	are	listed	in	Table	5-4,	along	with	their	energies,	transitions,	and	character.	

This	 information	 is	 also	 presented	 graphically	 for	 all	 calculated	 singlet	 excited-states	 in	

Figure	 5.6.	 For	 all	 complexes,	 the	 two	 lowest	 energy	 transitions	 calculated	 are	 MLCT	

transitions,	corresponding	to	the	promotion	of	an	electron	from	a	metal-localized	orbital	to	

the	 empty	 π*	 orbital	 on	 the	 N2N2q	 acceptor	 ligand.	 In	 the	 absorption	 spectra	 neither	 of	

these	low-energy	MLCT	transitions	is	observed,	coinciding	with	the	zero	oscillator	strength	

calculated	for	them;	this	is	most	likely	due	to	the	transition	being	Laporte	forbidden.		

	

Figure	 !.!	 Calculated	 singlet	 excitations	 for	 !."	 (left),	 !."	 (center),	 and	 !.!	 (right)	 vs.	 oscillator	
strengths	(f)	overlaid	against	the	normalized	experimental	spectra	collected	in	THF	at	89:	K.	

	 In	 general,	 the	 energies	 of	 the	 calculated	 transitions	 with	 the	 highest	 oscillator	

strengths	 agreed	 well	 with	 the	 experimental	 data	 in	 Figure	 5.6.	 	 For	 complex	 5.1	 the	

transition	that	gave	the	highest	oscillator	strength	is	a	mixture	of	two	different	transitions:	
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76%	 is	 HOMO-2	à	 LUMO	 and	 is	 MLCT	 in	 character	 and	 24%	 is	 a	 HOMO	à	 LUMO+2	

transition	that	is	dàd	in	character.	This	transition	is	calculated	to	fall	at	513	nm	and	aligns	

perfectly	with	the	experimental	band	maximum	observed	for	5.1.		

Table	!-!	Relevant	Calculated	Singlet	Excited	States	for	!.#–!.#.	
	 State	 E/eV(nm)	 ƒ	 ΦO	à 	ΦU	 Character	

5.1	

1		 0.67	(1862)	 0	 HOMOàLUMO	 MLCT	
2	 1.08	(1150)	 0	 HOMO-1à	LUMO	 MLCT	
3	 2.31	(537)	 0.011	 HOMO-3	à	LUMO	 LMCT	

4	 2.42	(513)	 0.169	 HOMO-2	à	LUMO	(76%)		HOMO	à	
LUMO+1	(24%)	

MLCT	/	
d	à	d	

5	 2.54	(488)	 0.021	 HOMO	à	LUMO+1	(70%)	
HOMO-1	à	LUMO+1	(29%)	

d	à	d		
	

6	 2.75	(451)	 0.019	 HOMO-4	à	LUMO	 LLCT	

9	 	3.1	(400)	 0.017	 HOMO-4	à	LUMO+4	(54%)	
HOMO-2	à	LUMO+2	(41%)	

LL′CT		
LL′CT		

5.2	

1	 0.978	(1297)	 0	 HOMO	à	LUMO	 MLCT	
2	 1.32	(941)	 0	 HOMO-2	à	LUMO	 MLCT	
3	 1.67	(742)		 0.320	 HOMO-1	à	LUMO		 LL′CT	
5	 2.31	(535)	 0.012	 HOMO	à	LUMO+1		 MLCT	

7	 2.65	(468)	 0.076	 HOMO-2	à	LUMO+1	(70%)		
HOMO-4	à	LUMO	(30%)	 MLCT	

9	 2.75	(450)	 0.034	 HOMO-4	à	LUMO	(55%)	
HOMO-2	à	LUMO+1	(45%)		 LLCT/MLCT	

11	 2.98	(416)	 0.005	 HOMO-6	à	LUMO	 MLCT	

5.3	

1	 0.95	(1302)	 0	 HOMO	à	LUMO	 MLCT	
2	 1.28	(966)	 0	 HOMO-2	à	LUMO	 MLCT	
3	 1.66	(745)		 0.364	 HOMO-1	à	LUMO		 LL′CT		

5	 2.74	(451)	 0.039	 HOMO-3	à	LUMO	(60%)		
HOMO	à	LUMO+1	(40%)	

LLCT/	
d	à	d	

13	 3.35	(370)	 0.023	 HOMO-2	à	LUMO+2(80%)		 LL′CT	
18	 3.78	(328)	 0.068	 HOMO-1	à	LUMO	 LL′CT	
20	 3.83	(324)	 0.078	 HOMO-1à	LUMO+2	 LL′CT	

	 For	 complex	 5.2,	 the	 third	 excitation	 gave	 the	 strongest	 oscillator	 strength	 and	

corresponds	relates	to	the	promotion	of	an	electron	from	the	donor-localized	HOMO-1	to	

the	 acceptor	 localized	LUMO	and	 therefore	 can	be	 characterized	 as	 LL′CT.	The	 energy	of	

this	 transition	 is	 calculated	 to	 fall	 at	 1.67	 eV	 (742	 nm).	 	 Although	 the	 strength	 of	 this	
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transition	does	align	with	the	molar	absorptivity	of	the	experimental	band	maximum,	the	

energy	 of	 the	 excitation	 is	 0.4	 eV	 lower	 than	 the	 transition	 observed	 in	THF.	 It	 is	worth	

mentioning	that	a	strong	ground-state	dipole	moment	of	11	Debye	is	predicted	for	5.2	and	

the	 inconsistency	of	 the	 calculated	 vs.	 experimental	 LL′CT	 transition	 could	be	 a	 result	 of	

using	gas-phase	TD-DFT	calculations.	The	fourth	and	fifth	calculated	excitations	are	MLCT	

in	 nature	 and	 give	 negligible	 oscillator	 strengths;	 this	 is	 most	 likely	 due	 to	 the	 orbitals	

lacking	the	appropriate	symmetry.		

	 The	calculated	singlet	excited-state	manifold	 for	5.3	 is	dominated	by	a	 low-energy	

LL′CT	 transition.	 	 The	 third	 excited	 state	 is	 calculated	 to	 fall	 only	 0.05eV	 from	 the	

experimentally	 observed	 band	 maximum.	 This	 transition	 is	 also	 calculated	 to	 originate	

from	a	pFMO	that	is	primarily	localized	on	the	donor	ligand	(HOMO-1)	to	the	LUMO,	which	

is	mostly	acceptor	in	character.		 	

5.3	Summary	and	Conclusion	

	 The	redox-active,	 tetradentate	acceptor	 ligand,	N,N′-bis-(3-dimethylamino-propyl)-

4,5-dimethoxybenzene1,2-iminoquinone	(N2N2q),	was	paired	with	a	Ru(II)	ion	to	generate	

a	 series	 of	 six-coordinate	 donor-acceptor	 charge-transfer	 complexes.	 	 The	 N2N2q	 ligand	

occupies	four	out	of	the	six	coordination	spheres	of	an	octahedron,	in	a	facial	arrangement	

allowing	 for	 the	 incorporation	 of	 a	 catecholate	 donor	 ligand	 trans	 and	 coplanar	 to	 the	

redox-active	 diimine	 core.	 Similar	 to	 ortho-quinones	 ability	 to	 act	 as	 a	 two-electron	

oxidant,	 the	 N2N2q	 ligand	 was	 installed	 in	 its	 catecholate	 form:	 [N2N2cat]2–	 	 where	 upon	

coordination	 to	 a	 Ru(DMSO)4Cl2	 precursor	 in	 refluxing	 toluene,	 the	 ligand	 underwent	 a	

two-electron	oxidation	to	generate,	Ru(N2N2q)Cl2	(5.1).	The	mechanism	behind	this	redox	
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reaction	 has	 not	 been	 determined.	 	 Regardless,	 installation	 of	 two	 different	 catecholate	

ligands,	 one	 electron-rich	 and	 the	 other	 electron-poor	 onto	 the	 dichloride	 precursor	

yielded	 (catBr4)Ru(N2N2q)	 (5.2)	 and	 (cat)Ru(N2N2q)	 (5.3).	X-ray	quality	 single	 crystals	of	

5.1	and	5.3	confirmed	the	ruthenium	ion	is	in	the	+2	oxidation	state,	coordinated	to	a	fully	

oxidized	 N2N2q	 ligand	 and	 placed	 co-planar	 to	 a	 fully-reduced	 (cat)2–	 donor	 ligand.	 The	

spectroscopic	data	shows	the	energies	of	the	charge-transfer	bands	are	heavily	dependent	

on	the	nature	of	the	donor	ligands	and	illustrates	the	influence	of	the	donor	ligand	on	the	

spectroscopic	 HOMO-LUMO	 gap.	 However,	 the	 electrochemical	 data	 suggests	 a	 HOMO	

localized	 on	 the	 ruthenium	 center	 and	 the	 DFT	 calculations	 support	 this	 observation	 by	

predicting,	for	each	complex,	a	HOMO	localized	on	the	Ru(II)	center	and	a	LUMO	localized	

mainly	 on	 the	 N2N2q	 acceptor	 ligand.	 TD-DFT	 calculations	 clarified	 the	 inconsistency	

between	 the	 spectroscopic	 and	 electrochemical	 HOMO-LUMO	 gap	 by	 revealing	 that	 any	

low-energy	MLCT	 transitions	yielded	negligible	oscillator	 strengths	and	although	present	

in	 the	molecule’s	 excite-state	manifold,	 do	 not	 contribute	 to	 the	 compound’s	 absorption	

cross-section.	In	fact,	the	lowest	energy	transitions	with	the	highest	oscillator	strengths	of	

5.2	 and	 5.3	 are	 between	 the	 ligand-localized	 HOMO-1	 and	 LUMO,	 aligning	 with	 the	

observed	 spectroscopic	 data	 and	 suggesting	 the	 lowest	 energy	 transitions	 are	 LL′CT	 in	

nature.		

	 These	new	octahedral	D-A	Ru(II)	 charge-transfer	 complexes	demonstrate	 that	 the	

tetradentate	N2N2q	acceptor	ligand,	when	coordinated	to	a	d6	metal	ion,	allows	for	the	co-

planar	 installation	of	 a	 redox-active	donor	 ligand.	Future	 studies	 should	be	 conducted	 in	

order	 to	 further	elucidate	 the	nature	of	 the	 lowest	energy	 transition.	Lifetimes	should	be	

measured	 for	 this	 dyes	 to	 see	 if	 exhibit	 suitable	 excited-states	 for	 bimolecular	 reactions.	
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Variable	temperature	emission	studies	as	well	as	transient	absorption	spectroscopy	will	be	

helpful	 experiments	 to	 map	 out	 the	 complicated	 excited-state	 manifold.	 Thus	 far,	 our	

findings	suggest	 that	 the	optical	and	ground-state	redox	properties	of	dyes	based	on	a	d6	

metal	ion	and	the	N2N2	ligand	can	be	tuned	through	ligand	variation.	This	may	open	up	new	

areas	of	research	where,	instead	of	a	precious	heavy	metals,	such	as	ruthenium,	the	earth	

abundant	Fe(II)	 ion	 could	be	used	 to	 realized	a	 truly	 robust	 and	 tunable	 earth	abundant	

charge-transfer	photosensitizer.		

5.4	Experimental	

	 General	 Considerations. All	 compounds	 and	 reactions	 reported	 below	 show	

various	levels	of	air-	and	moisture-sensitivity;	so	all	manipulations	were	carried	out	using	

standard	vacuum-line,	Schlenk-line,	and	glovebox	techniques.	Solvents	were	sparged	with	

argon	before	being	deoxygenated	and	dried	by	passage	through	Q5	and	activated	alumina	

columns,	 respectively.	 To	 test	 for	 effective	 oxygen	 and	 water	 removal,	 aliquots	 of	 each	

solvent	were	treated	with	a	few	drops	of	a	purple	solution	of	sodium	benzophenone	ketyl	

radical	 in	 THF.	 The	 reagent:	 RuCl3�nH20	 (Sigma);	 tetrabromocatecholate,	 (catBr4)H2	

(Sigma);	 and	 3,5	 di-tert-butyl-catecholate,	 (cat)H2	 (Strem)	 were	 reagent	 grade	 or	 better	

and	used	as	received.	The	[N2N2(cat)]H2	was	prepared	according	to	according	to	published	

procedures.9	

	 Spectroscopic	 Measurements.	 NMR	 spectra	 were	 collected	 at	 298	 K	 on	 a	

BrukerAvance	400	MHz	or	500	MHz	spectrometer	in	dry,	degassed,	CDCl3.		1H	NMR	spectra	

were	 referenced	 to	 tetramethylsilane	 (TMS)	 using	 the	 residual	 1H	 impurities	 of	 the	

deuterated	solvent.	All	chemical	shifts	are	reported	using	the	standard	δ	notation	in	parts	
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per	million;	positive	chemical	shifts	are	to	a	higher	frequency	of	TMS.	Electronic	absorption	

spectra	were	recorded	with	a	PerkinElmer	Lamda	900	UV-vis-NIR	Spectrometer	using	one-

centimeter	path-length	cells	at	ambient	temperature	(20-24	°C).	

	 Electrochemical	Methods.	Electrochemical	experiments	were	recorded	on	a	Gamry	

Series	G300	potentiostat/galvanostat/ZRA	 (Gamry	 Instruments,	Warminster,	 PA)	using	 a	

3.0	mm	glassy	carbon	working	electrode,	a	platinum	wire	auxiliary	electrode,	and	a	silver	

wire	pseudo-reference	electrode.	Reversibility	of	a	redox	process	was	judged	based	on	the	

ratio	 of	 the	 anodic	 to	 the	 cathodic	 current	 being	 close	 to	unity	 (ipa/ipc	≅	1)	 for	 a	 given	

process.	Electrochemical	experiments	were	performed	at	ambient	temperature	(20-24	°C)	

in	 a	 nitrogen-filled	 glovebox	 using	 THF	 solutions	 containing	 1	mM	 analyte	 and	 100	mM	

[NBu4][PF6]	as	the	supporting	electrolyte.	All	potentials	are	referenced	to	[Cp2Fe]+/0	using	

ferrocene	 or	 decamethylferrocene	 (−0.49	 V	 vs	 [Cp2Fe]+/0)13	 as	 internal	 standards.	

Ferrocene	and	decamethylferrocene	(Acros)	were	purified	by	sublimation	under	reduced	

pressure	 and	 tetrabutylammonium	hexafluorophosphate	 (Acros)	was	 recrystallized	 from	

ethanol	three	times	and	dried	under	vacuum.		

	 X-ray	Data	Collection	and	Reduction.	X-ray	diffraction	data	for	all	complexes	were	

collected	on	single	crystals	mounted	on	either	a	glass	fiber	or	a	cryoloop	and	coated	with	

oil.	Data	were	acquired	using	a	Bruker	SMART	APEX	II	diffractometer	at	143	K	using	Mo	Kα	

radiation	(λ	=	0.71073	Å).	The	APEX214	program	package	was	used	to	determine	unit-cell	

parameters	and	for	data	collection.	The	raw	frame	data	were	processed	using	SAINT15	and	

SADABS16	 to	yield	 the	reflection	data	 file.	Subsequent	refinement	cycles	were	carried	out	

using	 the	 SHELXTL	program	 suite.17	 Analytical	 scattering	 factors	 for	 neutral	 atoms	were	
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used	 throughout	 the	 analyses.18	 ORTEP	 diagrams	 were	 generated	 using	 ORTEP-3	 for	

Windows.19	Diffraction	data	for	5.1	and	5.3	is	given	in	Table	5-5.		

Table	!-!	Diffraction	Data	for	Complexes	!.#	and	!.#.	

	 Ru(N2N2q)Cl2		5.1	 (cat)Ru(N2N2q)	5.3	

empirical	formula	 C18H32Cl2N4O2Ru	 C32	H52	N4	O4	Ru	
formula	weight	 508.44	 657.	84	
crystal	system	 Monoclinic	 Triclinic	
space	group	 P21/c	 P1	

a/	Å	 10.9873(4)	 10.4646(11)	
b/	Å	 8.7036(3)	 11.6441(12)	
c/	Å	 22.2278(8)	 13.9539(15)	
α/deg	 90.00	 97.9360(13)	
β/deg	 102.9678(4)	 90.0901(13)	
γ/deg	 90.00	 109.6263(12)	
V	/Å3	 2071.41(13)	 1584.1(3)	
Z	 4.00	 2.00	

refl	collected	 24926	 18812	
indep	refl	 5209	 7439	

R1	 0.0328	 0.0351	
wR2	 0.0584	 0.0779	

	 Density	 Functional	 Theory	 Computations.	 Calculations	 were	 performed	 in	 the	

Molecular	Modeling	Facility	in	the	Department	of	Chemistry	at	UC	Irvine.	Calculations	were	

performed	employing	Meta-GGA	functional	TPSS.20	Geometry	optimizations	were	initiated	

using	a	split-valence	plus	polarization	basis	set	(def2-SVP)21	and	further	refined	using	the	

polarized	 triple-ζ	 basis	 set	 def2-TZVP.22	 Structures	 obtained	 from	 single-crystal	 X-ray	

diffraction	 experiments	were	 used	 as	 the	 starting	 points	 for	 geometry	 optimizations;	 no	

molecular	 symmetry	 was	 imposed.	 Mulliken	 population	 analyses	 were	 obtained	 at	

TPSS/TZVP	theory	 level;	 the	contour	values	were	0.03	 for	 the	molecular	orbital	plots.	All	
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calculations	 were	 performed	 using	 the	 quantum	 chemistry	 program	 package	

TURBOMOLE.23,24	

	 Synthesis	 of	 Ru(N2N2q)Cl2	 (5.1):	 Complex	 5.1	 was	 prepared	 by	 treating	

Ru(DMSO4)Cl2	 (121	 mg,	 0.25	 mmol,	 1	 equiv)	 with	 one	 equivalent	 of	 N,N′-bis-(3-

dimethylaminopropyl)-4,5-dimethoxy-benzene-1,2-di-iminoquinone	 (N2N2q)	 (85	mg,	 0.25	

mmol,	 1	 equiv)	 and	 excess	 triethylamine	 in	 refluxing	 toluene	 for	 two	days	 to	 generate	 a	

dark	red	heterogeneous	solution.	Solid	was	separated	from	filtrate	through	filtration	using	

glass	 frit.	 Subsequent	washings	with	THF,	 ether,	 and	pentane	yielded	5.1	 as	 a	bright-red	

fine	powder.	The	filtrate	was	collected,	concentrated	down	to	a	saturated	solution;	pentane	

was	added	to	yield	a	second	crop	of	5.1.	Layering	a	 toluene	solution	of	5.1	with	pentane	

grew	X-ray	quality	crystals.	(76	mg,	60%	yield).	 	1H	NMR	(400	MHz;	CDCl3)	δ/ppm:	0.815	

(br	s,	N-Me,	6H),	1.25	(br	m,	CH2,	2H),	1.47	(br	m,	CH2,	2H),	1.67	(br	s,	N-Me,	6H),	2.16	(br	m,	

CH2,	2H),	3.88	(s,	-O-Me,	6H),	3.91	(m,	CH2,	2H),	4.61	(m,	CH2,	2H),	5.69	(m,	CH2,	2H),	6.92	(s,	

aryl–H,	2H),	4.61	(d,	J=Hz,	2H),	5.23	(q,	J=Hz,	4H),	6.73	(s,	aryl-H,	2H),	7.32	(s,	aryl-H,	1H),	

7.91	(s,	aryl-H,	1H).	 	 13C	NMR	(126	MHz;	CDCl3)	δ/	ppm:	163.1	(C=N),	152.9	(C−O),	149.2	

(aryl–C),	147.0	(aryl–C),	128.9	(aryl–C),	124.5(aryl–C),	124.2	(aryl–C),	122.3(aryl–C),	120.4	

(aryl–C),	 119.7	 (aryl–C),	 116.8	 (aryl–C),	 135.4	 (–C(CH3)3),	 130.3	 (–C(CH3)3).	 UV-vis-NIR	

[THF;	λmax/nm	(ε/M-1	cm-1)]:	520	(3350).		

	 Synthesis	of	(catBr4)Ru(N2N2q)	(5.2).	Complex	5.2	was	prepared	by	treating	a	THF	

solution	of	(catBr4)H2	(106	mg,	0.25	mmol,	1	equiv)	with	KH	(25	mg,	0.625	mmol,	2.5	eq)	

and	stirred	at	room	temperature,	under	a	nitrogen	atmosphere	for	24	hours.		The	resulting	

pale	 yellow	 solution	was	 filtered	 through	 a	 glass	 frit	 to	 remove	 unreacted	 KH	 and	 then	

immediately	added	–	drop	wise	–	to	a	THF	solution	of	5.1	(127	mg,	0.25	mmol,	1	equiv)	and	
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stirred	 for	 two	days.	Upon	addition	of	2K(catBr4),	 the	reaction	mixture	 turned	 from	dark	

red	 to	 dark	 blue.	 After	 48	 hours	 of	 stirring,	 the	 reaction	mixture	was	 filtered	 through	 a	

glass	frit	to	remove	precipitated	KCl	and	the	filtrate	was	dried	under	vacuum.	The	residue	

was	re-dissolved	in	benzene,	and	stirred	for	an	additional	24	hours	followed	by	a	second	

filtration	though	a	glass	frit.	 	The	filtrated	was	dried	under	vacuum	to	yield	5.2	as	a	dark	

blue	 microcrystalline	 solid	 (163.4	 mg,	 76%	 yield).	 UV−vis−NIR	 [THF;	 λmax/nm	 (ε/M−1	

cm−1)]:	440	(2500),	600	(6500).		

	 Synthesis	 of	 (cat)Ru(N2N2q)	 (5.3).	 Complex	 5.3	 was	 prepared	 using	 the	 same	

method	 as	 5.2	 where	 (cat)H2	 (104	 mg,	 0.25	 mmol,	 1	 equiv)	 was	 dissolved	 in	 THF	 and	

stirred	with	2.5	equivalents	of	KH	(25	mg,	0.625	mmol,	2.5	eq)	followed	by	treatment	with	

5.1	(127	mg,	0.25	mmol,	1	equiv)	to	yield	a	dark	green	microcrystalline	solid	(164	mg,	81%	

yield).	1H	NMR	(400	MHz;	CDCl3)	δ/ppm:	0.185	(s,	N-Me,	3H),	0.236	(s,	N-Me,	3H),	1.27	(s,	

N-Me,	3H),	1.34	(s,	N-Me,	3H),	1.68	(s,	tBu,	9H),	2.19	(s,	tBu,	9H),	3.40	(s,	-O-Me,	3H),	3.44	(s,	

-O-Me,	3H),	3.98	(m,	CH2,	4H),	4.57	(d,	J=Hz,	2H),	4.61	(d,	J=Hz,	2H),	5.23	(q,	J=Hz,	4H),	6.73	

(s,	 aryl–H,	 2H),	 7.32	 (s,	 aryl–H,	 1H),	 7.91	 (s,	 aryl–H,	 1H).	 	 13C	 NMR	 (126	 MHz;	 d8-THF)	

δ/ppm:	 166.3	 (C=N),	 152.2	 (C−O),	 142.6	 (aryl–C),	 142.1	 (aryl–C),	 136.7	 (aryl–C),	 131.6	

(aryl–C),	 131.4	 (aryl–C),	 129.9	 (aryl–C),	 129.3	 (aryl–C),	 128.8	 (aryl–C),	 128.1	 (aryl–C),	

127.3	(aryl–C),	125.5	(aryl–C),	124.6	(aryl–C),	122.3	(aryl–C),	121.9	(aryl–C),	121.7	(aryl–

C),	 120.0	 (aryl–C),	 20.5	 (p–CH3),	 17.9	 (o–CH3).	UV−vis−NIR	 [THF;	 λmax/nm	 (ε/M−1	 cm−1)]:	

328	(25	054),	1310	(9920).		
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Figure	A.!	General	depiction	of	molecular	dye	displaying	ligand	to	ligand	charge	transfer	transition	
upon	optical	excitation.		
	

	 A	 charge-transfer	 transition	 is	 the	 spatial	 redistribution	 of	 a	 compound’s	 valence	

electrons	upon	optical	excitation.	The	basic	requirements	for	a	charge-transfer	transition	in	

a	molecule	are	as	follows	1-8	

	 1)		 The	 HOMO	 and	 the	 LUMO	 are	 located	 on	 different	 parts	 of	 the	 molecule.

	 2)		 There	 is	 an	 asymmetric	 charge	 distribution	 in	 the	 ground	 state	 (or	 in	 the	

	 excited	-state).	 	

	 3)	 The	 HOMO	 and	 LUMO	 are	 (to	 an	 extent)	 delocalized	 such	 that	 there	 is	 a	

	 pathway			for	transition	i.e,	the	overlap	integral	<HO|LU>	≠	0		

	

Requirements	1-3	are	exemplified	by	the	Probability	of	transition:	
	
	

<	Ψ(vib)|Ψ(vib)*>2	<Ψ(orbital)|μ(x,y,z)|Ψ(orbital)*>2	<Ψ(spin)|Ψ(spin)*>2	
	

	 Where	 <Ψ(vib)|Ψ(vib)*>	 is	 the	 Frank-Condon	 factor,	 and	 governs	 the	 vibrational	

selection	rule;	<Ψ(spin)|Ψ(spin)*>	is	the	spin	overlap	integral	that	governs	the	spin	selection	

rule;	and	<Ψ(orbital)|Ψ(orbital)*>	is	the	electronic	orbital	integral,	which	governs	the	symmetry	

selection	rule,	 and	μ(x,y,z)	 is	 the	dipole	moment	operator.	All	 three	 integrals	must	be	non-

zero	for	transition	to	occur.1-4	
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Figure	 A.!	 Frontier	 molecular	 orbital	 diagram	 of	 square	 planar	 (donor)Ni(acceptor),	 left;	
tetrahedral,	right.	Symmetry	labels	taken	from	the	C!v	point	group.	 	

Rationale	behind	dye	design:	

	 (Regarding	parameters	1	and	2)	Ligand-to-ligand	charge	transfer	complexes	have	a	

ligand-localized	 donor	 HOMO	 and	 a	 ligand-localized	 acceptor	 LUMO	 that	 are	 in	 a	 fully	

reduced	 and	 oxidized	 form,	 respectively.	 This	 redox	 asymmetry	 provides	 an	 asymmetric	

electron	configuration	in	the	ground	state.6,9-12		

	 (Regarding	 parameter	 3)	 Quantum	 mechanics	 states	 that	 the	 intensity	 (molar	

extinction	 coefficient)	 and	 rate	 of	 the	 optical	 transition	 is	 directly	 proportional	 to	 the	

amount	of	positive	overlap	of	the	donor	and	acceptor	orbitals.	The	coplanar	arrangement	

of	 the	 two	 bidentate	 ligands	 around	 the	 metal	 center	 resembles	 a	 conjugated	 electron	
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pathway	 and	 provides	 the	 delocalization	 needed	 to	 facilitate	 an	 optical	 transition.	 The	

purpose	of	the	metal	center	is	to	electronically	couple	and	physically	fix	the	interacting	π	

systems	of	the	HOMO	and	the	LUMO	in	a	coplanar	fashion	so	the	torsional	angle	is	as	close	

to	 0º	 as	 possible.4,7	The	 symmetry	 selection	 rule	 shows	 the	 consequence	 of	 coplanar	 vs	

orthogonal	ligand	orbitals.	1-4,	13	

	 The	symmetry	of	the	excited	state	is	given	by	the	direct	product	of	the	symmetries	

of	 the	 partially	 occupied	 orbitals:	 (HO)2(LU)0	→(HO)1(LU)1	so,	 (HO)1(LU)1	=	(b1)1(b1)1	and	

(b1)1	✕	 (b1)1	=	1A1	and	3A1.	The	possible	 transitions	are:	 1A1→1,3A1.	1A1→3A1	violates	 the	spin	

selection	 rule	 (<Ψ(spin)|Ψ(spin)*>)	 and	 therefore	 is	 forbidden.	1A1→1A1	is	 spin	 allowed.	 The	

orbital	 selection	 rule:	 <Ψ(orbital)|μ(x,y,z)|Ψ(orbital)*>	 states	 that	 an	 electronic	 transition	 is	

orbitally	 allowed	 if	 and	 only	 if	 the	 triple	 direct	 product	 contains	 the	 totally	 symmetric	

irreducible	representation	of	the	point	group	of	the	molecule:	Γ	Ψ(orb)	✕	Γμ(x,y,z)	✕	Γ	Ψ(orb)*	=	

1A1	✕	 Γμ(x,y,z)	 ✕	 1A1.	 The	 1A1→1A1	 transition	 is	 orbitally-allowed	 because	 the	 triple	 direct	

product	contains	a1	(z)	for	C2v.	

	 A	 rotation	 of	 one	 of	 the	 coplanar	 ligands	 90º	 around	 the	 x	 axis	 (Figure	 2	 right	 )	

would	 make	 the	 two	 π	 systems	 orthogonal	 to	 one	 another.	 No	 longer	 coplanar,	 the	

delocalization	of	the	π	system	is	severed	across	the	molecule	 leaving	the	HOMO	localized	

solely	on	the	donor	ligand	and	the	LUMO	solely	on	the	acceptor	ligand.	Although	still	spin	

allowed,	 this	 LLʹCT	 transition	 violates	 the	 <Ψ(orbital)|μ(x,y,z)|Ψ(orbital)*>	 selection	 rule:	

(b1)2(b2)0→(b1)1(b2)1	therefore	1A1→1,3A2.	Transition:	1A1→3A2	is	spin	forbidden.	1A1→1A2	is	

spin	 allowed,	 but	 fails	 the	 symmetry	 test	 because	 1A1	 ✕	 1A2	 yields	 a1,	 which	 is	 not	 a	

representation	of	x,	y,	or	z	in	C2v	symmetry.	
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		 Ligand-to-ligand	 charge	 transfer	 complexes	 have	 a	 ligand-localized	 donor	 HOMO	

and	 a	 ligand-localized	 acceptor	 LUMO.	 The	 frontier	 π	 systems	 are	 fixed	 in	 a	 coplanar	

fashion	 and	 electronically	 coupled	 by	 the	 metal	 center.	 The	 redox	 sites	 of	 the	 complex	

reside	on	 the	 ligands	and	 therefore	 the	metal	based	d	orbitals	must	be	moved	out	of	 the	

frontier	orbital	set	to	avoid	low-energy,	metal-based,	excited	states	that	can	deactivate	the	

desired	charge	transfer	excited	state.	We	achieve	this	by	using	a	Ni(II)	ion,	whose	low-spin	

d8	electron	configuration	strongly	favors	a	square	planar	geometries.14		
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