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Chapter	1.	Introduction	
 

An	 electroactive	 compound	 is,	 by	 definition,	 any	 chemical	 entity	 that	

undergoes	 a	 change	 of	 oxidation	 state,	 or	 the	 breaking/formation	 of	

chemical	 bonds,	 in	 a	 charge‐transfer	 step.ሾ1ሿ	 In	 the	 context	 of	 organic	

electronics,	electroactive	compounds	can	be	classified	attending	to	their	

electronic	 nature	 into	 electron‐rich	 ሺdonorሻ	 systems	 and	 electron‐

deficient	ሺacceptorሻ	compounds.ሾ2ሿ	Whereas	electron‐donor	systems	are	

easily	 oxidized	 showing	 a	 low	 ionization	 potential,	 electron‐acceptor	

compounds	readily	accept	electron	density	providing	highly	favourable	

electron	affinities.	Due	to	the	enormous	possibilities	that	brings	synthetic	

chemistry,	electroactive	carbon‐based	compounds	have	been	subjected	

to	uncountable	modifications,	and	their	bulk	properties	have	been	widely	

tuned	 by	 small	 variations	 in	 the	 molecular,	 usually	 π‐conjugated,	

structure.ሾ3ሿ	This	has	led	to	interesting	systems	with	semiconducting	and	

optical	characteristics	 that	can	be	applied	 in	commercial	products.	For	

example,	 electroactive	 π‐conjugated	 organic	 systems	 have	 burgeoned	

applications	across	various	branches	of	modern	research	such	as	organic	

electronics	 and	 optoelectronics,ሾ4ሿ	 electronic	 conductors,ሾ5ሿ	

photovoltaicsሾ6ሿ	and	solar	photon	conversion.ሾ7ሿ	

The	junction	of	an	electron‐donor	and	an	electron‐acceptor	entity	leads	

to	one	of	 the	most	 important	processes	studied	 in	nature:	 the	electron	

transfer.ሾ8ሿ	When	 these	 two	 entities	 are	 placed	 in	 the	 same	molecular	

system,	 the	electron	 transfer	can	occur	 intramolecularly	upon	external	

stimuli,	 either	 through	 light,	 electrical	 or	 thermal	 activation.	 These	

composite	entities	are	named	as	push–pull	systems,	in	which	the	donor	
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and	acceptor	moieties	are	usually	separated	by	means	of	a	π‐conjugated	

bridging	structure	ሺsee	Figure	1	for	the	scheme	of	a	push–pull	systemሻ.	

	

Figure	1.	Prototypical	donor‐π‐acceptor	 ሺpush–pullሻ	organic	molecule:	 the	so‐

called	p‐nitroaniline.ሾ9ሿ	

Push–pull	 molecules	 have	 found	 predominant	 applications	 as	

chromophores	with	appealing	nonlinear	optical	ሺNLOሻ	properties,ሾ10ሿ	as	

electro‐opticሾ11ሿ	 and	 piezochromicሾ12ሿ	 materials,	 NLO	 switches,ሾ13ሿ	

photochromicሾ14ሿ	 and	 solvochromicሾ15ሿ	 probes,	 as	 well	 as	 in	

photovoltaics.ሾ16ሿ	 Although	 vastly	 utilized	 in	 the	 fabrication	 of	 small‐

molecule	 bulk	 heterojunction	 solar	 cells,ሾ17ሿ	 the	 most	 prominent	

photovoltaic	application	of	push–pull	chromophores	has	focused	on	the	

so‐called	Grätzel’s	dye‐sensitized	solar	cells.ሾ18ሿ	A	dye‐sensitized	solar	cell	

ሺDSCሻ	is	a	low‐cost	photovoltaic	cell	that	belongs	to	the	group	of	thin	film	

devices,	 and	 is	 based	 on	 a	 semiconductor	 between	 a	 photosensitized	

anode	and	an	electrolyte.ሾ19ሿ	The	modern	version	of	a	DSC	was	originally	

co‐invented	 in	 1988	 by	 Brian	 O’Regan	 and	 Michael	 Grätzel	 at	 UC	

Berkeley,ሾ20ሿ	and	thenceforth	a	maddening	race	for	achieving	conversion	

efficiencies	 near	 conventional	 silicon‐based	 technologies	 has	 taken	

place.ሾ19b,	21ሿ	In	these	devices,	a	dye‐sensitizer	absorbs	the	solar	radiation	

and	the	photoexcited	electron	 is	 transferred	to	 the	conduction	band	of	

the	semiconductor,	typically	constituted	by	nanoparticles	of	TiO2.	Then,	a	
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redox	 mediator,	 commonly	 based	 on	 the	 iodide/triiodide	 couple,	

regenerates	the	oxidized	dye,	thus	completing	the	circuit	ሺFigure	2ሻ.	

	 	

Figure	2.	Schematic	representation	of	the	different	parts	of	a	DSC.	aሻ	Components	

of	a	donor–acceptor	chromophore	linked	to	the	TiO2	semiconductor	showing	the	

electron‐transfer	process	from	the	dye	to	the	semiconductor.	bሻ	Scheme	of	a	dye‐

sensitized	solar	cell	device.	

Since	the	discovery	of	the	efficient	rutheniumሺIIሻ‐based	complexes,	such	

as	 N3	 and	 N719,ሾ22ሿ	 much	 effort	 has	 been	 done	 to	 synthesize	 high	

performing	 push–pull	 organic	 dyes	 as	 sensitizers	 for	 DSCs,	 especially	

metal‐free	 derivatives.	 The	 low‐cost,	 tuneability	 and	 environmental	
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friendliness	 constitute	 the	 main	 advantages	 of	 purely	 organic	 dyes	 in	

contrast	to	metal‐based	analogues.	However,	only	very	few	organic	dyes	

have	 recorded	 efficiencies	 that	 can	 compete	 directly	 with	 the	 most	

prominent	 Ru‐based	 complexes.ሾ23ሿ	 Not	 only	 the	 nature	 of	 the	

chromophore	but	also	 the	 characteristics	of	 the	electrolyte	 couple,	 the	

solvent	 environment	 and	 the	 topology	 of	 the	 semiconducting	material	

have	 demonstrated	 to	 play	 an	 important	 role	 for	 achieving	 high	

efficiencies.ሾ19bሿ	 Understanding	 each	 of	 the	 components	 of	 a	 DSC	 that	

directly	impact	on	the	final	photoconversion	performance	has	therefore	

attracted	much	attention	of	the	scientific	community.	

Whereas	 electron	 transfer	 can	 occur	 intramolecularly	 upon	

photoexcitation	 in	 a	 donor–acceptor	 compound,	 the	 analogous	

intermolecular	 process	 is	 present	 in	 the	 context	 of	 supramolecular	

chemistry.ሾ24ሿ	 Supramolecular	 chemistry	 bears	 any	 kind	 of	 chemical	

system	 constituted	 by	 two	 or	 more	 entities	 linked	 by	 means	 of	

noncovalent	 forces,	 i.e.,	 through	 electrostatic	 or	 dispersion	 forces,	 H‐

bonding,	etc.		

From	the	second	half	of	the	past	century,	the	outbreak	of	donor–acceptor	

complexes	was	originated	owing	to	the	discovery	of	two	of	the	most‐ever‐

studied	 electroactive	 organic	 molecules:	 the	 electron‐acceptor	

tetracyanoquinodimethane	 ሺTCNQሻሾ25ሿ	 and	 the	 electron‐donor	

tetrathiafulvalene	ሺTTFሻሾ26ሿ	compounds.	The	combination	of	both	led	in	

1973	to	the	formation	of	a	strong	charge‐transfer	complex,	referred	to	as	

TTF–TCNQ	 ሺFigure	 3ሻ.ሾ27ሿ	 This	 molecular	 material	 showed	 metal	

electrical	 conductance	 and	 constitutes	 the	 first	 purely	 donor–acceptor	

organic	conductor.	In	a	TTF–TCNQ	crystal,	TTF	and	TCNQ	molecules	are	

arranged	 in	 separate	 parallel‐aligned	 stacks;	 however,	 the	 charge‐
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transfer	phenomena	are	usually	analysed	in	terms	of	a	supramolecular	

donor–acceptor	TTF•TCNQ	dimer	model	as	shown	in	Figure	3b.ሾ28ሿ	

	

Figure	3.	 aሻ	Chemical	 structure	of	 the	prototypical	 electron‐donor	TTF	

and	electron‐acceptor	TCNQ	molecules.	bሻ	Schematic	representation	of	

the	 supramolecular	 association	 of	 TTF	 and	 TCNQ	 in	 the	 TTF•TCNQ	

complex	model.	

Ever	since	the	discovery	of	the	TTF–TCNQ	complex,	the	supramolecular	

chemistry	of	donor–acceptor	complexes	has	been	exploited	in	a	fruitful	

new	interdisciplinary	avenue	of	research.ሾ29ሿ	Original	and	creative	host–

guest	complexes	have	risen	by	combining	the	understanding	of	individual	

electron‐donor	 and	 electron‐acceptor	 chemical	 entities	with	 the	many	

opportunities	 brought	 by	 the	 supramolecular	 chemistry.	 Host–guest	

complexes	 have	 received	 special	 attention	 for	 the	 supramolecular	

recognition	 of	 carbon‐based	nanoforms	 ሺsuch	 as	 fullerenes,	 nanotubes	

and	fullerene	fragmentsሻ	and	other	target	chemical	entities	of	interest.ሾ30ሿ	

In	 such	 self‐assembled	 complexes,	 the	 donor	 and	 acceptor	 moieties	

remain	 close	 to	 each	other	 through	different	noncovalent	 interactions,	

and	may	undergo	energy‐transfer	and	electron‐transfer	processes	upon	

light	 induction.ሾ31ሿ	 Artificial	 small‐scale	 supramolecular	 complexes	

designed	in	situ	have	already	helped	to	better	understand	the	physical	
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origin	of	 the	 forces	 involved	 in	 the	 self‐assembly	process,	 and	 to	 shed	

light	on	the	complex	electron‐transfer	phenomena.ሾ32ሿ	However,	scientific	

community	is	still	far	away	from	fully	comprehending	the	entrails	of	the	

self‐assembling	 operation,	 which	 has	 recently	 demonstrated	 to	 go	

beyond	 the	 traditional	 thermodynamic	 regime.ሾ33ሿ	 As	 long	 as	 the	

supramolecular	 chemistry	 of	 donor–acceptor	 assemblies	 progresses,	

society	will	gain	 insight	 into	 the	 fundaments	of	electron	transfer	while	

building	 up	 novel	 host–guest	 chemical	 constructs	 with	 potential	

applications	in	materials	science.	

Self‐assembly	has	become	a	widely	applied	approach	 in	chemistry	and	

material	science	to	direct	individual	electroactive	molecules	into	larger	

functional	 structures.ሾ34ሿ	 In	 contrast	 to	 the	 conventional	 covalent	

polymerization,	 in	which	 chemical	 units	 are	 covalently	 linked	 to	 their	

neighbours,	 supramolecular	polymerization	 is	based	on	 the	directional	

growth	 of	 self‐assembled	 discrete	 molecular	 entities	 by	 means	 of	

noncovalent	 interactions	 ሺFigure	 4ሻ.	 With	 the	 introduction	 of	

supramolecular	 polymers,	 the	 playground	 for	 polymer	 scientists	

broadened	 and	 is	 no	 longer	 limited	 to	 macromolecular	 species	 only.	

Although	 the	 area	 of	 self‐assembly	 of	molecules	 into	 one‐dimensional	

multicomponent	 structures	 has	 been	 known	 for	 decades,	 it	 is	 only	 of	

recent	 date	 that	 these	 supramolecular	 polymers	 deserve	 a	 steadily	

increasing	 interest	 due	 to	 their	 unprecedented	 and	 highly	 useful	

functional	 opportunities.ሾ35ሿ	 The	 high	 expectations	 for	 self‐assembled	

supramolecular	 polymers	 have	 mainly	 focused	 on	 their	 appealing	

electronic	properties,	such	as	tuneable	emission,	energy	transfer,	charge	

transport,	and	electrical	conductivity.ሾ36ሿ	Such	properties	are	amenable	to	

modulation	 through	 size	 and	 shape	 control	 of	 the	 molecular	

assemblies.ሾ37ሿ	 Supramolecular	 polymers	 have	 therefore	 found	
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applications	 in	 recyclable,	 degradable,	 stimulus‐responsive,	 and	 self‐

healing	materials.ሾ37b,	38ሿ	

	

Figure	 4.	 Supramolecular	 polymerization	 of	 a	 discotic	 benzene	 trisamide	

derivative	ሺaሻ	featuring	chirality	upon	self‐assembly	ሺbሻ.ሾ38cሿ	

Supramolecular	 assemblies	 are	 commonly	 found	 to	 exhibit	 a	 basic	

characteristic	of	living	matter	and	nature:	chirality.ሾ38a,	39ሿ	There	are	many	

biological	 macromolecules	 or	 supramolecular	 systems	 with	 chirality,	

from	microorganisms	 with	 helix‐shaped	 viruses	 to	macroscopic	 living	

systems	 such	 as	 snails.	 On	 a	 larger	 scale,	 one	 finds	 that	 many	 plants	

express	chiral	sense,	such	as	mountain	climbing	vines.	Even	on	a	 light‐
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year	scale,	our	galaxy	system	is	also	chiral.	Among	these	various	levels	

ሺFigure	5ሻ,	 chirality	at	a	molecular	and	supramolecular	 level	 is	of	vital	

importance	 since	 it	 is	 strongly	 related	 to	 chemistry,	 physics,	 biology,	

materials,	and	nanoscience,	which	treat	the	matter	in	scales	from	atomic	

to	molecular	and	supramolecular.	In	the	specific	field	of	supramolecular	

chemistry,	 self‐assembly	 occurs	 upon	 autonomous	 organization	 of	

individual	 molecular	 components	 into	 patterns	 or	 superstructures	

without	 human	 intervention.ሾ40ሿ	 For	 instance,	 molecular	 self‐assembly	

plays	an	important	role	in	biological	systems,	the	transfer	and	storage	of	

genetic	 information	 in	 nucleic	 acids,	 and	 the	 folding	 of	 proteins	 into	

efficient	 molecular	 machines.ሾ41ሿ	 Although	 supramolecular	 chirality	 is	

strongly	 related	 to	 the	 chirality	of	 the	molecular	 components,	 it	 is	 not	

necessary	that	all	components	be	chiral.	To	this	end,	achiral	molecules	

can	also	produce	supramolecular	chirality	in	a	self‐assembled	system.ሾ38aሿ	

A	 deep	 exploration	 of	 stereogenic	 supramolecular	 aggregates	 will	

provide	 a	 more	 complete	 understanding	 of	 the	 origin	 of	 chirality	 in	

biological	systems	and	self‐assembling	processes,	as	well	as	assistance	in	

developing	drugs	and	materials	with	new	functional	opportunities.	

	

Figure	5.	Chiral	architectures	at	different	scales,	from	neutrinos	to	enantiomeric	

molecules,	 nanosized	 biomacromolecules	 with	 chiral	 structures	 ሺDNAሻ,	

microorganisms	ሺhelix‐shaped	bacteriaሻ,	macroscopic	living	systems	ሺseashells	

and	plantsሻ,	and	galaxies.	
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Chapter	2.	Objectives	
 

The	aim	of	the	present	Thesis	is	to	unravel	and	disentangle	the	chemical	

origins	of	the	appealing	optical,	electronic	and	self‐assembling	properties	

exhibited	by	novel	electroactive	molecular	systems	of	interest	in	organic	

electronics	and	materials	science.	

1.	Theoretical	 calculations	will	 be	performed	on	novel	donor–acceptor	

chromophores	 absorbing	 in	 the	 whole	 visible	 spectrum	 to	 provide	

important	structure–property	relationships	towards	the	discovery	of	

efficient	light‐harvesters	for	dye‐sensitized	solar	cells.	The	linkage	of	

the	 chromophores	 to	 the	 semiconductor	 surface	 will	 be	 studied	 in	

depth	by	means	of	 first‐principles	 calculations	 to	better	understand	

the	implications	of	a	multi‐anchoring	adsorption	mode	in	the	solar	cell	

performance.	

2.	In	the	search	of	model	candidates	for	deepening	in	the	comprehension	

of	 the	ubiquitous	photoinduced	 charge‐transfer	 phenomena,	 donor–

acceptor	supramolecular	complexes	based	on	carbon	nanoforms	were	

theoretically	 characterised.	 The	 nature	 and	 strength	 of	 the	

supramolecular	 interactions	 that	 govern	 the	 self‐assembly	 of	

porphyrin‐based	 hosts	 with	 a	 fullerene	 guest	 will	 be	 analysed	 by	

means	of	quantum	chemistry	calculations.	The	theoretical	inspection	

of	 supramolecular	 donor–acceptor	 assemblies	 of	 carbon‐based	

buckybowls	 will	 provide	 insight	 into	 the	 forces	 governing	 the	 self‐

assembly	 of	 these	 novel	 donor–acceptor	 complexes	 that	 undergo	

charge‐transfer	processes	upon	photoexcitation.	
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3.	 The	 cooperative	 supramolecular	 polymerization	 of	 discotic‐like	

benzene‐trisamide	 derivatives	 will	 be	 theoretically	 investigated	 to	

understand	the	role	of	H‐bond	interactions	in	the	generation	of	helical	

superstructures.	Molecular	dynamics	simulations	will	be	carried	out	

to	help	rationalize	the	effect	on	the	preferred	helical	orientation	by	

ሺiሻ	 the	 connectivity	 of	 the	 amide	 groups,	 and	 ሺiiሻ	 the	 presence	 of	

stereogenic	 peripheral	 alkyl	 chains.	 Finally,	 a	 thorough	 theoretical	

characterization	of	the	supramolecular	assembly	of	pyreneimidazole	

derivatives	 will	 be	 performed	 to	 explain	 the	 unexpected	 blue‐

emission	 properties	 of	 the	 gels	 formed	 upon	 aggregation.	 The	

rationalization	of	the	noncovalent	forces	guiding	the	supramolecular	

organization	 will	 ultimately	 aim	 the	 design	 of	 self‐assembled	

materials	a	la	carte.	
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Chapter	3.	Methodology:	computational	
chemistry	
 

During	the	last	decades,	the	discovery	of	theoretical	and	computational	

principles	and	algorithms,	together	with	the	development	of	increasingly	

faster	computers,	has	resulted	in	an	enormous	leap	on	the	accuracy	and	

speed	of	computational	methods.ሾ42ሿ	The	predictive	power	of	the	current	

numerical	simulation	approaches,	based	on	both	quantum	mechanics	and	

molecular	 mechanics	 descriptions,	 underpins	 the	 emerging	 field	 of	

computational	 materials	 design.ሾ43ሿ	 The	 scientific	 community	 has	 now	

access	 to	 theoretically	 characterise	 systems	 inconceivable	 to	 compute	

several	years	ago	ሺFigure	6ሻ.	

	

Figure	6.	Schematic	 representation	of	 the	available	 computational	approaches	

most	used	in	the	calculation	of	chemical	systems	of	increasing	size.	
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The	 development	 of	 quantum	 mechanical	 techniques,	 and	 density	

functional	 theory	 ሺDFTሻ	 in	 particular,	 have	 proceeded	 an	 ever	

accelerating	 pace.ሾ44ሿ	 Whilst	 first‐principles	 methodologies	 were	 once	

limited	 to	 simple	 structures	 and	 compositions	 with	 tenths	 of	 atoms,	

modern	computer	architectures	enable	the	direct	simulation	of	hundreds	

of	atoms.	By	making	a	 judicious	choice	of	 the	methodology	to	be	used,	

from	small	covalent	structures	to	large	supramolecular	complexes	can	be	

computed	at	almost	any	desired	accuracy,	as	long	as	sufficient	computer	

resources	are	available.	

In	this	chapter,	the	different	methodologies	and	computational	tools	used	

to	carry	out	the	studies	included	in	this	Thesis	are	presented	and	briefly	

summarised.	 Most	 calculations	 included	 in	 this	 work	 have	 been	 done	

under	 the	density	 functional	 theory	 framework.	Otherwise,	 in	order	 to	

reduce	the	computational	cost	required	to	explore	molecular	systems	of	

increasing	 size,	 semiempirical	 as	 well	 as	 molecular	 mechanics	

methodologies	 have	 also	 been	 employed.	 All	 the	 computational	

techniques	together	with	the	theoretical	specifications	are	fully	detailed	

in	the	corresponding	publications.	

The	following	program	packages	have	been	used	to	perform	the	different	

calculations	presented	in	this	Thesis:	Gaussian	09,ሾ45ሿ	ORCA,ሾ46ሿ	Quantum	

Espresso,ሾ47ሿ	MOPAC,ሾ48ሿ	Tinker,ሾ49ሿ	Psi4,ሾ50ሿ	and	NCIPLOT.ሾ51ሿ	

	

3.1.	Density	functional	theory	

Density	functional	theory	ሺDFTሻ	is	arguably	the	computational	quantum	

mechanical	 method	 most	 used	 in	 physics,	 chemistry	 and	 materials	
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science	to	investigate	the	electronic	structure	of	many‐body	systems,	in	

particular	atoms,	molecules,	and	condensed	matter.	

The	 density	 functional	 theory	 is	 based	 on	 the	 Hohenberg	 and	 Kohn	

theorem,	which	states	that	the	ground‐state	electronic	energy	of	a	system	

is	determined	by	its	electron	density	ρ.ሾ52ሿ	The	complicated	and	hard‐to‐

compute	many‐electron	wavefunction,	which	contains	3N	variables	 for	

an	N‐electron	system,	is	therefore	substituted	by	a	functional	of	the	one‐

electron	density,	which	contains	only	3	coordinates	independently	of	the	

number	 of	 electrons.	 Henceforth,	 whereas	 the	 complexity	 of	 a	

wavefunction	 increases	 with	 the	 number	 of	 electrons,	 the	 electron	

density	has	always	the	same	number	of	variables	and,	in	principle,	does	

not	 depend	 on	 the	 system	 size.	 Unfortunately,	 the	 exact	mathematical	

expression	 for	 the	 functional	 that	 connects	 the	 electron	 density	 of	 a	

system	and	its	energy	is	unknown.	Thereby,	the	main	developments	in	

the	DFT	field	have	been	focused	on	the	design	of	density	functionals	that	

properly	connect	these	two	terms.ሾ53ሿ	

A	 functional	 is	 a	mathematical	 recipe	 for	 producing	 a	 number	 from	 a	

function,	which	in	turn	is	a	recipe	for	producing	a	number	from	a	set	of	

variables,	 in	 this	 case	 coordinates.	 In	DFT,	 the	 energy	 depends	 on	 the	

electron	density	and	is,	therefore,	a	functional	of	it.	The	energy	functional	

may	be	divided	 into	 three	 components:	 kinetic	 energy	ܶሾߩሿ,	 attraction	

between	the	electrons	and	nuclei	ܧ௡௘ሾߩሿ,	and	electron–electron	repulsion	

	nuclear–nuclear	The	ሿ.ߩ௘௘ሾܧ repulsion	 is	 considered	constant	 since	 the	

most	 common	 DFT	 implementations	 are	 based	 on	 the	 Born–

Oppenheimer	approximation.ሾ54ሿ	Moreover,	the	ܧ௘௘	term	may	be	divided	

into	 the	Coulomb	and	 exchange	parts,	 	ሿߩሾܬ and	ܭሾߩሿ,	 respectively.	 The	

	expression,ሾ42ሿ	classical	their	by	given	are	functionals	ሿߩሾܬ	and	ሿߩ௡௘ሾܧ
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ሿߩ௡௘ሾܧ ൌ෍න
ܼ௔ߩሺݎሻ
|ܴ௔ െ |ݎ

	ݎ݀ ሺ1ሻ	

ሿߩሾܬ ൌ
1
2
නන

ሻ′ݎሺߩሻݎሺߩ
ݎ| െ |′ݎ

	′ݎ݀ݎ݀ ሺ2ሻ	

where	 ܼ௔	 and	 ܴ௔	 are	 the	 atomic	 number	 and	 the	 position	 of	 atom	 ܽ,	

respectively,	 and	 the	 factor	 of	 ½	 in	 	ሿߩሾܬ is	 needed	 to	 avoid	 double‐

counting	 in	 integrating	over	all	space	 for	both	electronic	coordinates	ݎ	

and	ݎ′.	The	application	of	DFT	methods	in	computational	chemistry	was	

possible	due	to	the	introduction	of	the	Kohn	and	Sham	equations.ሾ55ሿ	Since	

the	exact	density	matrix	 is	not	known,	the	approximate	density	ߩሺݎሻ	 is	

written	in	terms	of	a	set	of	auxiliary	one‐electron	functions,	the	Kohn–

Sham	ሺKSሻ	orbitals	߶௜ሺݎሻ,	by	means	of	the	following	expression:	

ሻݎሺߩ ൌ෍|߶௜ሺݎሻ|ଶ
ே

௜ୀଵ

	 ሺ3ሻ	

The	 basic	 idea	 in	 the	 KS	 formalism	 is	 splitting	 the	 kinetic	 energy	

functional	 into	 two	 parts,	 one	 of	 which	 can	 be	 calculated	 exactly	 by	

applying	the	classical	kinetic	operator	on	the	KS	molecular	orbitals,	and	

the	other	corresponding	to	the	kinetic	correlation	energy	part,	which	is	

always	 a	 positive	 energy.	 Thus,	 the	 exact	 part	 of	 the	 kinetic	 energy	

functional	is	given	by	

ௌܶ ൌ ෍〈߶௜| െ
1
2
〈ଶ|߶௜׏

ே

௜ୀଵ

	 ሺ4ሻ	
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where	the	subscript	S	denotes	that	the	kinetic	energy	is	calculated	from	a	

Slater	 determinant.	 The	 remaining	 kinetic	 energy	 is	 absorbed	 into	 the	

exchange–correlation	 term	 ሺܧ௫௖ሾߩሿሻ,	 and	 a	 general	 DFT	 energy	

expression	can	be	written	as		

ሿߩ஽ி்ሾܧ ൌ ௌܶሾߩሿ ൅ ሿߩ௡௘ሾܧ ൅ ሿߩሾܬ ൅ 	ሿߩ௫௖ሾܧ ሺ5ሻ	

Additionally,	 it	 is	 customary	 to	 separate	 	ሿߩ௫௖ሾܧ into	 two	 parts,	 a	 pure	

exchange	ܧ௫	and	a	correlation	ܧ௖	term,	according	to	

ሿߩ௫௖ሾܧ ൌ ሿߩ௫ሾܧ ൅ 	ሿߩ௖ሾܧ ሺ6ሻ	

The	major	problem	in	DFT	is	to	derive	accurate	formulas	to	describe	the	

exchange–correlation	term.	Assuming	that	such	a	functional	is	available,	

the	problem	is	then	similar	to	that	found	in	wavefunction‐based	Hartree–

Fock	ሺHFሻ	theory:	determine	a	set	of	orthogonal	orbitals	which	minimize	

the	energy.	Since	ܬሾߩሿ	and	ܧ௫௖ሾߩሿ	functionals	depend	on	the	total	density,	

the	determination	of	the	orbitals	involves	an	iterative	process	ሺFigure	7ሻ.	

The	 first	 step	 is	 to	 give	 a	 trial	 electron	density	 usually	 computed	 as	 a	

superposition	 of	 atomic	 densities.	 Then,	 the	 exchange–correlation	

potential	ሺ ௫ܸ௖ሻ	is	calculated	on	the	basis	of	an	appropriate	expression	for	

	௫௖ܧ and	 the	 initial	 density.	 With	 this	 information,	 the	 Kohn–Sham	

equations	are	solved	in	order	to	obtain	an	initial	set	of	orbitals,	which	is	

used	to	compute	the	density.	The	process	is	repeated	until	the	electron	

density	and	the	ground	state	energy	converge.		
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Figure	 7.	 Scheme	 of	 the	 iterative	 procedure	 used	 to	 solve	 the	 Kohn–Sham	

equations.	

It	is	possible	to	prove	that	the	exchange–correlation	potential	is	unique	

and	 valid	 for	 all	 systems;	 however,	 an	 explicit	 functional	 form	 of	 this	

potential	has	been	elusive	to	date.	The	difference	between	the	plethora	of	

DFT	methods	available	is	therefore	the	form	of	the	exchange–correlation	

energy	functional.	

	

3.2.	Hierarchy	rungs	of	functionals	

The	local	density	approximation	ሺLDAሻ	was	first	introduced	by	P.	Dirac	

within	 the	Thomas–Fermi	model,	 and	 it	 is	 based	on	 the	homogeneous	

electron	gas	density.ሾ56ሿ	LDA	functionals	depend	locally	on	the	density:	

ሿߩ௫௖௅஽஺ሾܧ ൌ නߝ௅஽஺ሺߩሻ	݀ݎ	 ሺ7ሻ	

The	 LDA	 approximation	 can	 be	 improved	 by	 considering	 α	 and	 β	

densities	 separately,	 leading	 to	 the	 local	 spin	 density	 approximation	

ሺLSDAሻ.	

In	 the	 generalized	 gradient	 approximation	 ሺGGAሻ,	 the	 exchange–

correlation	 energy	 not	 only	 depends	 on	 the	 density	 but	 also	 on	 its	

gradients:	
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ሿߩ௫௖ீீ஺ሾܧ ൌ නீீߝ஺ሺߩ, 	ݎ݀	ሻߩ׏ ሺ8ሻ	

Using	the	GGA	approximation,	very	good	results	for	molecular	geometries	

and	 ground‐state	 energies	 have	 been	 achieved,	 e.g.	 with	 the	 popular	

Perdew–Burke–Ernzerhof	PBE	functional.ሾ57ሿ	

Another	 level	 of	 improvement	 was	 achieved	 by	 adding	 to	 the	 GGA	

formalism	a	dependence	on	the	noninteracting	kinetic	energy	density	ሺ߬ሻ	

in	the	meta‐GGA	functionals:ሾ58ሿ	

ሿߩ௫௖௠௘௧௔ିீீ஺ሾܧ ൌ නߝ௠௘௧௔ିீீ஺ሺߩ, ,ߩ׏ ߬ሻ	݀ݎ	 ሺ9ሻ	

A	representative	example	of	this	type	of	functional	is	the	TPSS.ሾ58ሿ	

Considering	 the	 exact	 wavefunction	 as	 a	 single	 Slater	 determinant	

composed	of	KS	orbitals,	the	exchange	energy	is	in	this	case	exactly	that	

given	by	the	Hartree–Fock	theory.	If	the	KS	orbitals	are	identical	to	the	

HF	orbitals,	then	the	“exact”	exchange	is	precisely	the	exchange	energy	

calculated	by	the	HF	wavefunction	method.	Models	that	include	a	portion	

of	exact	exchange	are	called	hybrid	methods,	and	the	B3LYP	functional	is	

probably	 the	most	popular	 functional	of	 this	 type,ሾ59ሿ	whose	exchange–

correlation	energy	is	given	by		

௫௖஻ଷ௅௒௉ܧ ൌ ሺ1 െ ܽሻܧ௫௏ௐே ൅ ௫ுிܧܽ ൅ ௫஻଼଼ܧ∆ܾ ൅ ሺ1 െ ܿሻܧ௖௏ௐே

൅ 	௖௅௒௉ܧ∆ܿ
ሺ10ሻ	
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where	the	a,	b	and	c	values	are	determined	by	fitting	the	experimental	

data	to	be	0.20,	0.72	and	0.81,	respectively,	B88,	LYP	and	VWN	refer	to	

the	 Becke	 88,ሾ60ሿ	 Lee–Yang–Parrሾ61ሿ	 and	 Vosko–Wilk–Nusairሾ62ሿ	

functionals,	 respectively,	 ௫஻଼଼ܧ∆ ൌ ௫஻଼଼ܧ െ 	௫௏ௐேܧ and	 ௖௅௒௉ܧ∆ ൌ ௖௅௒௉ܧ െ

		.௖௏ௐேܧ

Another	popular	hybrid	 functional	 is	 that	designed	by	Perdew–Burke–

Ernzerhof,	so‐called	PBE0,ሾ63ሿ	which	mixes	the	PBE	exchange	energy	and	

Hartree–Fock	exchange	energy	 in	a	 set	3‐to‐1	ratio,	along	with	 the	 full	

PBE	correlation	energy:	

௫௖௉஻ா଴ܧ ൌ
1
4
௫ுிܧ ൅

3
4
௫௉஻ாܧ ൅ 	௖௉஻ாܧ ሺ11ሻ	

Meta‐GGA	functionals	can	be	modified	to	account	for	a	certain	amount	of	

exact	HF	exchange,	leading	to	the	family	of	hybrid‐meta‐GGA	functionals.	

Functionals	of	this	type	are	the	Minnesota	M06,ሾ64ሿ	M06‐2Xሾ65ሿ	and	M06‐

HFሾ66ሿ	 with	 27,	 54	 and	 100	 %	 of	 HF	 exchange,	 respectively,	 and	 the	

MPWB1K	with	44	%.ሾ67ሿ	

An	 alternative	 and	 perhaps	more	 sophisticated	 approach	 to	 the	 exact	

functional	are	the	range‐separated	hybrid	ሺRSHሻ	functionals,	where	the	

exchange	part	is	separated	into	a	short‐range	and	long‐range	regime	by	

means	of	the	standard	error	function	erfሺݔሻ	such	that:	

1
ଵଶݎ

ൌ
1 െ erf	ሺ߱ݎଵଶሻ

ଵଶݎ
൅
erf	ሺ߱ݎଵଶሻ

ଵଶݎ
	 ሺ12ሻ	

where	߱ 	is	a	parameter	that	determines	the	ratio	of	both	parts.	The	short‐

range	is	treated	as	any	of	the	exchange	schemes	shown	before,	while	the	
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long‐range	 part	 is	 computed	 by	 the	 HF	 exchange	 functional.	 CAM‐

B3LYPሾ68ሿ	and	߱B97Xሾ69ሿ	are	representative	functionals	of	this	family.	

Finally,	 double‐hybrid	 ሺDHሻ	 functionals	 have	 also	 been	 developed,ሾ70ሿ	

which	 include	 a	 certain	 amount	 of	 HF	 exchange	 and	 second‐order	

perturbation	PT2	correlation	energy	according	to	

௫௖஽ுܧ ൌ ሺ1 െ ܽ௫ሻܧ௫஽ி் ൅ ܽ௫ܧ௫ுி ൅ ሺ1 െ ܽ௖ሻܧ௖஽ி் ൅ ܽ௖ܧ௖௉்ଶ	 ሺ13ሻ	

The	amount	of	exact	exchange	is	usually	much	bigger	in	these	methods	

compared	to	the	simple	hybrids,	since	the	perturbational	correlation	can	

correct	for	HF	deficiencies	while	improving	the	self‐interaction	error.ሾ70ሿ	

One	of	the	most	popular	double‐hybrid	functionals	is	the	Grimme’s	B2‐

PLYP,ሾ71ሿ	relative	of	the	hybrid	B3LYP	functional,	with	parameters	ܽ௫ ൌ

0.31	and	ܽ௖ ൌ 0.27.	

A	schematic	representation	of	the	different	rungs	of	functionals	available	

to	 date	 sorted	 by	 increasing	 sophistication	 and	 accuracy	 is	 shown	 in	

Figure	8.	
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Figure	8.	Perdew	Jacob’s	ladder	of	density	functional	approximations.ሾ72ሿ	

 

3.3.	Dispersion‐corrected	DFT	

Dispersion	 forces	 arise	 from	 long‐range	 instantaneous	 and	 correlated	

fluctuations	 of	 the	 electron	 density	 and,	 thus,	 nonlocal	 electron	

correlation	 terms	 are	 required	 for	 an	 appropriate	description	of	 these	

interactions.	 Dispersion	 forces	 are	 not	 exclusively	 intermolecular	 but	

take	place	also	between	large‐separated	regions	of	the	same	molecule.	

The	 most	 common	 density	 functionals	 available	 in	 the	 literature	 are	

based	on	local	or	semilocal	density	correlation	functionals	and,	therefore,	

the	 long‐range	 electron	 correlation	phenomenon	 responsible	 for	 these	
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elusive	dispersion	 interactions	 is	not	 fully	captured.	Only	some	highly‐

parameterised	meta‐GGA	 functionals	 can	 properly	 describe	 dispersion	

forces	 at	 the	 short	 range,	 such	 as	 the	 M06	 and	 later	 Minnesota	

functionals.ሾ64‐65ሿ		

The	most	popular	low‐cost	approach	to	deal	with	dispersion	interactions	

within	the	DFT	framework	is	the	Grimme’s	correction.ሾ73ሿ	This	protocol	

consists	 in	 an	 atom‐pairwise	 correction	 to	 the	 standard	 Kohn–Sham	

density	functional	to	describe	the	total	energy	as:	

஽ி்ି஽ܧ ൌ ௄ௌି஽ி்ܧ	 ൅ 	ௗ௜௦௣ܧ ሺ14ሻ	

where	ܧ௄ௌି஽ி்	is	the	self‐consistent	Kohn–Sham	energy	as	obtained	from	

the	chosen	density	functional,	and	ܧௗ௜௦௣	is	the	dispersion	correction	term.	

There	are	several	ways	to	define	the	dispersion	correction	term,	but	the	

one	 proposed	 by	 Grimme	 and	 coworkers	 is	 based	 on	 the	 classical	

definition	of	long	distance	forces.ሾ73ሿ	The	Grimme’s	dispersion	correction	

term	 is	 directly	 proportional	 to	 the	 ௡,஺஻ܥ ሺݎ஺஻ሻ௡⁄ 	 relationship,	 where	

	௡,஺஻ܥ is	a	parameterised	nth‐order	dispersion	coefficient	 for	atom	pair	

	,6	values	the	take	can	ሺn	distance	ܤܣ	intermolecular	the	is	஺஻ሻ௡ݎሺ	and	,ܤܣ

8,	10,	etc.ሻ	

In	 the	original	and	 latest	version	of	Grimme’s	dispersion	correction,ሾ73ሿ	

known	 as	D3,	 the	 dispersion	 interaction	 is	 computed	 according	 to	 the	

following	pairwise	energy	expression:	
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ௗ௜௦௣ܧ ൌ െ ෍ ௡ݏ ෍ ෍
௡,஺஻ܥ
ሺݎ஺஻ሻ௡

ௗ݂௔௠௣ሺݎ௜௝ሻ

ேೌ೟

௝ୀ௜ାଵ

ேೌ೟ିଵ

௜௡ୀ଺,଼

	 ሺ15ሻ	

where	 sn	 are	 customary	 parameters	 fitted	 for	 individual	 density	

functionals.	 Unlike	 the	 former	 D2	 version	 of	 Grimme’s	 correction,	 the	

dispersion	 	௡,஺஻ܥ coefficients	 are	 geometry	 dependent	 as	 they	 are	

adjusted	on	the	basis	of	 local	geometry	ሺcoordination	numberሻ	around	

atoms	ܣ	and	ܤ.	 ௗ݂௔௠௣	is	a	damping	function	that	depends	on	the	distance	

	correction	dispersion	the	attenuate	to	forms	several	adopt	may	and	஺஻,ݎ

term	in	the	short	range.ሾ74ሿ	The	D3	scheme	can	be	further	corrected	by	

accounting	 for	 the	 influence	 of	 three‐body	 terms	 ሺi.e.,	 the	 energy	

contributions	for	all	triple	atom	combinations	A,	B,	and	Cሻ	by	means	of	

the	following	expression:ሾ75ሿ	

஺஻஼ܧ ൌ ෍ ଽ,஺஻஼ܥ
ሺ3	 cos ௔ߠ cos ௕ߠ cos ௖ߠ ൅ 1ሻ

ሺܴ஺஻ܴ஻஼ܴ஺஼ሻଷ

ே

஺ழ஻ழ஼	

ൈ ௡݂ሺܴ஺஻, ܴ஻஼, ܴ஺஼ሻ	

ሺ16ሻ	

where	ߠ௜	are	the	internal	angles	of	the	triangle	formed	by	the	interatomic	

distances	 ሺܴ஺஻ܴ஻஼ܴ஺஼ሻ,	 ௡݂	 is	 a	 damping	 function,	 and	 	ଽ,஺஻஼ܥ is	 the	

corresponding	coefficient	approximated	by	

ଽ,஺஻஼ܥ ൎ െඥܥ଺,஺஻ܥ଺,஻஼ܥ଺,஺஼	 ሺ17ሻ	
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A	more	general,	elegant	and	seamless	approximation	introduced	by	Dion	

and	coworkers,ሾ76ሿ	widely	known	as	the	van	der	Waals	density	functional	

ሺvdW‐DFሻ,	 has	 recently	 received	 a	 great	 deal	 of	 attention	 to	 treat	

dispersion	interactions	owing	to	its	low	degree	of	empiricism.	The	vdW‐

DF	approach	accounts	for	the	long‐range	electron	correlation	effects	by	

means	of	an	explicit	nonlocal	DF	correlation	kernel	Φ,	which	depends	on	

the	electron	density	ߩ	at	two	different	sampling	points	in	space	ݎ	and	ݎᇱ:	

ሿߩ௖௩ௗௐି஽ிሾܧ ൌ
԰
2
නන݀ݎ	ݎ݀ᇱߩሺݎሻΦሺݎ, 	ሻ′ݎሺߩሻ′ݎ ሺ18ሻ	

In	its	most	modern	version	ሺVV10ሻ,ሾ77ሿ	also	known	as	the	nonlocal	ሺNLሻ	

approximation	 in	 quantum	 chemistry	 contexts,	 Vydrov	 and	 Voorhis	

employed	 a	 particularly	 simple	 expression	 for	 the	 nonlocal	 DF	

correlation	kernel	and	introduced	a	new	parameter	to	avoid	the	possible	

double	 counting	 of	 the	 dispersion	 or	 vdW	 energy	 at	 short‐range	

distances.	 The	 incorporation	 of	 an	 adjustable	 short‐range	 parameter	

allowed	 one	 to	 easily	 merge	 the	 VV10‐type	 nonlocal	 correlation	

functional	 with	 a	 wide	 variety	 of	 standard	 exchange–correlation	 DFs	

giving	impressive	results	close	to	the	“chemical	accuracy”	in	small‐	and	

medium‐size	molecular	complexes.ሾ77ሿ	

Although	 the	 VV10	 approximation	 is	 not	 used	 in	 the	 work	 discussed	

herein,	 our	 research	 group,	 and	 in	 particular	 the	 PhD	 student,	 has	

extensively	worked	in	testing	and	validating	the	accuracy	of	the	nonlocal	

approach	in	dealing	with	large	supramolecular	complexes	governed	by	

noncovalent	interactions	ሺsee	article	24	and	book	chapter	in	the	List	of	

publicationsሻ.		
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Other	approaches	worth	to	mention	that	account	for	the	weak	dispersion	

interactions	 are	 the	 symmetry‐adapted	 intermolecular	 perturbation	

theory	 ሺSAPT,	 see	 below	 for	 a	 brief	 descriptionሻ,ሾ78ሿ	 the	 Tkatchenko–

Scheffler	 ሺTSሻ	 approximation,ሾ79ሿ	 the	 Corminboeuf	 density	 dependent	

dispersion	correction	ሺdDsCሻ,ሾ80ሿ	and	the	Becke–Johnson	exchange–hole	

dipole	model	ሺXDMሻ.ሾ81ሿ	The	reader	is	referred	to	the	original	literature	

for	further	details.	

	

3.4.	Time‐dependent	density	functional	theory	

Time‐dependent	 density	 functional	 theory	 ሺTDDFTሻ	 is	 an	 extension	 of	

DFT	 to	 deal	 with	 excitations	 or	 more	 general	 time‐dependent	

phenomena.	The	TDDFT	approach,	 in	analogy	 to	 the	ground‐state	DFT	

treatment,	 replaces	 the	 complex	 many‐body	 time‐dependent	

Schrödinger	 equation	 by	 a	 set	 of	 time‐dependent	 single‐particle	

equations.	 Whenever	 one	 wants	 to	 move	 beyond	 static	 ground‐state	

properties	 ሺfor	 instance,	 to	 evaluate	 the	optical	 propertiesሻ	within	 the	

DFT	 framework,	 the	 description	 of	 the	 molecular	 response	 to	 time‐

dependent	 fields	has	 to	be	somehow	 introduced.	E.	Runge	and	E.	K.	U.	

Gross	published	a	theorem	in	1984	that	permitted	a	generalization	of	the	

first	HK	theorem	for	a	time‐dependent	density	treatment.ሾ82ሿ	Very	briefly,	

the	approach	of	Runge	and	Gross	considers	a	single‐component	system	

in	 the	 presence	 of	 a	 time‐dependent	 scalar	 field,	 for	 which	 the	

Hamiltonian	takes	the	form	

ሻݐ෡ሺܪ ൌ ෠ܶ ൅ ෠ܸ௘௫௧ሺݐሻ ൅ ෡ܹ 	 ሺ19ሻ	
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where	 ෠ܶ 	 is	 the	 kinetic	 energy	 operator,	 ෡ܹ 	 the	 electron–electron	

interaction,	 and	 ෠ܸ௘௫௧ሺݐሻ	 the	 time‐dependent	 external	 potential.ሾ83ሿ	

Nominally,	the	external	potential	contains	the	electrons’	interaction	with	

the	nuclei	of	the	system.	For	non‐trivial	time‐dependence,	an	additional	

explicitly	 time‐dependent	 potential	 is	 present,	 which	 can	 arise,	 for	

example,	 from	 a	 time‐dependent	 electric	 or	magnetic	 field.	 The	many‐

body	wavefunction	evolves	according	to	the	time‐dependent	Schrödinger	

equation	under	a	single	initial	condition:	

ሻൿݐሻ|Ψሺݐ෡ሺܪ ൌ ݅԰
߲
ݐ߲
|Ψሺݐሻۧ,											|Ψሺ0ሻۧ ൌ |Ψۧ	 ሺ20ሻ	

Employing	 the	 Schrödinger	 equation	 as	 its	 starting	 point,	 the	 Runge–

Gross	theorem	shows	that	at	any	time,	the	density	uniquely	determines	

the	external	potential.	

As	ground‐state	DFT,	TDDFT	also	requires	a	suitable	approximation	for	

time‐dependent	exchange–correlation	potential	to	be	applied	in	practice.	

This	 approach	 is	 known	 as	 the	 adiabatic	 exchange–correlation	

approximation	 ሺAXCAሻ,	 and	 relates	 the	 time‐dependent	 exchange–

correlation	 potential	 to	 a	 ground‐state	 exchange–correlation	potential.	

Although	 AXCA	 is	 a	 crude	 approximation,	 its	 great	 advantage	 is	 that	

common	ground‐state	DFT	functionals	ሺLDA,	GGA,	hybrids,	etc.ሻ	can	be	

easily	used	for	the	time‐dependent	problem.	

Within	 TDDFT,	 linear‐response	 TDDFT	 can	 be	 used	 if	 the	 external	

perturbation	 is	 small	 enough.ሾ84ሿ	 This	 is	 a	 great	 advantage	 as,	 to	 first	

order,	the	variation	of	the	system	will	depend	only	on	the	ground‐state	

density	so	that	all	the	properties	of	DFT	can	be	used.	In	its	most	general	

form,	the	TDDFT	linear	response	problem	can	be	expressed	in	terms	of	a	
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Dyson‐like	 equation.ሾ85ሿ	 This	 equation	 allows	 computing	 a	 generalized	

susceptibility,	 whose	 poles	 are	 the	 excitation	 energies	 of	 the	 system	

under	 investigation.	 Casida	 transformed	 the	 Dyson‐like	 equation	 for	

susceptibility	 into	 an	 eigenvalue	 problem,	 whose	 eigenvalues	 and	

eigenvectors	 are	 used	 to	 build	 up	 the	 optical	 absorption	 spectra.ሾ86ሿ 

Nowadays,	 Casida’s	 approach	 is	 the	 implementation	 set	 up	 in	 the	

majority	of	quantum	chemistry	codes.	

	

3.5.	Basis	sets	

The	computed	KS	orbitals	are	usually	expanded	in	a	set	of	known	basis	

functions.	The	one‐electron	atomic	orbital	߶௜	can	be	 linearly	expanded	

by:	

߶௜ ൌ෍ܥ௜௝߮௝

ஶ

௝ୀଵ

	 ሺ21ሻ	

where	߮௝	correspond	to	the	atomic	basis	functions.	The	expansion	of	the	

atomic	basis	functions	can	be	done	in	terms	of	Slater‐type	orbitals	ሺSTOsሻ	

or	in	Gaussian‐type	orbitals	ሺGTOsሻ:	

߮௡௟௠೗
ௌ்ை ൌ ௡ିଵ݁ିక௥ݎߦܰ ௟ܻ௠೗

	 ሺ22ሻ	

߮௡௟௠೗
ீ்ை ൌ ௡ିଵ݁ିక௥ݎߦܰ

మ
௟ܻ௠೗

	 ሺ23ሻ	
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where	ܰ	is	the	normalization	constant,	 ௟ܻ௠೗
	is	the	spherical	harmonics,	

and	 	ߦ is	 a	 variational	 parameter	 related	 to	 the	 radial	 function	 that	

indicates	the	orbital	compression.	

STOs	 reproduce	 accurately	 the	 electronic	 behaviour	 round	 the	 nuclei.	

However,	the	two‐electron	integrals	cannot	be	solved	analytically	using	

Slater	 functions,	 so	 a	 numerical	 procedure	 is	 required.	 The	 only	

difference	of	the	GTOs	with	respect	to	STOs	is	a	quadratic	dependence	on	

r	in	the	exponential	part.	However,	this	difference	is	crucial	since	the	form	

of	the	two‐electron	integrals	written	in	terms	of	GTOs	can	be	analytically	

solved	saving	a	huge	amount	of	computational	time.	GTOs	do	not	have	a	

cusp	 at	 the	 nucleus	 and	 decay	 to	 zero	 too	 rapidly;	 thus,	 a	 linear	

combination	of	several	GTO	functions	are	needed	to	represent	accurately	

the	electronic	behaviour	close	to	the	nucleus	and	in	the	tail.	

Valence	electrons	are	usually	described	with	several	GTO	combinations.	

Further	 improvement	 of	 basis	 sets	 can	 be	 achieved	 by	 the	 addition	 of	

extra	functions	ሺpolarization	and/or	diffuse	functionsሻ.	It	is	common	to	

represent	valence	orbitals	by	more	than	one	basis	function	ሺeach	of	which	

can	 in	 turn	 be	 composed	 of	 a	 fixed	 linear	 combination	 of	 primitive	

Gaussian	 functionsሻ.	 Additionally,	 basis	 sets	 can	 be	 designed	 with	

multiple	 basis	 functions	 corresponding	 to	 each	 valence	 atomic	 orbital	

ሺe.g.,	the	so‐called	split‐valence	basis	setsሻ.	Some	of	the	most	widely	used	

basis	 sets	 are	 the	 Pople’s	 split‐valence	 basis	 sets,ሾ87ሿ	 the	 correlation‐

consistent	basis	 sets	developed	by	Dunning	and	coworkers,ሾ88ሿ	 and	 the	

basis	sets	of	Ahlrichs	and	coworkers.ሾ89ሿ	

In	addition	to	localized	basis	sets,	plane‐wave	basis	sets	can	also	be	used	

in	 quantum–chemical	 simulations.	 Typically,	 a	 finite	 number	 of	 plane‐

wave	functions	are	used,	below	a	specific	energy	cutoff	which	is	chosen	
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for	a	certain	calculation.	Several	integrals	and	operations	are	much	easier	

to	 code	and	 carry	out	with	plane‐wave	basis	 functions	 than	with	 their	

localized	counterparts	and,	therefore,	they	have	become	popular	in	solid‐

state	 electronic	 structure	 calculations	 involving	 periodic	 boundary	

conditions.	

In	practice,	plane‐wave	basis	sets,	and	 in	general	any	basis	set	used	to	

treat	elements	with	high	atomic	number,	are	used	in	combination	with	a	

pseudopotential.	 The	 pseudopotential	 is	 an	 effective	 core	 potential	

constructed	 to	 replace	 the	 atomic	 all‐electron	potential	 such	 that	 core	

states	are	eliminated	and	the	valence	electrons	are	described	by	current	

basis	set.	In	this	approach,	only	the	chemically	active	valence	electrons	

are	 treated	 explicitly,	 while	 the	 core	 electrons	 are	 ‘frozen’,	 being	

considered	together	with	the	nuclei	as	rigid	non‐polarizable	ion	cores.	

	

3.6.	Semiempirical	methods	

The	high	cost	of	ab	initio	molecular	orbital	calculations	is	largely	due	to	

the	many	integrals	that	need	to	be	calculated,	especially	the	two‐electron	

integrals.	Semiempirical	quantum	chemistry	methods	are	based	on	the	

Hartree–Fock	 formalism,	 but	 approximate	 various	 integrals	 with	

functions	of	some	empirical	parameters.	These	parameters	are	adjusted	

to	 improve	 the	 agreement	 with	 experimental	 data	 ሺor	 ab	 initio	

calculationsሻ.	 The	 semiempirical	 methods	 are	 widely	 used	 in	

computational	 chemistry	 for	 treating	 large	 molecules	 where	 the	

conventional	Hartree–Fock,	post‐Hartree–Fock	or	DFT	methods	become	

prohibitive.	
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The	 most	 frequently‐used	 semiempirical	 methods	 are	 based	 on	 the	

Neglect	of	Differential	Diatomic	Overlap	ሺNDDOሻ	integral	approximation	

ሺMNDO,ሾ90ሿ	 AM1,ሾ91ሿ	 PM3,ሾ92ሿ	 etc.ሻ,	 while	 older	 methods	 use	 simpler	

integral	schemes	such	as	CNDO	and	INDO.	All	three	approaches	ሺNDDO,	

CNDO	and	INDOሻ	belong	to	the	class	of	Zero	Differential	Overlap	ሺZDOሻ	

methods,ሾ93ሿ	 in	 which	 all	 two‐electron	 integrals	 involving	 two‐centre	

charge	 distributions	 are	 neglected.	 The	 recently	 developed	 PM7,ሾ94ሿ	 a	

modified	version	of	PM3	in	its	latest	parameterization	—so	called	PM6—

,ሾ95ሿ	not	only	removes	some	errors	of	the	NDDO	approximation	that	affect	

large	systems,	but	also	average	errors	in	organic	compounds	are	reduced	

by	∽	10	%,	and	errors	in	large	organic	and	solid	systems	are	significantly	

diminished.	 More	 importantly,	 PM7	 implicitly	 accounts	 for	 weak	

noncovalent	 interactions,	 which	 allows	 its	 use	 in	 supramolecular	

complexes	of	increasing	size.	

	

3.7.	Molecular	mechanics	

Molecular	mechanics	is	based	on	classical	mechanics	to	model	molecular	

systems.ሾ96ሿ	Molecular	mechanics	can	be	used	to	study	molecular	entities	

of	 large	 size	 and	 complexity	 ሺe.g.,	 biological	 systems	 or	 material	

assemblies	with	many	thousands	of	atomsሻ.	The	potential	energy	of	any	

system	 in	 molecular	 mechanics	 is	 calculated	 using	 a	 force	 field.	 This	

potential	 function	 or	 force	 field	 calculates	 the	 molecular	 system’s	

potential	 energy	 ሺܧሻ	 in	 a	 given	 conformation	 as	 a	 sum	 of	 individual	

energy	terms:	

ܧ ൌ ௖௢௩௔௟௘௡௧ܧ ൅ 	௡௢௡௖௢௩௔௟௘௡௧ܧ ሺ24ሻ	
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where	the	components	of	the	covalent	and	noncovalent	contributions	are	

given	by:	

௖௢௩௔௟௘௡௧ܧ ൌ ௕௢௡ௗܧ ൅ ௔௡௚௟௘ܧ ൅ 	ௗ௜௛௘ௗ௥௔௟ܧ ሺ25ሻ	

௡௢௡௖௢௩௔௟௘௡௧ܧ ൌ ௘௟௘௖௧௥௢௦௧௔௧௜௖ܧ ൅ 	ௐ௔௔௟௦	ௗ௘௥	௩௔௡ܧ ሺ26ሻ	

The	 bond	 and	 angle	 terms	 are	 usually	 modelled	 by	 quadratic	 energy	

functions	that	do	not	allow	bond	breaking:	

௕௢௡ௗܧ ൌ෍ܭ௥ሺݎ െ 	௘௤ሻଶݎ ሺ27ሻ	

௔௡௚௟௘ܧ ൌ෍ܭఝሺ߮ െ ߮௘௤ሻଶ	 ሺ28ሻ	

where	ܭ௥	and	ܭఝ	are	 the	bond	and	angle	 force	constants,	respectively,	

and	 ݎ െ 	௘௤ݎ and	 ߮ െ ߮௘௤	 are	 the	 distance	 and	 angle	 from	 equilibrium,	

respectively.	

The	functional	form	for	the	dihedral	energy	is	however	highly	variable;	

the	most	employed	expression	being:	

ௗ௜௛௘ௗ௥௔௟ܧ ൌ෍ܭథሾ1 ൅ ߶ሺ݊ݏ݋ܿ െ 	ሻሿߜ ሺ29ሻ	

where	 	థܭ is	 the	 dihedral	 force	 constant,	 ݊	 is	 the	 multiplicity	 of	 the	

function,	 ߶	 is	 the	 dihedral	 angle,	 and	 	ߜ is	 the	 phase	 shift.	 Improper	

torsional	terms	may	be	added	to	enforce	the	planarity	of	aromatic	rings	
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and	 other	 conjugated	 systems,	 as	 well	 as	 ‘cross‐terms’	 to	 describe	

coupling	of	different	internal	variables,	such	as	angles	and	bond	lengths.		

The	 nonbonded	 terms	 are	more	 computationally	 intensive.	 A	 popular	

choice	 is	 to	 limit	 interactions	 to	 atomic	 pairwise	 energies,	 which	 are	

calculated	 for	 those	 atom	 pairs	 belonging	 to	 different	 molecules,	 or	

separated	 by	 at	 least	 3	 bonds.	 The	 van	 der	 Waals	 term	 is	 usually	

computed	with	a	Lennard–Jones	potential,ሾ97ሿ	and	the	electrostatic	term	

with	Coulomb’s	law:	

௡௢௡௖௢௩௔௟௘௡௧ܧ ൌ෍൞߳ ൤ቀ
଴ݎ
ݎ
ቁ
ଵଶ
െ 2 ቀ

଴ݎ
ݎ
ቁ
଺
൨

ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
ாೡೌ೙	೏೐ೝ	ೈೌೌ೗ೞ

൅
௝ݍ௜ݍ
ถݎߝ

ா೐೗೐೎೟ೝ೚ೞ೟ೌ೟೔೎

ൢ	 ሺ30ሻ	

where	ݎ଴	is	the	distance	at	which	the	potential	reaches	its	minimum,	߳	is	

the	potential	depth,	ߝ	is	the	dielectric	constant	and	ݍ	is	the	atomic	charge.	

Both	nonbonded	terms	can	be	buffered	or	scaled	by	a	constant	factor	to	

account	for	electronic	polarizability	and	provide	better	agreement	with	

experimental	observations.	

	

3.8.	Molecular	dynamics	

Molecular	dynamics	ሺMDሻ	is	a	computer	simulation	method	that	allows	

studying	 the	 time‐dependent	 motion	 of	 atoms	 and	 molecules.ሾ98ሿ	 The	

trajectories	of	atoms	and	molecules	are	usually	determined	by	numerical	

resolution	of	Newton’s	equations	of	motion	 for	a	system	of	 interacting	

particles,	where	the	forces	and	potential	energies	between	particles	are	

calculated	 using	 the	 previously	 described	 force	 fields.	 Because	 of	 its	
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simplicity	 and	 stability,	 the	 Verlet	 algorithm	 is	 commonly	 used	 in	MD	

simulations.ሾ99ሿ	The	basic	formula	for	this	algorithm	can	be	derived	from	

the	Taylor	expansions	for	the	positions	

ݐ௜ሺܚ ൅ Δݐሻ ≅ ሻݐ௜ሺܚ2 െ ݐ௜ሺܚ െ ሻݐ∆ ൅
۴௜ሺݐሻ
݉௜

	ଶݐ∆ ሺ31ሻ	

where	࢘௜ሺݐሻ ൌ ሺݔ௜ሺݐሻ, ,ሻݐ௜ሺݕ 	at	particle	݅th	of	vector	position	the	is	ሻሻݐ௜ሺݖ

time	,ݐ	۴௜	is	the	force	acting	upon	݅th	particle	at	time	t,	and	݉௜	is	the	mass	

of	the	particle.	

Ab	 initio	 molecular	 dynamics,	 in	 contrast	 to	 classical	 MD	 where	 the	

potential	surface	is	represented	by	a	force	field,	describes	the	electronic	

behaviour	 during	 the	 simulation	 by	 using	 first‐principles	 quantum	

mechanical	methods.ሾ100ሿ	The	Car–Parrinello	ሺCPሻ	method	is	a	popular	ab	

initio	molecular	dynamics	method	proposed	by	Roberto	Car	and	Michele	

Parrinello	 in	 1985.ሾ101ሿ	 In	 contrast	 to	 Born–Oppenheimer	 molecular	

dynamics,	where	 the	nuclear	 ሺionsሻ	degree	of	 freedom	are	propagated	

using	ionic	forces	calculated	at	each	iteration	by	approximately	solving	

the	electronic	problem,	the	Car–Parrinello	method	explicitly	introduces	

the	 electronic	 degrees	 of	 freedom	 as	 ሺfictitiousሻ	 dynamical	 variables,	

writing	an	extended	Lagrangian	for	the	system.	This	leads	to	a	system	of	

coupled	equations	of	motion	for	both	ions	and	electrons,	in	which	explicit	

electronic	minimization	 at	 each	 time	 step	 is	 not	 required.	 In	 order	 to	

maintain	the	adiabaticity	condition,	it	is	necessary	that	the	fictitious	mass	

of	 the	 electrons	 is	 chosen	 small	 enough	 to	 avoid	 a	 significant	 energy	

transfer	from	the	ionic	to	the	electronic	degrees	of	freedom.	
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The	 equations	 of	 motion	 of	 the	 CP	 molecular	 dynamics	 method	 are	

obtained	 by	 finding	 the	 stationary	 point	 of	 the	 Lagrangian	 under	

variations	of	the	Kohn–Sham	orbitals	߶௜	and	nuclear	positions	܀௃:	

ூRሷܯ ூ ൌ െ׏ூൣܧሼ߶௜ሽ, ൛܀௃ൟ൧	 ሺ32ሻ	

పሷ߶ߤ ሺܚ, ሻݐ ൌ െ
ܧߜ

௜߶ߜ
∗ሺܚ, ሻݐ

൅෍Λ௜௝߶௝ሺܚ, ሻݐ
௝

	 ሺ33ሻ	

where	 Λ௜௝	 is	 a	 Lagrangian	 multiplier	 matrix	 to	 comply	 with	 the	

orthonormality	constraint.	

	

3.9.	Solvation	models	

Within	the	field	of	computational	chemistry,	solvent	models	are	a	variety	

of	methods	to	account	for	the	behaviour	of	solvated	condensed	phases.	

Solvent	 models	 enable	 simulations	 and	 thermodynamic	 calculations	

applicable	to	reactions	and	processes	which	take	place	in	solution,	either	

in	molecular	biology,	chemistry	or	environmental	science.		

Many	 protocols	 exist	 to	 model	 solution	 environments	 within	

computational	 chemistry.ሾ42,	 102ሿ	 Explicit	 models	 consist	 in	 adding	 n	

solvent	molecules	 around	 the	 solute,	 and	 therefore	 provide	 a	 physical	

spatially	 resolved	 description	 of	 the	 solvent.	 However,	 many	 of	 these	

explicit	 models	 are	 computationally	 very	 demanding	 and	 can	 fail	 to	

reproduce	 some	 experimental	 results,	 often	 due	 to	 certain	 fitting	

methods	and	parametrization.	
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Implicit	 models	 are,	 on	 the	 other	 hand,	 generally	 more	 efficient	

computationally,	and	can	provide	a	reasonable	description	of	the	solvent	

behaviour.ሾ103ሿ	 In	 implicit	 solvent	models,	 the	 solvent	 is	described	as	 a	

homogeneous	dielectric	around	the	solute,	which	is	placed	in	a	cavity	dug	

out	of	 the	solvent.	The	main	 idea	 is	 that	 the	charge	distribution	of	 the	

solute	 polarises	 the	 dielectric	 continuum,	 which	 in	 turn	 polarises	 the	

solute	charge	distribution.	The	solute–solvent	interactions	are	described	

in	 terms	 of	 a	 solvent	 reaction	 field,	 which	 is	 introduced	 into	 the	

Hamiltonian	 as	 a	 perturbation.	 Among	 the	 reaction	 field	methods,	 the	

polarizable	continuum	model	ሺPCMሻሾ104ሿ	and	the	solvation	model	based	

on	density	ሺSMDሻሾ105ሿ	are	the	most	common	approaches	to	include	solvent	

effects.	

	

3.10.	Periodic	boundary	conditions	

Periodic	 boundary	 conditions	 ሺPBCሻ	 are	 a	 set	 of	 boundary	 conditions	

used	 in	 computational	 modelling	 for	 approximating	 a	 large	 ሺinfiniteሻ	

system	by	using	a	small	part	called	unit	cell.ሾ98ሿ	In	this	approximation,	an	

infinite	system	is	constructed	as	a	periodically	repeated	array	of	the	finite	

system	through	the	replication	of	the	box	simulation	ሺFigure	9ሻ.	Along	the	

simulation,	when	a	molecule	moves	in	the	main	box,	its	periodic	images	

move	with	exactly	the	same	orientation	in	all	the	other	boxes.	Thus,	as	a	

molecule	 leaves	 the	main	box,	one	of	 its	 images	will	enter	 through	 the	

opposite	site.	PBCs	are	widely	used	in	molecular	dynamics	simulations	to	

avoid	problems	with	boundary	effects	caused	by	the	finite	nature	of	the	

simulated	system,	and	create	a	representation	similar	to	infinite.	
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Figure	 9.	 Schematic	 representation	 of	 periodic	 boundary	 conditions	 in	 two	

dimensions.	The	shaded	box	is	replicated	in	both	dimensions.	A	particle	moving	

out	of	a	box	will	be	replaced	by	one	moving	in	from	the	opposite	side.	

	

3.11.	Symmetry‐adapted	perturbation	theory	

Symmetry‐adapted	 perturbation	 theory	 ሺSAPTሻ	 provides	 a	 means	 of	

directly	computing	the	noncovalent	interaction	between	two	molecules,	

that	is,	the	interaction	energy	is	determined	without	computing	the	total	

energy	 of	 the	 monomers	 or	 dimer.ሾ78ሿ	 Besides,	 SAPT	 provides	 a	

decomposition	 of	 the	 interaction	 energy	 into	 physically	 meaningful	

components:	 electrostatic	 ሺelstሻ,	 exchange	 ሺexchሻ,	 induction	 ሺindሻ,	 and	

dispersion	 ሺdispሻ	 terms.	 In	 SAPT,	 the	 Hamiltonian	 of	 the	 dimer	 is	

partitioned	 into	contributions	 from	each	monomer	and	 the	 interaction	

between	them	according	to:	
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ܪ ൌ ஺ܨ ൅ ஺ܹ ൅ ஻ܨ ൅ ஻ܹ ൅ ܸ	 ሺ34ሻ	

where	 the	Hamiltonian	 ሺܪሻ	 is	written	 as	 a	 sum	 of	 the	monomer	 Fock	

operators,	 F,	 the	 fluctuation	 potential	 of	 each	 monomer,	 W,	 and	 the	

interaction	 potential,	 ܸ.	 The	 monomer	 Fock	 operators,	 ஺ܨ ൅ 	,஻ܨ are	

treated	 as	 the	 zeroth‐order	Hamiltonian,	 and	 the	 interaction	 energy	 is	

evaluated	through	a	perturbative	expansion	of	ܸ,	 ஺ܹ,	and	 ஻ܹ.		

Several	truncations	of	the	closed‐shell	SAPT	expansion	are	available.	The	

simplest	truncation	of	SAPT	is	denoted	SAPT0ሾ78,	106ሿ	and	defined	by	

ௌ஺௉்଴ܧ ൌ ௘௟௦௧ܧ
ሺଵ଴ሻ ൅ ௘௫௖௛ܧ

ሺଵ଴ሻ ൅ ௜௡ௗ,௥௘௦௣ܧ
ሺଶ଴ሻ ൅ ௘௫௖௛ି௜௡ௗ,௥௘௦௣ܧ

ሺଶ଴ሻ ൅ ௗ௜௦௣ܧ
ሺଶ଴ሻ

൅ ௘௫௖௛ିௗ௜௦௣ܧ
ሺଶ଴ሻ ൅ ுிߜ

ሺଶሻ	
ሺ35ሻ	

where	ݒ	and	ݓ	in	ܧሺ௩௪ሻ	defines	the	order	in	V	and	 ஺ܹ ൅ ஻ܹ,	respectively,	

the	subscript	resp	indicates	that	orbital	relaxation	effects	are	included,	

and	the	ߜுி
ሺଶሻ	term	takes	into	account	higher‐order	induction	effects.	

	

3.12.	Noncovalent	index	

The	noncovalent	index	ሺNCIሻ	analysis	provides	a	magnitude,	based	on	the	

electron	density	and	its	derivatives,	that	enables	the	identification	of	the	

spatial	regions	where	the	noncovalent	interactions	are	acting.ሾ51ሿ	The	NCI	

index	 is	 based	 on	 a	 2D	plot	 of	 the	 reduced	density	 gradient	 s	 and	 the	

electron	density	ߩ	according	to		
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When	a	weak	 inter‐	or	 intramolecular	 interaction	 is	present,	 there	 is	a	

crucial	 change	 in	 the	 reduced	gradient	between	 the	 interacting	 atoms,	

producing	density	critical	points	between	interacting	fragments;	troughs	

appear	in	ݏሺߩሻ	associated	with	each	critical	point.	Since	the	behaviour	of	

s	 at	 low	 densities	 is	 dominated	 by	 	,ߩ s  tends	 to	 diverge	 except	 in	 the	

regions	 around	 a	 density	 critical	 point,	 where	 	ߩ׏ dominates,	 and	 s	

approaches	zero.	

	

Figure	10.	Representation	of	the	NCI	index	s	vs.	the	density	coupled	to	the	sign	of	

	:interaction	the	of	strength	the	by	colored	troughs	the	of	plot	3D	the	and	ሺleftሻ,	ଶߣ

blue	ሺstrong,	attractiveሻ	–	green	ሺweakሻ	–	red	ሺstrong,	repulsiveሻ.	

The	 electron	density	 values	within	 the	 troughs	 are	 an	 indicator	 of	 the	

interaction	strength.	However,	both	attractive	and	repulsive	interactions	

ሺi.e.,	hydrogen‐bonding	and	steric	repulsionሻ	appear	in	the	same	region	

of	 density/reduced	 gradient	 space.	 On	 the	 basis	 of	 the	 divergence	

theorem,	the	sign	of	the	Laplacian	of	the	density	׏ଶߩ	indicates	whether	

the	net	gradient	flux	of	density	is	entering	ሺ׏ଶߩ ൏ 0ሻ	or	leaving	ሺ׏ଶߩ ൐

0ሻ	 an	 infinitesimal	 volume	 around	 a	 reference	 point.	 To	 distinguish	
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between	 different	 types	 of	 weak	 interactions,	 contributions	 to	 the	

Laplacian	 along	 the	 axes	 of	 its	 maximal	 variation	 must	 be	 analysed	

ሺ׏ଶߩ ൌ ଵߣ ൅ ଶߣ ൅ 	,ଷߣ where	 ଵߣ ൏ ଶߣ ൏ 	.ଷሻߣ On	 the	 one	 hand,	 bonding	

interactions,	 such	 as	 hydrogen	 bonds,	 are	 characterised	 by	 an	

accumulation	of	density	perpendicular	to	the	bond,	and	ߣଶ ൏ 0	ሺFigure	

10ሻ.	On	the	other	hand,	nonbonded	interactions	such	as	steric	repulsion	

produce	density	depletion	 so	 that	 ଶߣ ൐ 0.	Finally,	weak	van	der	Waals	

interactions	are	characterised	by	a	negligible	density	overlap	that	gives	

ଶߣ ≲ 0.	
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4.1.	Introduction	

A	donor–acceptor	compound	is	a	chemical	system	formed	by	at	least	one	

electron‐donor	ሺDሻ	and	one	electron‐acceptor	ሺAሻ	fragment.	These	two	D	

and	A	units	are	commonly	linked	by	covalent	bonding,	usually	through	a	

π‐conjugated	bridge	that	favours	the	electronic	communication	between	

the	two	parts	ሺsee	Figure	1	in	the	Introduction	Chapterሻ.	

Among	 the	 wide	 variety	 of	 electroactive	 chemical	 entities,	

tetrathiafulvalene	 ሺTTFሻ	 is	 one	 of	 the	 most	 exploited	 electron‐rich	

systems	due	to	its	strong	electron‐donor	behaviour	ሺFigure	11ሻ.ሾ107ሿ	The	

high	 interest	 in	TTFs	has	spawned	the	development	of	many	synthetic	

pathways	 of	 TTF	 and	 its	 analogues	 and,	 therefore,	 a	 large	 variety	 of	

molecular	 and	 supramolecular	 TTF‐based	 donor–acceptor	 compounds	

has	been	reported.ሾ108ሿ	Besides	the	traditional	use	for	the	development	of	

organic	 conducting	 materials,	 the	 tetrathiafulvalene	 unit	 and	 its	

derivatives	have	appeared	as	key	constituents	for	new	applications	such	

as	 in	 molecular	 machines,	 organic	 magnets,	 organic	 field‐effect	

transistors,	and	solar	cells.ሾ107,	109ሿ	

	

Figure	11.	aሻ	Chemical	structure	of	TTF.	bሻ	Top	and	side	views	of	the	minimum‐

energy	structure	of	TTF	in	the	ground	state.	

Similar	in	nature	but	in	contrast	to	the	quasi‐planar	shape	of	its	parent	

TTF,	 π‐extended	 TTF	 ሺexTTFሻ	 has	 become	 an	 efficient	 electron‐rich	

alternative	with	promising	electronic	and	geometrical	properties.ሾ110ሿ	The	
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exTTF	 system	 incorporates	 two	 1,3‐dithiole	 rings	 in	 a	 π‐conjugated	

quinoid	spacer	of	 the	 type	of	anthracene,	conferring	a	strong	electron‐

donor	 character	 and	 an	 uncommon	 butterfly‐like	 shape	 ሺFigure	 12ሻ.	

Contrarily	 to	 the	 TTF	 analogues,	which	 show	 two	well‐separated	 one‐

electron	oxidation	processes	at	relatively	low	oxidation	potential	values,	

exTTF	exhibits	a	unique	two‐electron	oxidation	process	to	form	directly	

the	 dication	 species.	 Interestingly,	 the	 oxidation	 process	 to	 form	 the	

aromatic	dication	is	accompanied	by	a	dramatic	geometrical	change	from	

a	 butterfly	 shaped	 ሺneutral	 stateሻ	 to	 a	 planar	 anthracene	 structure	

ሺdication,	Figure	12ሻ.ሾ111ሿ	

	

Figure	 12.	 aሻ	 exTTF	 chemical	 structure.	 bሻ	 Geometry	 evolution	 of	 the	 exTTF	

minimum‐energy	structure	upon	two‐electron	oxidation.	

Since	 its	 discovery,	 exTTF	 and	 its	 derivatives	 have	 been	 extensively	

combined	with	a	vast	array	of	electron‐acceptor	moieties	in	the	design	of	

efficient	 push–pull	 systems	with	 interesting	 nonlinear	 and	 absorption	

properties.ሾ112ሿ	For	instance,	exTTF‐fullerene	molecular	wires	connected	

through	an	oligoሺp‐phenylenevinyleneሻ	ሺoPPVሻ	bridge	ሺFigure	13aሻ,ሾ113ሿ	

exTTF	and	perfluoroalkylfullerene	dyads	and	triads	ሺFigure	13bሻ,ሾ114ሿ	and	

donor–acceptor	exTTF‐based	endohedralfullerene	derivatives	have	been	

synthesized	 and	 characterised	 by	 Nazario	 Martín	 and	 coworkers.ሾ115ሿ	

Other	 applications	 of	 exTTF‐based	 derivatives	 comprise	 the	

supramolecular	 recognition	 of	 fullerene	 and	 carbon‐based	 nanoforms	
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ሺFigure	 13cሻ;ሾ116ሿ	 some	 examples	 of	 these	 will	 be	 briefly	 discussed	 in	

Chapter	5.	

	

Figure	 13.	 Examples	 of	 the	 exTTF‐based	 derivatives	 in	 the	 generation	 of:	 ሺaሻ	

donor–acceptor	dyads	ሺexTTF‐fullerene	connected	through	an	oPPV	bridgeሻ,	ሺbሻ	

triads	 ሺtwo	 π‐exTTF	 fragments	 and	 a	 perfluoroalkylfullereneሻ,	 and	 ሺcሻ	

supramolecular	donor–acceptor	assemblies	ሺexTTF‐macrocycle	and	fullereneሻ.	

Despite	the	great	success	of	organic	chemistry	in	providing	a	large	variety	

of	 donor–acceptor	 exTTF	 dyads,	 only	 few	 examples	 have	 shown	

promising	absorption	 features	 to	be	exploited	 in	molecular	electronics	

and	photovoltaics.ሾ112ሿ	The	recently	synthesized	donor–acceptor	exTTF‐

based	compound	containing	 the	electron‐acceptor	 tricyanofuran	ሺTCFሻ	

moiety	ሺknown	as	exTTF‐TCF,	Figure	14aሻ	has	demonstrated	to	absorb	

light	in	the	whole	visible	spectrum.ሾ117ሿ	Its	use	in	dye‐sensitized	solar	cells	

would	 further	 benefit	 from	 the	 butterfly	 shape	 of	 the	 exTTF	 unit,	

preventing	 the	 undesirable	 self‐aggregation	 usually	 found	 in	 planar	

chromophores	 upon	 the	 attachment	 to	 the	 semiconductor	 surface.ሾ118ሿ	
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However,	 the	 electron‐acceptor	 TCF	 moiety	 must	 present	 efficient	

anchoring	groups	to	strongly	bind	the	semiconductor,	usually	constituted	

by	 titanium	 dioxide	 ሺTiO2ሻ	 nanoparticles.ሾ119ሿ	 Substitution	 of	 weak	

anchoring	cyano	groups	by	carboxylic	acid	moieties	in	the	prototypical	

exTTF‐TCF	compound	might	open	doors	to	a	new	generation	of	efficient	

purely‐organic	light	harvesters	for	dye‐sensitized	solar	cells.	

	

Figure	 14.	 aሻ	 exTTF‐TCF	 dye	 absorbing	 in	 the	 whole	 visible	 spectrum.	 bሻ	

hemiexTTF‐based	donor–acceptor	derivatives.	

A	recent	work	of	Nazeeruddin	and	coworkers	demonstrated,	in	the	most	

efficient	 ruthenium‐based	 complexes,	 that	 the	 increasing	 number	 of	

anchoring	groups	of	the	dye	ሺtwo	in	N719,	three	in	black	dye,	and	four	in	

N3ሻ	is	a	determining	factor	explaining	the	high	photoconversion	of	these	

devices.ሾ120ሿ	Inspired	by	the	great	success	of	these	multi‐anchoring	dyes,	

Nazario	 Martín	 and	 coworkers	 developed	 purely	 organic	 di‐branched,	

donor–acceptor	chromophores.	Substitution	of	the	exTTF	donor	moiety	

by	 the	 analogous	 hemiexTTF	 unit	 has	 permitted	 the	 generation	 of	 di‐

branched	chromophores	decorated	with	two	electron‐acceptor	moieties	

absorbing	in	the	whole	visible	range	ሺFigure	14bሻ.	In	order	to	 improve	

the	 anchoring	 strength	 of	 the	 novel	 absorbing	 hemiexTTF‐based	 dyes,	

analogous	 donor–acceptor	 molecular	 tweezers	 incorporating	 the	

hemiexTTF	 unit	 as	 donor	 and	 two	 cyanoacrylic	 units	 as	
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accepting/anchoring	groups	have	been	recently	reported	as	metal‐free	

sensitizers	for	dye‐sensitized	solar	cells.ሾ121ሿ	The	adsorption	mode	of	each	

anchoring	 group	 to	 the	 semiconductor	 surface	 remained	 however	

unclear	so	far.	A	theoretical	exploration	of	the	anchoring	mechanism	in	

these	di‐branched	light‐harvesters	would	shed	light	into	the	unknowns	

determining	 the	 performance	 of	 multi‐branched	 dyes	 in	 Grätzel‐type	

DSCs.	Additionally,	 this	theoretical	 insight	might	provide	guidelines	for	

the	 design	 of	 improved	 purely‐organic	 chromophores	 exceeding	 the	

current	state	of	the	art.	

In	 this	 Chapter,	 we	 report	 on	 the	 theoretical	 characterization	 of	 the	

electronic	and	optical	properties	of	efficient	light‐harvesters	that	absorb	

light	in	the	entire	visible	spectrum.	The	chromophores	under	study	are	

based	 on	 the	 electron‐donor	 exTTF	 and	 its	 analogue	 hemiexTTF	

combined	with	electron‐acceptor	moieties	containing	the	carboxylic	acid	

group	 through	 a	 π‐conjugated	 bridge.	 The	 structural	 and	 electronic	

implications	of	a	double‐	vs.	single‐anchoring	mode	of	the	dye	to	bind	the	

semiconductor	 surface	 in	 dye‐sensitized	 solar	 cells	 are	 theoretically	

analysed.	

	

4.2.	Results	and	discussion	

4.2.1.	Mono‐branched	exTTF‐based	chromophores	

Theoretical	 calculations	 based	 on	 the	 density	 functional	 theory	

framework	were	carried	out	to	disentangle	the	structural	and	electronic	

properties	 of	 the	 whole‐visible‐absorbing	 exTTF‐TCF	 compound	 upon	

substitution	 of	 one	 cyano	 group	 by	 a	 carboxylic	 acid	 moiety	 ሺDCFሻ.	

Geometry	 optimizations	 of	 the	 three	 possible	 exTTF‐DCF	 carboxyl‐
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substituted	isomers	ሺexTTF‐DCF‐A/B/C,	Figure	15aሻ	provide	structures	

in	which	the	exTTF	moiety	is	strongly	distorted	out	from	planarity	ሺsee	

Figure	 15b	 for	 exTTF‐DCF‐Aሻ.	 As	 previously	 reported,ሾ111a,	 b,	 117,	 122ሿ	 the	

donor	exTTF	unit	adopts	a	butterfly‐	or	saddle‐like	folded	structure	that	

obstructs	 the	 negative	 dye‐aggregation	 process.ሾ123ሿ	 Otherwise,	 the	

acceptor	DCF	moiety	 remains	 planar	 through	 the	 ethylene	 bridge	 that	

joins	 the	 anthracene	moiety	 of	 exTTF	with	 the	 furan	 ring	 of	 DCF.	 For	

further	 details	 in	 the	 geometry	 structure,	 the	 reader	 is	 referred	 to	

ሾPublication	1ሿ	included	at	the	end	of	the	Chapter.	

	

Figure	 15.	 aሻ	 Schematic	 representation	 of	 the	 three	 possible	 regioisomers	

studied	by	substitution	of	one	cyano	group	in	the	TCF	unit	of	exTTF‐TCF	by	a	

carboxylic	acid	ሺA,	B	or	Cሻ.	bሻ	Side	view	of	the	minimum‐energy	geometry	of	the	

exTTF‐DCF‐A	regioisomer.	

Mulliken	 atomic	 charges	 accumulated	 by	 the	 different	 molecular	

fragments	 constituting	 the	 exTTF‐TCF	 system	 and	 its	 carboxyl‐

substituted	derivatives	were	calculated	at	the	B3LYP/6‐31G**	level.	For	

all	the	dyes,	a	similar	charge	transfer	of	around	0.17e	takes	place	from	

the	electron‐donor	exTTF	moiety	to	the	electron	withdrawing	TCF/DCF	

unit.	However,	whereas	the	cyano	groups	bear	a	charge	around	െ0.20e	in	

all	cases,	the	carboxyl	group	holds	a	significantly	larger	negative	charge	

of	 approximately	 െ0.40e.	 This	 result	 suggests	 that,	 compared	 to	 the	

nitrile	group,	the	carboxyl	group,	already	in	its	neutral	form,	is	not	only	
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more	 appropriate	 to	 anchor	 the	 dye	 to	 the	 semiconductor	 but	 also	 to	

favour	the	electron	injection	to	the	semiconductor	in	a	DSC	device.	

	

Figure	 16.	 aሻ	 Topology	 of	 the	 frontier	molecular	 orbitals	 of	 exTTF‐DCF‐A.	 bሻ	

Simulated	 absorption	 spectra	 calculated	 at	 the	 TD‐B3LYP/6‐31G**	 level	 of	

theory.	

The	electronic	structure	of	the	exTTF‐based	chromophores,	calculated	at	

the	 same	 level	 of	 theory,	 was	 found	 to	 be	 similar	 in	 all	 TCF/DCF	

derivatives.	 As	 shown	 in	 Figure	 16a	 for	 exTTF‐DCF‐A,	 the	 highest‐

occupied	molecular	orbital	ሺHOMOሻ	and	the	HOMOെ1	are	fully	localized	

on	 the	 donor	 exTTF	 moiety,	 whereas	 the	 HOMOെ2	 spreads	 over	 the	

ethylene	 bridge	 and	 the	 acceptor	 TCF/DCF	 fragment	 with	 some	

contribution	from	the	anthracene	unit.	The	lowest‐unoccupied	molecular	

orbital	 ሺLUMOሻ	 is	 also	 located	 on	 the	 TCF/DCF	 unit	 and	 the	 ethylene	

bridge,	whereas	the	LUMO൅1	and	LUMO൅2	are	mainly	confined	on	the	

exTTF	moiety.	The	energy	gap	between	HOMO	and	LUMO	was	calculated	

at	∽	2.0	eV	at	the	B3LYP/6‐31G**	level,	suggesting	that	low‐lying	charge‐

transfer	transitions	are	expected	upon	photoexcitation.	



Chapter 4: Covalent donor–acceptor architectures 

48 

The	optical	properties	of	the	exTTF‐DCF	regioisomers	and	the	exTTF‐TCF	

compound	 were	 thoroughly	 analysed	 using	 time‐dependent	 DFT	

ሺTDDFTሻ	 calculations,	 namely	 at	 the	 TD‐B3LYP/6‐31G**	 level.	

Interestingly,	 the	 optical	 absorption	 properties	 of	 exTTF‐TCF	 are	

preserved	 in	 the	 exTTF‐DCF	 derivatives,	 and	 the	 three	 carboxylic	

regioisomers	 provide	 quasi‐identical	 absorption	 features	 in	 terms	 of	

position	 and	 intensity	 of	 the	 electronic	 transitions	 ሺFigure	 16bሻ.	 The	

major	contributing	monoexcitations	to	the	two	lowest‐lying	transitions	

located	 theoretically	 at	 550	 and	 700–800	 nm,	 respectively,	 is	 the	

promotion	 of	 one	 electron	 from	 the	 HOMO	 and	 HOMOെ1,	 which	 are	

completely	localized	on	the	exTTF	moiety,	to	the	LUMO,	which	spreads	

over	 the	 DCF	 moiety	 ሺFigure	 16ሻ.	 These	 electronic	 excitations	 are	

therefore	 of	 charge‐transfer	 nature.	 Moreover,	 a	 very	 intense	 band	 at	

around	410	nm	is	predicted	in	all	chromophores	ሺFigure	16bሻ.	This	band	

originates	mainly	from	a	π‐π*	transition	centred	in	the	bridge൅acceptor	

moiety	 ሺHOMOെ2	 →	 LUMOሻ	 plus	 the	 typical	 π–π*	 exTTF	 transition	

ሺHOMO	→	LUMO൅1ሻ.	

Finally,	periodic	boundary	conditions	ሺPBCሻ	calculations	were	performed	

to	disentangle	the	conformational	implications	of	the	adsorption	of	the	

dyes	 onto	 titanium	 dioxide	 ሺor	 titaniaሻ.	 The	 two	 carboxyl‐substituted	

regioisomers	 exTTF‐DCF‐A	 and	 exTTF‐DCF‐B	 were	 placed	 onto	 a	

periodic	 slab	 of	 TiO2	 exposing	 the	 ሺ101ሻ	 surface	 of	 the	 anatase	

polymorph,	 and	 their	 geometries	 were	 fully	 optimized	 using	 the	 PBE	

functional	and	the	Car–Parrinello	algorithm.	The	most	common	bridging	

bidentate	mode	was	used	for	the	adsorption.ሾ118,	124ሿ	exTTF‐DCF‐C	was	not	

computed	due	to	evident	steric	hindrance	between	the	exTTF	moiety	and	

the	 semiconductor	 surface.	As	depicted	 in	Figure	17,	 the	exTTF‐DCF‐A	

and	 exTTF‐DCF‐B	 dyes	 are	 strongly	 adsorbed	 onto	 titania	 by	 their	
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carboxylate	 groups,	 which	 are	 attached	 to	 the	 semiconductor	 surface	

through	two	O–Ti	bonds.	Importantly,	the	main	molecular	axis	of	the	dye	

forms	an	angle	with	the	titania	surface	of	54°	in	exTTF‐DCF‐A,	whereas	

this	 angle	 is	 computed	 at	 39°	 in	 exTTF‐DCF‐B.	 As	 a	 consequence,	 the	

separation	between	the	donor	moiety	and	the	titania	surface	is	predicted	

significantly	larger	in	the	exTTF‐DCF‐A	regioisomer	compared	to	exTTF‐

DCF‐B	 ሺFigure	 17ሻ.	 The	 donor–surface	 distance	 is	 of	 paramount	

importance	to	reduce	the	charge	recombination	phenomena	that	limits	

the	power	conversion	efficiency	in	a	DSC.ሾ125ሿ	Besides	the	slightly	stronger	

anchoring	predicted	theoretically	for	exTTF‐DCF‐A	through	the	analysis	

of	 the	 characteristic	 C–O	 and	 O–Ti	 bonds,	 its	 more	 perpendicular	

disposition	 to	 the	 semiconductor	 surface	 would	 generate	 a	 more	

significant	sensitizer’s	dipole	component	normal	to	TiO2,	which	has	been	

directly	 related	with	 a	 shift	 to	higher	 energies	 of	 the	 conduction	band	

ሺCBሻ.ሾ126ሿ	 Assuming	 that	 the	 charge	 transfer	 to	 the	 semiconductor	 is	

practically	 the	 same	 in	 both	 regioisomers,	 the	 more	 perpendicular	

disposition	 of	 exTTF‐DCF‐A	 should	 lead	 to	 an	 increased	 open‐circuit	

voltage	with	beneficial	implications	for	dye‐sensitized	solar	cells.ሾ127ሿ	

	

Figure	 17.	Minimum‐energy	 structures	 calculated	 for	 exTTF‐DCF‐A	 ሺleftሻ	 and	

exTTF‐DCF‐B	ሺrightሻ	adsorbed	onto	a	periodic	slab	of	anatase	ሺ101ሻ.	
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4.2.2.	Di‐branched	hemiexTTF	derivatives	

Inspired	 by	 the	 recent	 evidences	 pointing	 towards	 the	 number	 of	

anchoring	branches	as	a	great	enhancer	of	the	performance	of	the	dye	in	

a	 DSC,ሾ120ሿ	 a	 series	 of	 novel	 donor–acceptor	 dyads	 were	 studied	 in	

collaboration	 with	 Prof.	 Nazario	 Martín’s	 group	 based	 on	 the	 exTTF	

donor	molecule	with	two	electron‐acceptor	branches.	We	first	explored	

the	 electronic	 and	 optical	 properties	 of	 the	 donor‐π‐acceptor	

chromophores	 shown	 in	 Figure	 18,	 in	 which	 the	 10‐ሺ1,3‐dithiol‐2‐

ylideneሻ‐anthracene	core	ሺhemiexTTFሻ	was	combined	with	the	electron‐

acceptor	 dicyanovinylene	 ሺDCVሻ	 moiety	 through	 two	 different	 π‐

conjugated	 bridges	 —either	 a	 benzene	 ሺPhሻ	 or	 a	 3,4‐

ethylenedioxythiophene	 ሺEDOTሻ—.	 The	 EDOT	 spacer	 was	 shown	 in	 a	

previous	work	to	yield	a	red‐shift	in	the	spectroscopic	response	and	an	

enhancement	of	the	molar	extinction	coefficient	in	triphenylamine‐	and	

exTTF‐based	sensitizers.ሾ128ሿ	

	

Figure	18.	Chemical	structure	of	the	hemiexTTF‐based	push–pull	chromophores	

including	two	types	of	π‐conjugated	spacers:	a	phenyl	ሺhemiexTTF‐Ph‐DCV,	leftሻ	

and	an	EDOT	ሺhemiexTTF‐EDOT‐DCV,	rightሻ	bridge.	
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Theoretical	 calculations	 at	 the	 B3LYP/6‐31G**	 level	 predict	 concave	

saddle‐like	structures,	 in	which	 the	central	 ring	of	 the	anthracene	unit	

folds	up	 in	a	boat	conformation,	and	the	dithiole	ring	and	the	acceptor	

arms	 are	 tilted	 down	 ሺFigure	 19aሻ,	 similarly	 to	 that	 obtained	 for	 the	

above‐mentioned	exTTF‐DCF	derivatives.	Otherwise,	the	acceptor	arms	

remain	mostly	planar	in	both	dyes.	The	reader	is	referred	to	the	original	

ሾPublication	2ሿ	below	for	further	details.	

	

Figure	19.	 aሻ	 Front	 ሺleftሻ	 and	 side	 ሺrightሻ	 views	 of	 hemiexTTF‐EDOT‐DCV.	 bሻ	

Energy	diagram	of	the	frontier	molecular	orbitals	calculated	for	the	dye.	
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The	 HOMO	 and	 HOMOെ1	 in	 both	 dyes	 are	 mainly	 localized	 on	 the	

electron‐donor	 hemiexTTF,	 whereas	 the	 HOMOെ2	 spreads	 over	 the	

electron‐acceptor	moiety	with	no	hemiexTTF	participation.	The	presence	

of	 the	 electron‐rich	 EDOT	 fragments	 in	 hemiexTTF‐EDOT‐DCV	 slightly	

increases	the	energy	of	the	HOMO	ሺെ5.10	eVሻ	compared	to	hemiexTTF‐

Ph‐DCV	ሺെ5.17	eVሻ,	thus	reducing	the	HOMO–LUMO	gap	from	2.16	eV	in	

hemiexTTF‐Ph‐DCV	to	2.04	eV	in	hemiexTTF‐EDOT‐DCV.	

The	 absorption	 properties	 of	 the	 light‐harvesters	 under	 study	 were	

measured	 in	 dichloromethane	 solution	 by	 the	 group	 of	 Prof.	 Nazario	

Martín	 ሺFigure	 20aሻ.	 Experimentally,	 hemiexTTF‐Ph‐DCV	 displays	 two	

main	absorption	bands	in	the	UV	and	visible	range	ሺλ1	ൌ	366	nm;	λ2	ൌ	536	

nmሻ.	Both	transitions	are	red‐shifted	upon	inclusion	of	the	EDOT	spacer	

ሺλ1	ൌ	443	nm;	λ2	ൌ	590	nmሻ.	TDDFT	calculations	predict	that	the	lowest‐

energy	absorption	band	observed	for	both	chromophores	above	500	nm	

is	due	to	electronic	transitions	to	the	first	two	excited	singlets	S1	and	S2	

ሺFigure	20bሻ.	These	states	originate	from	the	HOMO	→	LUMO	and	HOMO	

→	LUMO൅1	monoexcitations,	respectively,	and	imply	an	electron	density	

transfer	 from	 the	 hemiexTTF	moiety,	where	 the	HOMO	 resides,	 to	 the	

acceptor	 moiety,	 where	 the	 LUMO	 and	 LUMO൅1	 are	 mainly	 located	

ሺFigure	19bሻ.	The	moderately	high	intensities	observed	for	this	charge‐

transfer	 ሺCTሻ	 band	 are	 in	 agreement	 with	 the	 oscillator	 strengths	 ሺƒሻ	

around	 0.4–0.5	 calculated	 for	 S1	 and	 S2,	 and	 are	 due	 to	 the	 significant	

overlap	 between	 the	 HOMO	 and	 the	 LUMO/LUMO൅1.	 The	 intense	

absorption	 band	 observed	 at	 higher	 energies	 mainly	 results	 from	 the	

HOMOെ2	→	LUMO	excitation	ሺstate	S6	for	hemiexTTF‐Ph‐DCV	and	S5	for	

hemiexTTF‐EDOT‐DCV,	 Figure	 20bሻ,	 which	 involves	 the	 electron‐

acceptor	 part	 of	 the	 molecule	 ሺFigure	 19bሻ.	 Theoretical	 calculations	

therefore	 confirm	 for	 these	 novel	 di‐branched	 light‐harvesters	 the	
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presence	 of	 low‐lying,	 moderately‐intense,	 charge‐transfer	 transitions,	

which	 results	 in	 a	 wide	 range	 absorbance	 over	 the	 whole	 visible	

spectrum.	

	

Figure	20.	aሻ	Absorption	spectra	of	hemiexTTF‐Ph‐DCV	ሺblueሻ	and	hemiexTTF‐

EDOT‐DCV	 ሺgreenሻ	 recorded	 in	 dichloromethane	 at	 room	 temperature.	 bሻ	

Theoretical	simulation	of	the	UV–Vis	absorption	spectra.	Vertical	lines	indicate	

the	vertical	excitation	energies	with	the	corresponding	oscillator	strength.		
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4.2.3.	Single‐	vs.	double‐anchoring	adsorption	modes	

Due	to	the	great	absorbing	properties	showed	by	the	novel	di‐branched	

hemiexTTF‐based	dye	derivatives,	subsequent	studies	were	focused	on	

analogous	 compounds	 but	 with	 substitution	 of	 two	 cyano	 groups	 by	

efficient	anchoring	carboxylic	moieties	ሺsee	dye	A	in	Figure	21ሻ.ሾ121ሿ	These	

systems	 presented	 intramolecular	 charge‐transfer	 bands	 in	 the	 low‐

energy	range	and	exhibited	a	broad	and	intense	absorption	band	in	the	

whole	UV–Vis	spectrum,	in	analogy	to	the	chromophores	hemiexTTF‐Ph‐

DCV	 and	 hemiexTTF‐EDOT‐DCV.	 Whereas	 Fourier	 transform	 infrared	

spectroscopy	 ሺFTIRሻ	 experiments	 indicated	 a	 di‐anchoring	 adsorption	

mode	 to	 the	 TiO2,	 the	 unambiguous	 elucidation	 of	 the	 carboxylic	

coordination	mode	to	the	semiconductor	remained	unclear.	The	reader	is	

referred	to	the	original	work	for	further	details.ሾ121ሿ	

In	order	to	disentangle	the	adsorption	coordination	of	the	two	carboxylic	

groups	of	the	hemiexTTF‐based	di‐branched	dyes	with	the	TiO2	surface	

and	 the	 implications	 of	 the	 di‐anchoring	 adsorption	mode	 on	 the	 DSC	

performance,	a	comprehensive	theoretical	investigation	combining	first‐

principles	DFT	and	ab	initio	molecular	dynamics	calculations	was	carried	

out	on	model	di‐branched	dyes	ሺFigure	21ሻ.	

	

Figure	21.	Chemical	structure	of	the	prototypical	di‐branched	hemiexTTF‐based	

dye	with	two	cyanoacrylic	anchoring	units	ሺAሻ,	and	the	two	simplified	molecular	

models	used	in	the	study	ሺB	and	Cሻ.	
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It	 is	 possible	 to	 differentiate	 three	 anchoring	 modes	 between	 the	

carboxylic	acid	group	and	the	anatase	ሺ101ሻ	surface	of	TiO2:	monodentate	

ሺMሻ,	 chelated	 ሺCBሻ	 and	 bridged	 bidentate	 ሺBBሻ.	 Among	 them,	 the	

monodentate	 and	 especially	 the	 bridged	bidentate	modes	displayed	 in	

Figure	 22	 are	 the	 most	 common	 modes	 found	 in	 the	 field	 of	 organic	

sensitizers	attached	to	the	TiO2	anatase	ሺ101ሻ	surface.ሾ118,	124b,	126a,	129ሿ	In	

the	 case	 of	 the	 monodentate,	 two	 binding	 modes,	 M1	 and	 M2,	 are	

distinguishable	due	to	the	oxygen	atom	ሺO4	or	O3,	respectivelyሻ	to	which	

the	carboxylic	hydrogen	is	linked	ሺFigure	22ሻ.	

	

Figure	 22.	 Graphical	 representation	 of	 the	 three	main	 carboxylic/carboxylate	

binding	 modes	 in	 DSCs:	 two	 different	 monodentate	 ሺM1	 and	 M2ሻ	 and	 one	

bridged	bidentate	ሺBBሻ	adsorptions.	

By	 means	 of	 computing	 the	 frequency	 of	 the	 symmetric	 and	

antisymmetric	 vibration	 of	 the	 carboxylic	 acid	 group	 in	 a	 simplified	

anchoring	 system	 ሺB	 in	 Figure	 21ሻ,	 we	 were	 able	 to	 correlate	 their	

stretching	 wavenumber	 difference	 ሺΔνasሻ	 with	 the	 characteristic	

adsorption	mode.	Whereas	 the	di‐branched	 cyanoacrylic‐acid	dyes	 are	

arranged	in	a	dimeric	fashion	in	powder	samples,	Δνas	values	of	the	dyes	

attached	 to	 the	 TiO2	 semiconductor	 are	 explained	 in	 terms	 of	 a	

monodentate	linkage;	for	full	details	on	the	theoretical	analysis	see	the	

original	ሾPublication	3ሿ	below.	
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Figure	 23.	 Adsorption	 conformations	 calculated	 for	 model	 system	 C.	 M1‐

M1ሺbeforeሻ	 and	 M1‐M1ሺafterሻ	 correspond	 to	 minimum‐energy	 conformers	

optimized	 before	 and	 after	 the	 ab	 initio	 molecular	 dynamics	 simulation,	

respectively.	

To	shed	light	onto	the	energetics	of	the	different	possible	structures	for	

the	combined	dye•TiO2	system,	we	modelled	the	simplified	di‐branched	

system	 C	 ሺFigure	 21ሻ	 anchored	 to	 the	 anatase	 ሺ101ሻ	 surface	 using	

periodic	 boundary	 conditions.	 Four	 single‐anchored	 adsorption	

configurations,	 i.e.	 three	 monodentate	 ሺM1,	 M2	 and	 MNሻ	 and	 one	
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bidentate	ሺBBሻ	structures,	and	two	di‐anchored	conformations,	 i.e.	one	

monodentate	 ሺM1‐M1ሻ	 and	 one	 bidentate	 ሺBB‐BBሻ	 structures,	 were	

optimized	using	the	Car–Parrinello	algorithm.	The	M1‐M1	conformation	

was	 optimized	 before	 and	 after	 running	 a	 long	 ab	 initio	 molecular	

dynamics	 simulation	 ሺtermed	 M1‐M1ሺbeforeሻ	 and	 M1‐M1ሺafterሻ,	

respectively,	 in	 Figure	 23ሻ.	 The	 relative	 energies	 of	 the	 different	

anchoring	modes	are	summarised	in	Table	1.	

Table	1.	Relative	stabilities	of	the	adsorption	conformations	modelled	for	C•TiO2.	

Structure	 Erel	ሺkcal	molെ1ሻ	

M1	 4.98	

M2	 3.70	

MN	 9.70	

BB	 14.16	

M1‐M1ሺbeforeሻ	 0.00	

M1‐M1ሺafterሻ	 െ9.39	

BB‐BBሺ1ሻ	 30.27	

BB‐BBሺ2ሻ	 38.55	

Among	the	four	single‐anchored	conformations,	M2	is	calculated	to	be	the	

most	stable	adsorption	mode,	with	the	M1	structure	being	quite	close	in	

energy	 ሺ1.28	 kcal	 molെ1ሻ.	 However,	 taking	 into	 account	 the	 spatial	

arrangement	 of	 the	 COOH	 groups	 ሺFigure	 23ሻ,	 a	 di‐anchored	 M2‐M2	

conformation	is	not	feasible	due	to	the	geometric	rigidity	of	the	dye,	and	

it	was	therefore	ruled	out.	The	MN	adsorption	mode	also	gives	a	relatively	

small	energy	and	is	found	to	be	6.00	kcal	molെ1	less	stable	than	M2.	The	

bridging	bidentate	ሺBBሻ	mode	is	computed	to	be	more	than	10	kcal	molെ1	

higher	in	energy	than	M2,	in	good	agreement	with	previous	theoretical	

studies	 employing	 Car–Parrinello	 calculations	 and	 periodic	 boundary	

conditions.ሾ129‐130ሿ	
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Moving	to	the	di‐anchoring	conformations,	M1‐M1ሺbeforeሻ	stands	much	

more	stable	than	BB‐BB	ሺ30	kcal	molെ1ሻ.	After	a	long	ab	initio	molecular	

dynamics	 simulation	 of	 3	 ps	 and	 the	 corresponding	 reoptimization	

procedure,	M1‐M1ሺafterሻ	gains	an	extra	stabilization	of	more	than	9	kcal	

molെ1	 compared	 to	 M1‐M1ሺbeforeሻ.	 This	 additional	 stability	 is	 a	

consequence	of	the	efficient	formation	of	two	H‐bonds	upon	deformation	

of	the	dye	structure	from	planarity.	BB‐BBሺ1ሻ	and	BB‐BBሺ2ሻ,	where	one	

H	 is	 bonded	 to	 the	 anchoring	 group	 or	 linked	 to	 a	 further	 O3/4	 atom,	

respectively	ሺFigure	23ሻ,	both	lie	much	higher	in	energy	than	M1‐M1.	In	

fact,	 the	 di‐anchored	 BB	 structures	 are	 less	 stable	 than	 the	 single	

anchored	 BB	 conformation	 by	 more	 than	 15	 kcal	 molെ1.	 This	 huge	

destabilization	is	due	to	the	inefficient	bond	interactions	caused	by	the	

rigid	structure	of	the	dye,	the	fixed	topology	of	the	TiO2	surface	and	the	

additional	π‐conjugation	breaking	experienced	by	the	dye	to	adopt	the	di‐

anchored	 BB	 structures.	 In	 passing	 from	 M1	 to	 M1‐M1ሺafterሻ,	 a	

stabilization	 of	 around	 14	 kcal	 molെ1	 is	 obtained	 for	 the	 di‐anchored	

conformation,	which	mostly	corresponds	to	 the	energy	gain	associated	

with	 the	 anchorage	 of	 one	 carboxylic	 acid	 group	 to	 the	 anatase	 ሺ101ሻ	

surface	ሺaround	18.5	kcal	molെ1ሻ.ሾ130ሿ	

Figure	24	displays	the	time	evolution	of	the	O2–H	and	H–O3/4	distances	

during	 the	CP	molecular	 dynamics	 simulation.	Theoretical	 calculations	

indicate	 that	 the	 room	 temperature	 ሺ298	Kሻ	 energy	 is	 high	 enough	 to	

break	and	form	again	the	bonds	involving	the	carboxylic	hydrogen,	thus	

giving	 flexibility	 to	 the	 system	 to	 explore	 a	 huge	 zone	of	 the	potential	

energy	 surface.	 At	 around	 1.25–1.50	 ps,	 the	 H–O3/4	 distance	 presents	

large	values	indicating	a	breaking	of	the	H‐bond	ሺFigure	24ሻ,	whereas	at	

0.75	and	2.30	ps	the	distance	predicted	for	H–O3/4	is	shorter	than	that	for	
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O2–H	suggesting	a	proton	transfer	from	the	carboxylic	acid	to	the	oxygen	

of	the	semiconductor.	

	

Figure	24.	Time	evolution	of	the	characteristic	O2–H	and	H–O3/4	bond	distances	

during	the	Car–Parrinello	molecular	dynamics	simulation.	

Finally,	the	projected	density	of	states	ሺPDOSሻ	was	analysed	for	M1,	BB,	

M1‐M1	 and	 BB‐BB	 adsorption	 modes.	 Calculations	 predict	 that	 the	

doubly	 anchored	 systems	 shift	 the	 conduction	 band	of	 TiO2	 to	 slightly	

higher	 energies	 compared	 to	 the	 singly	 anchored	 analogues.	This	 shift	

allows	 for	 an	 increase	 in	 the	 open‐circuit	 voltage	 permitting	 higher	

conversion	efficiencies	for	DSC	purposes.	Moreover,	an	extensive	analysis	

of	the	PDOS	show	differences	in	the	characteristics	of	the	LUMO	bands	

corresponding	 to	 the	 C•TiO2	 system	 depending	 on	 the	 coordination	

mode.	 Overall,	 the	 energetically	 favoured	 M1‐M1	 structure	 provides	

appropriate	 LUMO–CB	 energy	 differences	with	 two	 broad	 and	 intense	

LUMO	 bands	 located	 in	 the	 anchoring	 branches,	 which	 favour	 the	

electron	 injection	 into	 the	 semiconductor	 and	would	 explain	 the	 good	
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performance	experimentally	achieved	 in	 the	device	ሺpower‐conversion	

efficiency	of	3.7	%ሻ.ሾ121ሿ	

Other	systems	not	discussed	in	the	Thesis	but	directly	related	with	this	

Chapter	have	also	been	studied	 theoretically	and	 in	collaboration	with	

the	 experimental	 groups	 of	 Profs.	 Michael	 Grätzel,	 Concepció	 Rovira,	

Nazario	 Martín	 and	 Fernando	 Langa.	 In	 particular,	 donor–acceptor	

exTTF‐based	 dyes	 including	 electron‐acceptor	 tetracyanobutadiene	

moieties,ሾ122ሿ	porphyrin–fullerene‐based	push–pull	systems,ሾ131ሿ	fluorene	

and	 bi‐fluorenylidenes	 for	 application	 in	 DSCs,ሾ132ሿ	 and	 prototypical	

donor–acceptor–donor	 TTF‐based	 mixed‐valence	 triads	 for	 deeper	

understanding	 of	 the	 charge‐transfer	 processesሾ133ሿ	 have	 been	

investigated.	Likewise,	other	electroactive	compounds	such	as	electron‐

acceptor	derivatives	based	on	polycyclic	aromatic	hydrocarbons	ሺPAHsሻ	

have	been	studied,ሾ134ሿ	as	well	as	novel	azoheteroarene	photoswitches	in	

collaboration	 with	 the	 groups	 of	 Profs.	 Julia	 Contreras	 and	 Matthew	

Fuchter.ሾ135ሿ	The	reader	 is	referred	to	the	original	 literature	for	 further	

details:	articles	10–15,	23	and	25	in	the	List	of	publications.	

	

4.3.	Summary	

In	this	chapter,	a	quantum–chemical	investigation	has	been	performed	on	

both	mono‐branched	and	di‐branched	donor‐π‐acceptor	chromophores	

based	 on	 the	 electron‐rich	 π‐extended	 TTF	molecule	 in	 the	 context	 of	

dye‐sensitized	solar	cells.	First,	the	donor	exTTF	moiety	was	coupled	to	a	

tricyanofuran	 unit	 in	 which	 one	 cyano	 group	 is	 substituted	 by	 a	

carboxylic	 anchoring	 group	 in	 the	 design	 of	 a	 push–pull	 system	 with	

absorption	in	the	whole	range	of	the	UV–Vis	solar	spectrum.	Theoretical	
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calculations	gave	insight	into	the	preferential	regioisomers	of	interest	to	

be	 synthesized	 for	 a	 maximum	 performance	 in	 the	 DSC	 device.	 Di‐

branched	 chromophores	 based	 on	 an	 analogous	 donor	 hemiexTTF	

moiety	 were	 theoretically	 characterised,	 and	 the	 nature	 of	 the	 bridge	

connecting	the	donor	and	acceptor	fragments	was	analysed	by	comparing	

phenyl	 and	 EDOT	 π‐conjugated	 spacers.	 The	 implications	 of	 a	 di‐

anchoring	 mode	 in	 the	 di‐branched	 chromophores	 for	 DSC	 purposes	

were	 assessed	by	means	of	 first‐principles	 solid‐state	 calculations.	We	

showed	 that	 the	most	 plausible	 adsorption	mode	was	 a	monodentate	

coordination	of	the	cyanoacrylic	acid	group	in	both	anchoring	branches.	

This	coordination	displayed	the	most	stable	anchorage	of	the	target	dye	

to	 the	 semiconductor	 surface,	 as	well	 as	 two	broad	and	 intense	LUMO	

bands	that	would	enhance	the	electron	injection	into	the	semiconductor	

with	the	consequent	benefits	in	the	DSC	performance.
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5.1.	Introduction	

The	construction	of	artificial	photoactive	devices	capable	of	mimicking	

the	 photosynthetic	 process	 by	 transforming	 sunlight	 into	 chemical	

potential	 is	 one	 of	 the	 most	 pursued	 objectives	 in	 the	 quest	 for	 new	

sources	of	energy.ሾ136ሿ	For	this	purpose,	chemists	have	developed	a	wide	

variety	 of	 donor–acceptor	 systems,	 in	which	photon	 energy	 is	 used	 to	

produce	 a	 photoinduced	 electron	 transfer	 from	 the	 donor	 to	 the	

acceptor.ሾ137ሿ	Among	them,	porphyrins	and	fullerenes	ሺFigure	25a,bሻ	have	

extensively	been	combined	due	to	their	respective	notable	electron‐rich	

and	 electron‐withdrawing	 properties.ሾ138ሿ	 Fullerenes	 have	 been	widely	

employed	 in	 molecular	 switches,	 receptors,	 photoconductors,	

photoactive	 dyads,	 and	 as	 n‐type	 semiconducting	materials	 in	 organic	

solar	cells.ሾ139ሿ	The	excellent	electron‐accepting	properties	of	 fullerenes	

and	their	derivatives	together	with	their	low	reorganization	energy	make	

them	good	candidates	as	building	block	systems	 for	 the	 light‐to‐power	

conversion.	 On	 the	 other	 hand,	 porphyrin	 dyes	 have	 been	 extensively	

incorporated	in	prototype	dye‐sensitized	solar	cells,ሾ140ሿ	reaching	power	

conversion	efficiencies	as	high	as	13%,ሾ141ሿ	exceeding	the	performance	of	

state‐of‐the‐art	ruthenium‐based	chromophores.		

	

Figure	25.	aሻ	Simplest	porphyrin	chemical	structure;	X	may	refer	either	to	a	metal	

atom	or	two	H	atoms.	bሻ	Chemical	structure	of	the	Buckminsterfullerene	C60.	cሻ	

The	first	reported	porphyrin–fullerene	dyad.ሾ142ሿ	
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The	initial	report	of	the	synthesis	and	photophysical	study	of	a	fullerene	

linked	to	a	porphyrin	pigment	was	accomplished	in	1994	by	Liddell	and	

coworkers	 ሺFigure	 25cሻ.ሾ142ሿ	 Thenceforth,	 a	 large	 list	 of	 porphyrin–

fullerene	 push–pull	 chromophores	 have	 been	 designed	 either	 through	

the	 covalent	 chemistry	 or	 the	 chemistry	 governed	 by	 the	 noncovalent	

interactions	 —the	 supramolecular	 chemistry—.ሾ143ሿ	 In	 contrast	 to	 the	

already	well‐known	fundaments	of	covalent	donor–acceptor	dyads,	deep	

knowledge	 is	 still	 required	 in	 the	 versatile	 supramolecular	 chemistry	

counterpart.	 For	 example,	 although	 a	 variety	 of	 supramolecular	

ensembles	involving	both	fullerene	and	porphyrin	electroactive	moieties	

interacting	 by	 π‐π	 forces	 have	 been	 reported,ሾ30,	 144ሿ	 the	 nature	 of	 this	

affinity,	 which	 challenges	 the	 traditional	 belief	 that	 a	 curved	 guest	

ሺfullereneሻ	 requires	 curved	hosts	 for	effective	 complexation,	 is	not	yet	

fully	 understood	 ሺFigure	 26ሻ.ሾ139ሿ	 Rational	 comprehension	 of	 the	

supramolecular	 forces	 governing	 the	 assembly	 of	 fullerenes	 and	

porphyrins	would	enable	further	development	and	application	of	these	

building	 blocks	 in	 supramolecular	 chemistry	 and	 advanced	 materials	

science.	

	

Figure	 26.	 aሻ	 Convex–planar	 mismatch	 between	 the	 fullerene	 and	 porphyrin	

supramolecular	 recognition.	 bሻ	 X‐ray	 crystal	 structure	 of	 a	 bis‐porphyrin	

macrocycle•C60	 inclusion	complex,	showing	that	the	distorted	structure	of	 the	

porphyrins	is	adopted	to	maximize	interactions	with	C60.ሾ145ሿ	
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In	 contrast	 to	 fullerenes	 ሺor	 buckyballs	 in	 generalሻ,	 bowl‐shaped	

polycyclic	aromatic	hydrocarbons	ሺbuckybowlsሻ	 represent	a	novel	and	

fascinating	less‐known	class	of	compounds	that	can	serve	as	models	for	

the	investigation	of	their	analogous	carbon	nanoforms.	Figure	27a	shows	

the	 chemical	 structure	 of	 the	 simplest	 buckybowl:	 the	 well‐known	

corannulene.	 The	 development	 of	 practical,	 gram‐scale	 synthetic	

methods	has	allowed	for	systematic	studies	of	the	buckybowls	chemistry	

with	the	added	value	of	their	synthetic	availability	 in	pure	form	with	a	

well‐defined	molecular	structure.ሾ146ሿ	The	coordination	of	metal	cations	

by	 fullerene	 fragments	 has	 been	 thoroughly	 studied	 ሺFigure	 27bሻ,ሾ146bሿ	

and	they	have	also	been	used	to	construct	receptors	for	fullerenes	owing	

to	their	shape	complementarity	ሺe.g.,	the	so‐called	buckycatcher	shown	

in	Figure	27c,dሻ.ሾ147ሿ	The	association	of	buckybowls	by	other	organic	hosts	

has,	 however,	 not	 been	 investigated	 thus	 far.	 A	 comprehensive	

elucidation	on	how	these	carbon‐based	buckybowls	self‐assemble	with	

complementary	 electroactive	 organic	 compounds	 would	 undoubtedly	

help	advance	in	the	understanding	of	the	noncovalent	forces	governing	

the	 supramolecular	 chemistry	 of	 carbon	 nanoforms.	 Additionally,	 the	

supramolecular	orientation	might	give	deep	insight	into	the	fundamental	

aspects	of	the	electron‐transfer	processes	occurring	in	these	novel	and	

unexplored	donor–acceptor	systems.		
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Figure	27.	aሻ	Chemical	structure	of	one	of	the	most	used	fullerene	fragments:	the	

corannulene.	 bሻ	 ሾሺCp*Ruሻ2ሺµ2‐η6,η6‐C20H10ሻሿ2൅:	 an	 example	 of	 a	 coordination	

complex	 involving	 the	 corannulene	 moiety.	 cሻ	 Chemical	 structure	 of	 the	

buckycatcher	incorporating	two	corannulene	units.	dሻ	3D	representation	of	the	

buckycatcher•C60	supramolecular	complex.	

In	 this	 Chapter,	 a	 series	 of	 monotopic	 and	 ditopic	 porphyrin‐based	

receptors	are	theoretically	investigated	to	help	rationalize	the	origin	of	

the	supramolecular	recognition	of	these	novel	hosts	to	bind	a	fullerene	

derivative	guest	in	an	atypical	convex–planar	mismatch.	In	addition,	the	

electron‐donor	 truxTTF	 derivative	 has	 been	 used	 as	 host	 in	 the	

supramolecular	recognition	of	fullerene	fragments	of	increasing	size	for	

the	 generation	 of	 donor–acceptor	 assemblies	 that	 undergo	 charge‐

transfer	 phenomena	 upon	 photoexcitation.	 The	 nature	 of	 the	 forces	
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giving	rise	to	the	association	and	the	origin	of	the	charge‐transfer	process	

upon	 light	 absorption	 are	 disentangled	 by	 means	 of	 first‐principles	

calculations.	

	

5.2.	Results	and	discussion	

5.2.1.	Metal‐atom	effect:	monotopic	porphyrin•C60	
assemblies	

To	shed	light	on	the	nature	and	strength	of	the	noncovalent	interactions	

governing	 the	 supramolecular	 assembly	 of	 fullerene	 derivatives	 with	

metal‐substituted	 porphyrins,	 we	 thoroughly	 investigated	 a	 series	 of	

novel	 cup‐and‐ball	 metalloporphyrin–fullerene	 conjugates	 in	

collaboration	with	the	experimental	groups	of	Profs.	Nazario	Martín	and	

Jean‐François	Nierengarten.	Target	complexes	2‐M•1	were	obtained	by	

mixing	the	corresponding	porphyrin–crown	ether	conjugates	ሺ2‐M;	M	ൌ	

2H,	 Co,	 Ni,	 Cu	 or	 Znሻ	 and	 the	 methanoሾ60ሿfullerene	 derivative	 1ሾ148ሿ	

ሺFigure	28ሻ.	Note	 that	 chemical	 nomenclature	 slightly	differs	 from	 the	

original	 work	 to	 simplify	 the	 reading.	 The	 complexation	 was	 first	

evidenced	 by	 experimentalists	 through	 1H‐NMR	 spectroscopy,	 and	 the	

measurement	 of	 the	 binding	 constant	 of	 2‐M•1	 was	 undertaken	 by	

monitoring	 the	 changes	 in	 the	 UV–Vis	 absorption	 spectra.	 The	

logarithmic	 binding	 constants	 ሺlog	 Kaሻ	 for	 porphyrins	 2‐M	 with	 the	

methanofullerene	derivative	1	at	25	°C	in	dichloromethane	were:	5.5,	6.3,	

5.9,	 6.3	 and	 6.9	 for	 2‐2H•1,	 2‐Co•1,	 2‐Ni•1,	 2‐Cu•1	 and	 2‐Zn•1,	

respectively.	
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Figure	 28.	 Chemical	 structure	 of	 the	methanoሾ60ሿfullerene	 guest	 1	 ሺleftሻ,	 the	

metalloporphyrin	 host	 2‐M	 ሺcentreሻ,	 and	 the	 host–guest	 supramolecular	

complex	2‐M•1	ሺrightሻ.	M	refers	to	either	2H,	Co,	Ni,	Cu	or	Zn.	

In	 order	 to	 better	 understand	 the	 nature	 of	 the	 different	 interactions	

governing	the	associates	and	gain	insight	into	the	experimental	ordering	

found	 for	 Ka,	 a	 comprehensive	 theoretical	 investigation	 of	 these	

supramolecular	 complexes	 was	 carried	 out	 in	 a	 multi‐level	 approach.	

Geometry	 optimizations	were	 initially	 performed	 at	 the	 semiempirical	

PM7	level	and	showed	that,	after	full	geometry	relaxation,	the	ammonium	

group	 of	 the	 methanofullerene	 interacts	 with	 the	 crown	 ether	 of	 the	

porphyrin	by	H‐bond	formation	ሺFigure	29ሻ.	Otherwise,	the	fullerene	ball	

recognizes	the	centre	of	the	porphyrin	system	interacting	by	noncovalent	

forces.	 Subsequent	 DFT	 reoptimizations	 at	 the	 B97‐D/6‐31G*	 level	 of	

theory	led	to	the	supramolecular	parameters	summarised	in	Table	2.	
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Figure	29.	Minimum‐energy	structure	calculated	for	the	2‐Cu•1	complex	at	the	

PM7	level.	Side	ሺleftሻ	and	front	ሺrightሻ	views	are	displayed.	The	different	types	

of	intermolecular	contacts	are	denoted	with	labels	a–d.	Only	relevant	hydrogen	

atoms	are	displayed	for	clarity.	

Table	 2.	 DFT‐optimized	 ሺB97‐D/6‐31G*ሻ	 intermolecular	 distances	 ሺa–d,	 in	 Åሻ	

characterizing	the	2‐M•1	associates,	and	binding	energies	ሺEbind,	in	kcal	molെ1ሻ	

computed	at	the	PBE0‐D3/cc‐pVTZ	level.a	

Complex	 M–C60	ሺaሻ	 NH൉൉൉O	ሺbሻ	 CH൉൉൉C60	ሺcሻ	 CH൉൉൉C60	ሺdሻ	 Ebind	

2‐2H•1	 2.756	 1.848	 2.679	 2.577	 െ92.4	

2‐Co•1	 2.119	 1.850	 2.642	 2.573	 െ93.8	

2‐Ni•1	 2.793	 1.842	 2.623	 2.610	 െ88.7	

2‐Cu•1	 2.754	 1.846	 2.662	 2.599	 െ91.3	

2‐Zn•1	 2.701	 1.845	 2.689	 2.591	 െ92.8	

a	See	Figure	29	for	the	definition	of	the	geometric	parameters.	For	further	details,	

the	reader	is	referred	to	the	original	work	ሺሾPublication	4ሿ	belowሻ.	

The	 main	 interactions	 governing	 the	 supramolecular	 association	 are	

represented	by	the	M–C60	ሺaሻ	and	NH൉൉൉O	ሺbሻ	distances	given	in	Table	2	

ሺsee	Figure	29	for	labellingሻ.	In	addition,	CH൉൉൉π	dispersion	interactions	ሺc	

and	dሻ	between	the	tert‐butyl	substituted	benzene	rings	of	the	porphyrin	

and	 the	π‐cloud	of	 the	 fullerene	 also	 contribute	 to	 the	 supramolecular	

complexation.	
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The	association	or	binding	energy	ሺEbindሻ	for	the	2‐M•1	associates,	defined	

as	 the	 energy	 difference	 between	 the	 complex	 and	 its	 constituting	

monomers	 at	 their	 respective	 minimum‐energy	 geometries,	 was	

calculated	at	 the	PBE0‐D3/cc‐pVTZ	 level	of	 theory	using	 the	B97‐D/6‐

31G*‐optimized	geometries	ሺTable	2ሻ.	Passing	from	Ni	to	Zn,	Ebind	rises	

from	 െ88.7	 to	 െ92.8	 kcal	 molെ1	 due	 to	 the	 more	 stabilizing	 M–C60	

interaction	that	takes	place	in	moving	to	electron‐richer	metal	atoms.	The	

stabilization	 in	 the	 formation	 of	 the	 nonmetalated	 2‐2H•1	 complex	

amounts	 to	 െ92.4	 kcal	 molെ1,	 and	 the	 largest	 association	 energy	 is	

computed	for	2‐Co•1	ሺെ93.8	kcal	molെ1ሻ.	Theoretical	calculations	show	

that	 the	 noncovalent	 interaction	 between	 the	 fullerene	 ball	 and	 the	

phenyl‐substituted	 porphyrin	 amounts	 to	 െ22.5	 kcal	 molെ1,	 and	 the	

presence	of	the	tert‐butyl	groups	at	the	meta	position	of	the	phenyl	rings	

ሺinteraction	 dሻ	 produces	 an	 additional	 stabilization	 of	 ∼	 4	 kcal	molെ1	

ሺെ26.3	 kcal	 molെ1	 in	 totalሻ,	 in	 agreement	 with	 previous	 theoretical	

studies.ሾ149ሿ	 The	 ammonium–crown	 ether	 NH൉൉൉O	 contacts	 have	 been	

found	to	be	the	main	stabilizing	driving	force,	with	an	interaction	energy	

of	 െ64.9	 kcal	 molെ1,	 which	 is	 three	 times	 the	 stabilization	 of	 the	

porphyrin–C60	interaction.	

Keeping	 in	 mind	 that	 C60	 interacts	 with	 the	 porphyrin	 moiety	 mainly	

through	one	electron‐rich	ሾ6,6ሿ	double	bond,ሾ150ሿ	we	modelled	a	simplified	

system	ሺMP•C2H4ሻ,	in	which	the	pristine	porphyrin	ሺMPሻ	interacts	with	a	

molecule	of	ethylene	ሺFigure	30ሻ.	This	reduced	model	allows	performing	

more	accurate	calculations	to	better	understand	the	relative	stabilization	

of	 the	different	 associates	when	varying	 the	metal	 in	 the	porphyrin.	A	

clear	 correlation	 between	 the	 calculated	 binding	 energies	 and	 metal–

ethylene	distances	is	obtained:	the	shorter	the	distance	along	the	series	

NiP•C2H4	ሺ3.18	Åሻ	൐	CuP•C2H4	ሺ3.00	Åሻ	൐	ZnP•C2H4	ሺ2.75	Åሻ	൐	CoP•C2H4	
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ሺ2.62	Åሻ,	 the	 larger	 the	stabilization	of	 the	complex	ሺTable	3ሻ.	The	net	

charge	calculated	 for	 the	metal	atom	 increases	 in	going	 from	CoP൉C2H4	

ሺ൅0.720	eሻ	to	ZnP൉C2H4	ሺ൅1.223	eሻ	—Table	3—	and,	in	a	first	approach,	

this	can	be	related	with	the	stabilizing	electrostatic	interaction	between	

the	porphyrin	and	the	fullerene	guest.	

	

Figure	30.	Porphyrin•C2H4	model	ሺMP•C2H4ሻ	used	to	understand	the	nature	of	

the	interaction	between	the	porphyrin	host	2	and	the	fullerene	guest	1.	

Table	3.	Binding	energy	ሺkcal	molെ1ሻ,	metal–ethylene	distance	d	ሺÅሻ,	and	natural	

population	analysis	ሺNPAሻ	charge	of	the	porphyrin	central	atom	ሺM	ൌ	2H.	Co,	Ni,	

Cu,	 Znሻ	 calculated	 at	 the	 PBE0‐D3/cc‐pVTZ	 level	 of	 theory	 for	 the	 simplified	

porphyrin–ethylene	associates.	

Complex	 Ebind	 d	 M	charge	

2HP൉C2H4	 െ4.636	 2.986	 ൅0.942	

CoP൉C2H4	 െ8.534	 2.619	 ൅0.720	

NiP൉C2H4	 െ4.530	 3.177	 ൅0.733	

CuP൉C2H4	 െ5.965	 2.997	 ൅1.006	

ZnP൉C2H4	 െ8.047	 2.749	 ൅1.223	

Symmetry‐adapted	perturbation	theory	ሺSAPTሻ	calculations	based	on	the	

Hartree–Fock	wavefunction	were	performed	for	2HP൉C2H4,	NiP൉C2H4	and	

ZnP൉C2H4	 to	 decompose	 the	 total	 binding	 energy	 into	 electrostatic,	

exchange,	 induction	 and	 dispersion	 energy	 components	 ሺTable	 4ሻ.	 A	

stabilization	 in	 the	 electrostatic	 term	 of	 more	 than	 10	 kcal	 molെ1	 is	
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predicted	 in	passing	 from	NiP൉C2H4	 to	ZnP൉C2H4,	whereas	 the	exchange	

interaction	is	computed	positive,	and	much	larger	for	ZnP൉C2H4	than	for	

2HP൉C2H4	and	NiP൉C2H4.	The	 induction	term	is	meant	 to	decay	with	 the	

distance	between	the	two	interacting	moieties	as	ܴ ି௡	where	݊ ൌ 2‐4,	and	

thus	it	is	computed	non‐negligible	only	in	the	case	of	the	best	interacting	

ZnP൉C2H4	ሺTable	4ሻ.	Finally,	the	dispersion	energy	is	predicted	to	be	the	

largest	 stabilizing	 contribution	 in	 2HP൉C2H4	 and	 NiP൉C2H4,	 and	 it	 also	

largely	 stabilizes	 ZnP൉C2H4	 in	 more	 than	 10	 kcal	 molെ1.	 Theoretical	

calculations	 therefore	 suggest	 that	 the	 energy	 term	 that	 mainly	

contributes	to	the	stabilization	of	the	2HP൉C2H4	assembly	is	the	dispersion	

component,	whereas	the	electrostatic	contribution	acquires	a	major	role	

in	 the	 metal‐based	 porphyrin	 complexes,	 especially	 in	 ZnP൉C2H4,	 for	

which	M–ethylene	distances	are	computed	shorter	and	the	metal	bears	a	

larger	positive	charge.	

Table	4.	 Energy	decomposition	 ሺin	 kcal	molെ1ሻ	 calculated	 at	 the	 SAPT0/def2‐

TZVP	level	for	closed‐shell	porphyrin‐ethylene	systems	with	M	ൌ	2H,	Ni,	Zn.	

	 2HP൉C2H4	 NiP൉C2H4	 ZnP൉C2H4	

electrostatic	 െ2.794	 െ5.277	 െ16.212	

exchange	 7.046	 8.605	 22.101	

induction	 െ0.690	 െ0.728	 െ3.900	

dispersion	 െ7.033	 െ7.055	 െ10.521	

TOTAL	 െ3.472	 െ4.455	 െ8.532	

	

5.2.2.	Cooperativity	in	ditopic	porphyrin•C60	complexes	

Whereas	 the	 supramolecular	 chemistry	 involving	 porphyrin	 and	

fullerene	 has	 been	 extensively	 explored	 through	 the	 generation	 of	

associates	 involving	 porphyrin	 tweezers	 and	 cages,ሾ151ሿ	 metal–ligand	



Chapter 5. Supramolecular donor–acceptor complexes 

103 

bonds,ሾ152ሿ	hydrogen	bonds,ሾ153ሿ	electrostatic	interactions,ሾ154ሿ	mechanical	

bonds,ሾ155ሿ	 or	 a	 combination	 of	 several	 of	 these	 interactions,ሾ156ሿ	

supramolecular	arrays	involving	conjugated	multiporphyrin	systems	are,	

however,	 scarce	 in	 the	 literature.	 Taking	 advantage	 of	 the	 knowledge	

gained	in	the	work	described	above	on	the	monotopic	metalloporphyrin–

fullerene	conjugates,	we	have	undertaken	a	collaborative	study	 for	 the	

complexation	of	two	analogous	ditopic	porphyrin	receptors:	meso–meso	

3	 and	 tape	 4	 ሺFigure	 31ሻ,	with	 the	methanoሾ60ሿfullerene	 compound	1	

ሺFigure	 28ሻ.	 A	 1:2	 stoichiometry	was	 foreseen	 for	 both	 3	 and	 4	when	

coupled	to	1	based	on	the	design	of	the	host	molecules,	which	was	further	

corroborated	 by	 ElectroSpray	 Ionization	 ሺESIሻ	 Mass	 Spectroscopy	

experiments.		

	

Figure	31.	Chemical	structure	of	the	novel	ditopic	porphyrin‐based	hosts	3	and	

4.	

Theoretical	calculations	were	carried	out	to	shed	light	into	the	nature	and	

strength	 of	 the	 interactions	 controlling	 the	 different	 association	

processes	 taking	 place	 in	 the	 formation	 of	 the	 supramolecular	

assemblies,	 with	 special	 attention	 to	 the	 negative	 cooperative	 effects	

experimentally	 evidenced	 for	 these	 systems	 ሺsee	 the	 original	

ሾPublication	5ሿ	below	 for	 further	detailsሻ.	Minimum‐energy	geometries	
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were	computed	for	supramolecular	complexes	3•1	and	3•12	at	the	B97‐

D3/ሺ6‐31G**൅LANL2DZሻ	 level	of	 theory	ሺFigure	32ሻ.	 In	analogy	 to	 the	

monotopic	 porphyrin	 supramolecular	 arrangements	 discussed	 in	 the	

previous	 Section,	 compound	 1	 in	 3•1	 interacts	 with	 the	 crown	 ether	

through	 the	 positively‐charged	 ammonium	 group,	 forming	 three	

NH൉൉൉Oሺetherሻ	 hydrogen‐bond	 interactions	 in	 the	 1.83–2.00	 Å	 range.	

Additional	 short	 H൉൉൉C	 contacts	 between	 the	 peripheral	 tert‐butyl‐

substituted	phenyl	rings	and	C60	are	computed	in	the	range	of	2.5–3.2	Å,	

which	 add	 approximately	 1	 kcal	 molെ1	 of	 stabilization	 per	 each	

interaction.	 Importantly,	 the	vicinal	porphyrin,	 linked	to	 the	porphyrin	

that	interacts	with	1,	approaches	the	fullerene	fragment	and	gives	rise	to	

additional	interactions:	short	H൉൉൉C	contacts	in	the	2.7–3.2	Å	range	and	a	

weak	 π–π	 interaction	 between	 the	 peripheral	 benzene	 ring	 and	 the	

fullerene.	

	

Figure	32.	Chemical	structure	ሺleftሻ	and	minimum‐energy	geometry	calculated	at	

the	B97‐D3/ሺ6‐31G**൅LANL2DZሻ	level	ሺrightሻ	of	the	supramolecular	assembly	

of	ditopic	host	3	with	one	and	two	molecules	of	guest	1.	
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Moving	to	3•12,	the	second	molecule	of	1	enters	the	empty	porphyrin	core	

and	 defines	 similar	 interactions	 to	 those	 described	 for	 3•1.	 The	

minimum‐energy	 geometry	 shows	 that	 the	 two	 fullerenes	 tend	 to	

approximate	 each	 other	 in	 order	 to	 stabilize	 the	 resulting	 complex	

ሺFigure	32ሻ,	with	close	C൉൉൉C	contacts	between	the	two	C60	of	3.7	Å.	This	is	

at	 the	 expense	 of	 distortions	 out	 from	 orthogonality	 between	 the	 two	

porphyrin	moieties.	The	peripheral	di‐tert‐butylphenyl	groups	placed	on	

the	vicinal	porphyrin	moieties	play	an	active	role	in	the	stabilization	of	

the	 complex	 with	 short	 H൉൉൉CሺC60ሻ	 contacts	 around	 2.8	 Å	 and	 π–π	

interactions	at	4.4	Å.	

The	association	between	porphyrin	tape	4	and	1	ሺFigure	33ሻ	follows	the	

same	pattern	as	previously	described	for	3•1.	Here,	the	introduction	of	

the	second	fullerene‐based	guest	1	into	the	4•1	complex	can	be	achieved	

in	two	different	ways:	the	two	fullerene	balls	standing	in	the	same	side	in	

a	 syn	disposition	ሺ4•12‐synሻ,	or	 the	 two	balls	 located	 in	opposite	 sides	

with	respect	to	the	plane	generated	by	the	porphyrin	tape	dimer	 in	an	

anti	disposition	ሺ4•12‐antiሻ	ሺFigure	33ሻ.	By	comparing	the	anti	with	the	

syn	complex,	an	important	π–π	stabilization	arises	for	the	latter	due	to	

the	 fullerene–fullerene	 proximity.	 Experiments	 showed	 that	 the	

complexation	of	the	first	molecule	of	1	in	porphyrin	hosts	3	and	4	leads	

to	a	complex	where	it	is	more	difficult	to	complex	a	second	equivalent	of	

1	 ሺnegative	 cooperativityሻ.	 The	 relevant	 π–π	 contacts	 between	 the	

buckyballs	 calculated	 for	 4•12‐syn	 therefore	 confers	 an	 additional	

stabilizing	interaction	that	would	reduce	the	negative	cooperativity	with	

respect	to	3•12,	as	experimentally	evidenced	for	the	tape	assembly.	
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Figure	33.	Chemical	structure	ሺleftሻ	and	minimum‐energy	geometry	calculated	at	

the	B97‐D3/ሺ6‐31G**൅LANL2DZሻ	level	ሺrightሻ	of	the	supramolecular	assembly	

of	ditopic	host	4	with	one	and	two	molecules	of	guest	1.	

Single‐point	 energy	 B97‐D3	 calculations	 were	 performed	 on	 the	

optimized	 geometries	 by	 using	 the	more	 extended	 cc‐pVTZ൅LANL2DZ	

basis	set	to	estimate	the	binding	energy	ሺEbindሻ	for	all	the	supramolecular	

complexes	ሺTable	5ሻ.	The	association	of	one	molecule	of	1	by	the	meso–

meso	porphyrin	dimer	3	leads	to	a	large	net	stabilization	of	െ108.19	kcal	

molെ1,	 rising	 especially	 from	 the	 NH൉൉൉Oሺetherሻ	 contacts	 and	 the	

porphyrin	core–C60	interaction.	Upon	inclusion	of	the	second	molecule	of	

1,	Ebind	is	approximately	doubled,	reaching	a	value	of	െ211.05	kcal	molെ1	

for	3•12.	The	theoretical	values	predicted	for	Ebind	ሺTable	5ሻ	indicate	that	
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the	 incorporation	 of	 the	 first	 guest	 molecule	 leads	 to	 a	 more	 stable	

complex	 for	 3	 than	 for	 4,	 and	 suggest	 that	 the	 entrance	 of	 the	 second	

molecule	of	1	is	relatively	more	favoured	for	4	than	for	3	ሺbinding	energy	

differences	per	1	unit	between	1:2	and	1:1	complexes	of	൅5.33	and	െ3.4	

kcal	molെ1	for	3	and	4,	respectively;	Table	5ሻ.	These	trends	are	in	accord	

with	 the	 higher	 association	 constant	 K1	 obtained	 for	 meso–meso	

porphyrin	3	ሺlog	K1	ൌ	8.7ሻ	compared	to	tape	porphyrin	4	ሺlog	K1	ൌ	6.8ሻ,	

and	with	the	smaller	decrease	it	experiences	for	4	in	passing	from	the	1:1	

to	the	1:2	stoichiometry	ሺlog	K2	ൌ	5.4	for	both	3•12	and	4•12ሻ.	

Table	5.	Binding	energies	computed	at	the	B97‐D3/ሺcc‐pVTZ൅LANL2DZሻ	level	

for	the	host–guest	supramolecular	associates	with	stoichiometry	1:1	and	1:2.	

Complex	 Ebind	ሺkcal	molെ1ሻ	

3•1	 െ108.19	

3•12	 െ211.05	

4•1	 െ98.40	

4•12‐anti	 െ195.40	

4•12‐syn	 െ200.20	

To	help	rationalize	the	experimental	values	of	the	association	constants	

for	both	the	1:1	and	1:2	complexes,	net	electronic	charges	were	calculated	

at	 the	 B97‐D3/ሺ6‐31G**൅LANL2DZሻ	 level	 for	 3•1	 and	 4•1	 using	 the	

Natural	 Population	 Analysis	 ሺNPAሻ.	 Upon	 formation	 of	 complexes	 3•1	

and	4•1,	the	electron‐donor	porphyrin	dimer	transfers	0.19e	and	0.26e	

to	 the	 fullerene‐based	 acceptor,	 respectively.	 In	 3•1,	 the	 porphyrin	

moiety	 interacting	 with	 the	 C60	 ball	 accumulates	 a	 positive	 charge	 of	

൅0.16e,	whereas	 the	vicinal	empty	porphyrin	bears	a	residual	positive	

charge	 of	 only	 ൅0.03e.	 Moving	 to	 4•1,	 the	 C60‐interacting	 porphyrin	

moiety	bears	a	smaller	positive	charge	of	൅0.11e	compared	to	the	empty	
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porphyrin	 fragment	 ሺ൅0.15eሻ.	The	efficient	π‐conjugation	between	 the	

two	porphyrin	moieties	in	tape	4	explains	the	charge	transfer	from	one	

fragment	 to	 the	 other.	 Theoretical	 calculations	 therefore	 predict	 a	

notable	decrease	 in	 the	electron	density	 for	both	meso–meso	and	 tape	

porphyrin	 dimers	 in	 the	 ground	 state	 upon	 complexation	 of	 the	 first	

acceptor	molecule	of	1.	The	decrease	of	electronic	density	disfavours	the	

entrance	of	the	second	guest	molecule,	and	contributes	to	the	remarkable	

change	of	the	association	constant	ሺlog	Kaሻ,	 from	8.7	to	5.4	 in	3•12	and	

from	6.8	to	5.4	in	4•12,	when	the	second	molecule	of	1	is	included	to	form	

the	 stoichiometric	 1:2	 complex.	 For	 complex	 4•12,	 the	 stabilizing	

interaction	 between	 the	 C60	 units	 found	 for	 the	 more	 stable	 syn	

disposition	partially	compensates	for	the	negative	effect	provoked	by	the	

lowered	 electronic	 density,	 inducing	 a	 reduction	 of	 the	 negative	

cooperativity	as	evidenced	by	experiments.	

During	the	research	carried	out	along	the	PhD	period,	the	supramolecular	

assembly	of	fullerene	C60	with	crown	ether‐decorated	exTTFሾ157ሿ	and	bis‐

exTTF‐macrocyclicሾ158ሿ	 receptors	 has	 also	 been	 theoretically	 inspected.	

The	 latter	 were	 already	 found	 to	 bind	 efficiently	 carbon‐based	

nanotubes.ሾ159ሿ	A	protocol	to	elucidate	binding	constants	between	small‐

molecule	 derivatives	 and	 insoluble	 carbon	 nanotubes	 has	 also	 been	

developed	 through	pyrene‐based	hosts	 in	 a	 collaborative	 investigation	

with	the	group	of	Prof.	Emilio	M.	Pérez.ሾ160ሿ	The	reader	is	referred	to	the	

original	 publications	 for	 further	 information	 on	 these	 studies	 ሺarticles	

17–18	in	the	List	of	publicationsሻ.	
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5.2.3.	The	truxTTF•hemifullerene	supramolecular	
complex	

In	contrast	to	the	ubiquitous	electron‐acceptor	buckminsterfullerene	C60,	

other	kind	of	carbon	nanoforms	have	gained	an	increasing	attention	in	

the	last	decade.	Based	on	the	alternation	of	5‐	and	6‐member	fused	rings,	

fullerene	 fragments	 ሺalso	 known	 as	 buckybowlsሻ	 have	 attracted	 the	

interest	of	the	scientific	community	as	models	of	their	parent	buckyball,	

nanotube	and	graphene	materials.	Buckybowls	have	the	added	value	of	a	

richer	chemistry	and	their	pure	synthetic	availability	with	a	well‐defined	

molecular	structure	ሺe.g.,	see	Figure	34a	for	the	chemical	structure	of	the	

hemifullerene	C30H12ሻ.ሾ161ሿ	

	

Figure	 34.	 aሻ	 Chemical	 structure	 of	 hemifullerene	 C30H12	 and	 truxTTF.	 b,cሻ	

Structure	of	the	dimers	formed	by	C30H12	ሺcarbon	atoms	in	redሻ	in	its	trigonal	

and	orthorhombic	crystal	polymorphs,	 respectively.	dሻ	Structure	of	 the	dimer	

formed	by	truxTTF	in	its	crystal	packing	ሺcarbons	in	green,	sulphurs	in	yellowሻ.	
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Among	the	different	carbon‐based	nanofragments,	the	truxene	structure	

has	attracted	a	great	deal	of	interest	due	to	its	exceptional	solubility,	high	

thermal	 stability	 and	 ease	 to	 be	modified.ሾ162ሿ	 Over	 the	 last	 years,	 and	

thanks	to	the	advances	in	the	synthesis	of	truxene	derivatives,	the	scope	

of	 applications	 of	 this	 attractive	 heptacyclic	 polyarene	 building	 block,	

initially	limited	to	synthesis	and	photoluminescence,	has	been	extended	

to	organic	electronics.ሾ163ሿ	

Particularly	 interesting	 is	 the	modification	of	 the	 truxene	core	 through	

the	incorporation	of	three	dithiole	ring	units	in	the	generation	of	the	so‐

called	truxene‐TTF	ሺtruxTTFሻ	compound	ሺFigure	34aሻ.ሾ164ሿ	In	analogy	to	

the	extended	TTF	derivative	ሺexTTFሻ,	the	truxTTF	structure	is	distorted	

out	of	planarity	due	to	short	dithiole–benzene	contacts,	giving	rise	to	a	

double‐concave	 unit	 that	 presents	 the	 structural	 requirements	 as	 an	

electron‐donor	 host	 for	 the	 recognition	 of	 fullerene	 derivatives.ሾ164‐165ሿ	

Considering	the	ability	of	the	truxTTF	to	associate	fullerenes	promoted	

by	 the	 concave–convex	 complementarity	 together	 with	 its	 appealing	

electron‐donating	character,	we	reasoned	that	this	electron‐rich	moiety	

should	 also	 be	 able	 to	 bind	 small	 fullerene	 fragments,	 such	 as	

hemifullerene	C30H12,	forming	heteromolecular	donor–acceptor	bowl‐to‐

bowl	 complexes.	 To	 explore	 this	 possibility,	 we	 carried	 out	 density	

functional	 theory	 ሺDFTሻ	 calculations	 on	 four	 different	 supramolecular	

truxTTF•C30H12	models,	which	were	rationally	constructed	based	on	the	

crystallographic	information	on	both	C30H12ሾ166ሿ	and	truxTTFሾ164ሿ	ሺFigure	

34b–dሻ.		

Figure	35	displays	the	minimum‐energy	structures	ሺA1–4ሻ	computed	for	

the	 truxTTF•C30H12	 heterodimer	 at	 the	 revPBE0‐D3/cc‐pVTZ	 level.	 In	

structures	 A1	 and	 A2,	 the	 convex	 surface	 of	 the	 C30H12	 bowl	 perfectly	
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matches	 the	 two	 concave	 cavities	 of	 the	 truxTTF	 host;	 that	 is,	 either	

through	 the	 cavity	 formed	 by	 the	 carbon	 backbone	 ሺstructure	 A1ሻ	 or	

through	 the	 cavity	 formed	 by	 the	 central	 benzene	 ring	 and	 the	 three	

dithiole	rings	ሺstructure	A2ሻ.	Both	structures	can	thus	be	seen	as	bowl‐

in‐bowl	 arrangements	 where	 π–π	 interactions	 are	 maximized.	 The	

concave	 cavities	of	 truxTTF	and	C30H12	 can	also	 interact,	 giving	 rise	 to	

heterodimers	in	which	either	a	benzene	or	a	dithiole	ring	of	the	truxTTF	

molecule	 is	placed	 inside	the	concave	cavity	of	 the	hemifullerene	bowl	

ሺstructures	A3	and	A4,	respectivelyሻ.	

	

Figure	35.	Minimum‐energy	structures	ሺA1–4ሻ	computed	for	the	truxTTF•C30H12	

heterodimer	at	the	revPBE0‐D3/cc‐pVTZ	level.	

To	assess	the	strength	of	the	interaction	between	the	truxTTF	and	C30H12	

bowls,	 association	 energies	 of	 the	 previously‐optimized	 heterodimers	

were	 also	 calculated	 at	 the	 revPBE0‐D3/cc‐pVTZ	 level.	 The	 four	

supramolecular	structures	A1–4	exhibit	significant	gas‐phase	association	

energies,	 ranging	 from	 െ21.0	 and	 െ19.4	 kcal	 molെ1	 for	 A1	 and	 A2,	

respectively,	to	െ25.2	and	െ28.5	kcal	molെ1	for	A3	and	A4,	respectively.	

Recent	high‐level	theoretical	calculations	at	the	DLPNO‐CCSDሺTሻ	level	of	
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accuracy	 carried	 out	 in	 our	 group	 confirm	 the	 stabilization	 ordering	

obtained	at	the	DFT‐D3	level	for	the	four	possible	arrangements.ሾ167ሿ	

Encouraged	by	the	theoretical	results,	the	group	of	Prof.	Nazario	Martín	

carried	 out	 a	 titration	 of	 truxTTF	 with	 C30H12	 in	 chloroform	 at	 room	

temperature.	Experimentalists	observed	a	decrease	in	the	intensity	of	the	

truxTTF	 absorption	 at	 λ	ൌ	 450	 nm,	 accompanied	 by	 the	 increase	 of	 a	

broad	band	in	the	500–600	nm	region	ሺFigure	36aሻ.	UV–Vis	experiments	

showed	 an	 association	 constant	 of	 log	 Ka	 ൌ	 3.6	 േ	 0.3	 for	 the	

truxTTF•C30H12	 supramolecular	 complex	 in	 chloroform	 at	 room	

temperature.	

	

Figure	36.	aሻ	Experimental	UV–Vis	spectra,	as	obtained	during	the	 titration	of	

truxTTF	 ሺ1.7	⨯	10െ4	Mሻ	 with	 C30H12	 ሺ0.8	⨯	10െ3	Mሻ	 in	 CHCl3	 at	 room	

temperature.	bሻ	TDDFT	simulation	of	the	absorption	spectrum	of	truxTTF	as	the	

ratio	of	truxTTF•C30H12	increases	from	0	to	100	%	ሺB3LYP/cc‐pVDZ	calculations	

including	CHCl3	as	solvent	for	the	structure	A4ሻ.	

To	 gain	 insight	 into	 the	 electronic	 nature	 of	 the	 absorption	 bands	

observed	 experimentally,	 and	 their	 evolution	 during	 the	 titration	

experiment,	the	electronic	structure	and	the	lowest‐lying	singlet	excited	

states	 ሺSnሻ	 of	 the	 truxTTF•C30H12	 heterodimer	 and	 the	 constituting	

monomers	 were	 computed	 using	 the	 time‐dependent	 DFT	 ሺTDDFTሻ	
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approach,	taking	into	account	solvent	effects.	Only	the	results	obtained	

for	the	most	stable	structure	of	truxTTF•C30H12	ሺA4ሻ	are	discussed.	

TDDFT	calculations	predict	the	first	two	excited	states	S1	and	S2	at	537	

nm	ሺ2.31	eVሻ	and	516	nm	ሺ2.40	eVሻ,	respectively,	above	the	ground	state	

S0.	The	S0	→	S1	and	S0	→	S2	electronic	transitions	have	moderate	oscillator	

strengths	ሺƒሻ	of	0.036	and	0.046,	respectively,	and	are	mainly	described	

by	one‐electron	promotions	from	the	HOMO	to	the	LUMO	and	LUMO൅1,	

respectively.	These	transitions	therefore	imply	a	charge	transfer	from	the	

electron‐donor	 truxTTF,	 where	 the	 HOMO	 is	 located,	 to	 the	 electron‐

acceptor	C30H12,	where	the	LUMO	and	LUMO൅1	are	spread	ሺFigure	37ሻ,	

and	are	the	major	contribution	to	the	band	experimentally	recorded	in	

the	500–600	nm	range.	Calculations	predict	several	transitions	ሺS9–S11ሻ	

in	the	450	nm	region	giving	rise	to	the	truxTTF	centred	band	originated	

from	HOMO,	HOMOെ1	→	LUMO൅3,	LUMO൅4	one‐electron	excitations.	A	

TDDFT	 simulation	 of	 the	 experimental	 titration	 was	 performed	 by	

increasing	the	%	of	the	truxTTF•C30H12	absorption	spectrum	with	respect	

to	that	of	the	isolated	truxTTF	compound	ሺsee	Figure	36ሻ.	The	theoretical	

simulation	is	in	sound	agreement	with	the	experimental	evolution	of	the	

absorption	 spectra,	 therefore	 supporting	 the	 formation	 of	 the	

supramolecular	 donor–acceptor	 truxTTF•C30H12	 heterodimer	 and	 the	

appearance	of	a	low‐lying	charge‐transfer	band	in	the	region	of	500–550	

nm.	
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Figure	37.	Isovalue	contours	ሺേ	0.03	a.u.ሻ	and	energies	calculated	for	the	HOMOs	

and	LUMOs	of	structure	A4	at	 the	revPBE0‐D3/cc‐pVTZ	 level.	H	and	L	denote	

HOMO	and	LUMO,	respectively.	

The	 formation	 of	 the	 charge‐separated	 truxTTF൅•C30H12െ	 species	 upon	

photoexcitation	 was	 further	 confirmed	 by	 femtosecond	 pump–probe	

experiments	carried	out	by	 the	group	of	Prof.	Dirk	M.	Guldi.	The	 time‐

evolution	 analysis	 of	 the	 spectroscopic	data	 afforded	 rate	 constants	 of	

6.6	⨯	1011	 and	 1.0	⨯	1010	sെ1	 for	 the	 charge	 separation	 and	 charge	

recombination	dynamics,	respectively.		

This	work	 reports	 on	 the	 first	 evidence	 in	which	 a	 fullerene	 fragment	

mimics	 the	 charge	 transfer	 behaviour	 of	 the	 parent	 Buckminster	 C60	

buckyball	 in	 a	 donor–acceptor	 supramolecular	 assembly	 ሺsee	

ሾPublication	6ሿሻ.	
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5.2.4.	Buckybowls	for	donor–acceptor	assemblies	

In	order	 to	 further	explore	 the	buckybowl	properties	evidenced	 in	 the	

study	of	 the	 truxTTF•C30H12	 complexation,	 a	 combined	 theoretical	 and	

experimental	 investigation	 was	 undertaken	 for	 similar	 carbon‐based	

buckybowls	 of	 increasing	 size.	 In	 contrast	 to	hemifullerene	C30H12,	 the	

recently	reported	larger	C32H12	and	C38H14	buckybowls	are	corannulene‐

based	fragments	of	ሾ60ሿ	and	ሾ70ሿfullerene,	respectively	ሺFigure	38ሻ.ሾ168ሿ	

Such	a	difference	 in	 the	aromatic	core	might	 likely	be	accompanied	by	

fundamental	 differences	 in	 terms	 of	 electronic	 properties	 and/or	

supramolecular	complexation.	

	

Figure	38.	Chemical	structure	of	corannulene‐based	buckybowls	of	C32H12	and	

C38H14.	The	corannulene	skeleton	is	highlighted	in	red.	

Based	 on	 our	 previous	 experience	 with	 hemifullerene	 C30H12,ሾ169ሿ	 we	

expected	that	the	larger	C32H12	and	C38H14	fragments	associate	truxTTF	in	

a	 similar	 fashion.	 To	 test	 this	 hypothesis,	 we	 begun	 by	 studying	 the	

supramolecular	 interaction	 in	 silico,	 by	means	 of	 dispersion‐corrected	

DFT	 calculations	 ሺsee	 Figure	 39	 for	 the	 case	 of	 truxTTF•C32H12ሻ.	 In	

analogy	 to	 that	 previously	 obtained	 for	 C30H12,	 the	 corannulene‐based	

C32H12	 and	 C38H14	 buckybowls	 may	 interact	 either	 through	 concave–

convex	 bowl‐in‐bowl	 arrangements	 —structures	 B1–2	 for	 C32H12,	 and	
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C1–2	for	C38H14—	with	a	maximization	of	π–π	interactions,	or	through	a	

concave–concave	staggered	disposition,	 implying	a	mixture	of	π–π	and	

CH൉൉൉π	noncovalent	interactions	—structures	B3–4	for	C32H12,	and	C3–6	

for	C38H14—.	The	chemical	nomenclature	slightly	differs	from	the	original	

work	 to	 simplify	 the	 discussion	 and	 further	 compare	 with	 the	 work	

described	in	the	previous	Section.	

	

Figure	39.	Minimum‐energy	structures	ሺB1–4ሻ	computed	at	the	revPBE0‐D3/cc‐

pVTZ	level	for	the	most	stable	conformations	of	the	heterodimer	formed	by	the	

C32H12	fullerene	fragment	with	truxTTF	ሺtruxTT•C32H12ሻ.		

Briefly,	 the	 association	 or	 binding	 energy	 ሺEbindሻ	 for	 the	 bowl‐in‐bowl	

structures	was	 computed	 to	 be	 several	 kcal	molെ1	 less	 stable	 than	 the	

staggered	 dispositions	 in	 all	 cases	 ሺTable	 6ሻ.	 Among	 them,	 the	

arrangements	 in	 which	 the	 dithiole	 is	 placed	 inside	 the	 basin	 of	 the	

buckybowl	 fragment	 were	 computed	 the	 most	 stable	 heterodimers	

ranging	from	െ28.5	kcal	molെ1	in	C30H12,	to	െ29.9	kcal	molെ1	in	C32H12	and	

to	െ34.2	kcal	molെ1	in	C38H14.	It	therefore	seems	that	upon	increasing	the	

buckybowl	size,	the	supramolecular	interaction	with	the	electron‐donor	

exTTF	is	reinforced	due	to	the	increasing	number	of	weak	noncovalent	

interactions	originated	from	π–π	forces	and	CH൉൉൉π	contacts.	
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In	order	to	provide	a	more	realistic	description	reflecting	the	strength	of	

complexation	at	room	temperature	and	in	solution,	the	free	energy	of	the	

dimerization	 process	 was	 theoretically	 estimated	 for	 all	 the	 possible	

conformers	of	 truxTTF•C32H12	and	truxTTF•C38H14,	and	compared	with	

that	computed	for	truxTTF•C30H12.	Enthalpy	and	entropy	corrections	to	

the	free	energy	were	calculated	at	the	B3LYP/cc‐pVDZ	level	of	theory.	For	

the	 entropic	 part,	 the	 rigid‐rotor	 harmonic‐oscillator	 approximation	

ሺRRHOሻ	 was	 used	 as	 described	 by	 Grimme.ሾ75ሿ	 Solvent	 effects	 were	

included	at	the	same	level	of	theory	using	the	Universal	Solvation	Model	

based	on	Solute	Electron	Density	ሺso‐called	SMDሻ.	The	reader	is	referred	

to	ሾPublication	7ሿ	for	further	details.		

Free	energies	in	gas	phase	show	that	entropic	effects	are	similar	for	both	

bowl‐in‐bowl	and	staggered	dimers	ሺcompare	Ebind	and	ΔGgas	in	Table	6ሻ.	

Upon	inclusion	of	solvent	effects	ሺchloroformሻ,	the	ΔGtheor	values	obtained	

indicate	 the	 same	 trends	 for	 the	 relative	 stabilities	 of	 the	 different	

supramolecular	 arrangements	 as	 predicted	 by	 the	 association	 energy	

ሺTable	6ሻ.	Interestingly,	only	the	staggered	conformers	provide	negative	

values	of	ΔGtheor,	suggesting	that	bowl‐in‐bowl	arrangements	might	not	

be	formed	in	solution.	For	the	three	buckybowls,	the	staggered	dimers	in	

which	the	dithiole	ring	is	placed	inside	the	bowl	basin	are	computed	as	

the	most	stable	structures,	with	ΔGtheor	values	of	െ4.29,	െ4.93	and	െ5.00	

kcal	 molെ1	 for	 truxTTF•C32H12,	 truxTTF•C38H14	 and	 truxTTF•C30H12,	

respectively.	Theoretical	log	Ka	values	are	predicted	in	the	range	of	3–4,	

showing	a	perfect	matching	in	the	case	of	truxTTF•C30H12	ሺlog	Ka,theor	ൌ	

3.7ሻ	with	respect	to	the	experimental	value	previously	reported	ሺlog	Ka,exp	

ൌ	3.6	േ	0.3ሻ.ሾ169ሿ	
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Table	 6.	 Thermodynamic	 parameters	 ሺin	 kcal	 molെ1ሻ	 including	 association	

energy	ሺEbindሻ,	free	energy	in	gas	phase	ሺΔGgasሻ,	and	free	energy	including	solvent	

effects	ሺΔGtheorሻ	for	the	dimerization	process.	Theoretical	and	experimental	log	

Ka	values	are	also	included.a	

Heterodimer	 Ebind	 ΔGgas	 ΔGtheor	 log	Ka,theor	 log	Ka,exp	

tr
ux
T
T
F•
C 3

0H
12
	 A1	 െ21.02	 െ8.27	 1.13	

3.7	 3.6	
A2	 െ19.38	 െ5.98	 2.64	

A3	 െ25.23	 െ10.88	 െ2.96	

A4	 െ28.52	 െ14.34	 െ5.00	

tr
ux
T
T
F•
C 3

2H
12
	 B1	 െ20.44	 െ3.87	 5.07	

3.2	 2.9–3.3	
B2	 െ19.97	 െ4.24	 3.67	

B3	 െ24.69	 െ6.95	 0.97	

B4	 െ29.91	 െ12.84	 െ4.29	

tr
ux
T
T
F•
C 3

8H
14
	

C1	 െ23.37	 െ4.32	 5.81	

3.6	 3.4–3.5	

C2	 െ21.63	 െ3.46	 4.80	

C3	 െ29.09	 െ9.72	 0.51	

C4	 െ33.48	 െ14.39	 െ3.75	

C5b	 െ31.57	 െ11.71	 െ2.65	

C6b	 െ34.24	 െ14.94	 െ4.93	

a	The	reader	is	referred	to	the	original	work	ሺሾPublication	7ሿ	belowሻ	for	further	

computational	details	and	experimental	specifications.	b	C5	and	C6	conformers	

are	analogous	to	C3	and	C4,	respectively,	in	which	the	buckybowl	is	rotated	by	

∼	90°	with	respect	to	the	truxTTF.	

Encouraged	by	the	theoretical	results,	the	association	of	the	truxTTF	with	

the	 C32H12	 and	 C38H14	 buckybowls	 was	 further	 assessed	 by	 the	
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experimentalists	 through	 absorption	 titrations	 in	 several	 solvents	 at	

room	 temperature.	 Overall,	 the	 absorption	 features	 in	 the	 UV–Vis	

spectrum	upon	titration	led	to	similar	band	evolution	as	that	previously	

found	 in	 truxTTF•C30H12	 ሺFigure	36aሻ.	For	C32H12	and	C38H14,	however,	

the	 low‐lying	 charge‐transfer	 ሺCTሻ	 band	 was	 found	 very	 weak	 but	

detected	 in	 the	 500–600	 nm	 range.	 Theoretical	 calculations	 of	 the	

electronic	 structure	 in	 these	 heterodimers	 confirm	 unequivocally	 the	

existence	 of	weak	 low‐lying	 charge‐transfer	bands	 in	 the	500–650	nm	

range,	 corresponding	 to	 CT	 excitations	 from	 the	HOMO	and	HOMOെ1,	

located	 on	 the	 electron‐donor	 truxTTF,	 to	 the	 LUMO	 and	 LUMO൅1,	

centred	 over	 the	 buckybowl.	Multiwavelength	 analysis	 of	 the	 titration	

experiments	led	to	association	constants	of	log	Ka	ൌ	2.9–3.3	for	C32H12	and	

log	 Ka	ൌ	 3.4–3.5	 for	 C38H14.	 As	 can	 be	 seen	 in	 Table	 6,	 the	 theoretical	

values	 estimated	 for	 log	 Ka	 are	 in	 very	 good	 agreement	 with	 the	

experimental	 results,	 giving	 support	 to	 the	 formation	 of	 the	 staggered	

structures	predicted	theoretically	as	the	preferred	conformation.	

Although	carried	out	by	the	experimental	group	of	Prof.	Nazario	Martín,	

it	 is	 convenient	 to	 recall	 the	 1H‐NMR	 experiments	 performed	 for	 the	

C32H12	and	C38H14	heterodimers	in	order	to	shed	light	on	the	structure	of	

these	 associates	 in	 solution.	 Figure	40a	 shows	 the	 1H‐NMR	of	 truxTTF	

ሺblackሻ,	C32H12	ሺblueሻ	and	truxTTF•C32H12	ሺredሻ.	Upon	complexation,	all	

the	signals	of	C32H12	suffer	slight	and	quantitatively	similar	upfield	shifts.	

Meanwhile,	the	signals	corresponding	to	the	truxene	core	of	truxTTF	ሺb–

e	in	Figure	40aሻ	appear	unaltered,	and	only	the	dithiole	ring	signals	ሺa	൅	

a’	 in	 Figure	 40aሻ	 are	 shifted	 upfield	 by	 ca.	 0.02	 ppm.	 These	 changes	

support	the	formation	of	the	structure	depicted	as	B4	in	Figure	39,	which	

was	 calculated	 to	 be	 the	 only	 thermodynamically	 favourable	

arrangement	in	chloroform	solution	for	truxTTF•C32H12	ሺvide	supraሻ.	
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Figure	40.	1H‐NMR	ሺCDCl3,	400	MHz,	298K,	all	species	at	ca.	5	mMሻ	of:	aሻ	truxTTF	

ሺblackሻ,	C32H12	ሺblueሻ	and	truxTTF	൅	C32H12	ሺredሻ,	and	bሻ	truxTTF	ሺblackሻ,	C38H14	

ሺblueሻ	and	truxTTF	൅	C38H14	ሺredሻ.	The	insets	shows	an	overlay	of	the	spectra	of	

truxTTF	and	the	complexes	in	the	region	between	6.74	and	6.68	ppm	ሺa	൅	a’ሻ	and	

7.48–7.34	ppm	ሺc	൅	dሻ.	

The	 case	 of	 truxTTF•C38H14	 is	 not	 so	 straightforward	 though	 ሺFigure	

40bሻ.	 All	 the	 signals	 of	 the	 corannulene‐based	 buckybowls	 are	 shifted	

slightly	upfield.	However,	experimentalists	detected	a	shielding	of	both	

the	 truxene‐core	 and	 the	 dithiole	 signals	 of	 truxTTF	upon	 association.	

These	 spectroscopic	 changes	 point	 to	 a	 coexistence	 in	 solution	 of	 the	

staggered	structures,	with	predominance	of	those	in	which	the	dithiole	

rings	 are	 inside	 the	 cavity	 of	 C38H14	 ሺsimilarly	 to	 B4	 in	 Figure	 39	 for	

truxTTF•C32H12ሻ,	 again	 in	 perfect	 agreement	 with	 the	 relevant	

calculations	ሺTable	6ሻ.	These	outcomes	turn	out	to	be	the	first	evidences	
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that	buckybowls,	in	contrast	to	fullerenes,	are	able	to	bind	electron‐donor	

organic	molecules	in	dispositions	other	than	the	typical	concave–convex	

arrangements,	maximizing	both	CH൉൉൉π	and	π–π	interactions.	It	is	also	to	

be	 noted	 that	 the	 structures	 implying	 the	 dithiole	 rings	 always	 result	

more	 stable	 than	 those	 only	 involving	 the	 carbon	 backbones,	 thus	

indicating	the	important	role	played	by	S൉൉൉C	π–π	interactions.	

Finally,	 femtosecond	 transient	 absorption	 studies	 carried	 out	 by	 the	

group	of	Dirk	M.	Guldi	shed	light	onto	excited‐state	interactions	in	these	

associates.	 In	 the	 case	 of	 truxTTF•C38H14,	 photoexcitation	 yielded	 the	

charge‐separated	state	truxTTF•൅•C38H14•െ	with	a	lifetime	of	~160	ps	in	

the	most	polar	benzonitrile.	For	 truxTTF•C32H12,	 the	assignment	of	 the	

charge‐separated	 state	 rendered	 extremely	 difficult,	 but	 is,	 based	 on	

earlier	findings,	regarded	to	be	very	likely.	

	

5.3.	Summary	

The	 supramolecular	 arrays	 studied	 in	 this	 Chapter	 constitute	 singular	

examples	that	have	helped	a	better	understanding	of	the	supramolecular	

recognition	of	fullerenes	and	fullerene	fragments	by	electron‐rich	hosts,	

either	with	concave–concave	or	convex–planar	mismatch.		

Firstly,	 the	 different	 parameters	 influencing	 the	 stability	 of	 the	

supramolecular	ensembles	formed	by	porphyrins	and	fullerene	C60,	with	

special	attention	to	the	nature	of	the	metal	in	the	porphyrin	moiety,	have	

been	rationalized	with	the	help	of	theoretical	calculations	thus	providing	

new	insights	into	the	fullerene–porphyrin	interaction.	In	the	case	of	the	

bis‐porphyrin	 adducts,	 theoretical	 calculations	 evidence	 a	 significant	
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decrease	 of	 the	 electron	 density	 in	 both	 ditopic	meso–meso	 and	 tape	

porphyrin	dimers	upon	complexation	of	the	first	C60‐related	molecule,	in	

good	agreement	with	the	negative	cooperativity	found	experimentally	in	

these	 systems.	 This	 negative	 effect	 is	 partially	 compensated	 by	 the	

stabilizing	 C60–C60	 interactions	 that	 take	 place	 in	 the	 more	 stable	 syn	

disposition	of	the	tape	porphyrin:methanofullerene	1:2	aggregate.	

Secondly,	 the	 association	 of	 a	 series	 of	 fullerene	 fragments	 —C30H12,	

C32H12	 and	 C38H14—	 with	 an	 electron‐donating	 bowl‐shaped	

tetrathiafulvalene	derivative	ሺtruxTTFሻ	reveal	 that	the	counterintuitive	

concave–concave	conformation	in	which	the	1,3‐dithiole	ring	of	truxTTF	

is	placed	inside	the	concave	cavity	of	the	buckybowl	is	the	most	stable	

arrangement.	 This	 structure	 was	 confirmed	 experimentally	 by	 NMR	

measurements,	 and	 implies	 the	 combination	 of	 π–π	 and	 CH൉൉൉π	

interactions	 as	 the	 driving	 force	 for	 association.	 Time‐dependent	 DFT	

calculations	 provide	 a	 detailed	 understanding	 of	 the	 UV–Vis	 spectral	

changes	 observed	 upon	 titration,	 giving	 support	 to	 the	 existence	 of	 a	

photoinduced	 charge‐transfer	 from	 the	 electron‐donor	 truxTTF	 to	 the	

electron‐acceptor	buckybowl.	The	charge‐separated	state	resulting	from	

this	CT	transition	was	detected	experimentally	by	means	of	femtosecond	

pump–probe	spectroscopic	techniques	for	the	supramolecular	assembly	

of	 truxTTF	 with	 C30H12	 and	 C38H14.	 These	 supramolecular	 complexes	

constitute	 the	 first	 examples	 of	 donor–acceptor	 assemblies	 involving	

fullerene	fragments	that	mimic	the	electronic	behaviour	of	their	parent	

buckyballs.	
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6.1.	Introduction	

The	 incorporation	 of	 the	 noncovalent	 interactions	 to	 build	 up	

supramolecular	 constructs	 using	 electroactive	 building	 blocks	 lays	 the	

foundations	 of	 the	 so‐called	 supramolecular	 polymer	 science.ሾ170ሿ	 A	

supramolecular	polymer	can	be	defined	as	any	type	of	assembly	formed	

from	one	or	more	molecular	components	via	 reversible	bonds,	 i.e.,	 the	

constituting	units	are	joint	together	by	noncovalent	forces.ሾ171ሿ	A	rapidly	

developing	 interdisciplinary	 research	 avenue	 has	 emerged	 with	 the	

appearance	 of	 supramolecular	 polymers	 showing	 appealing	

functionalities,	with	potential	interest	as	optoelectronic,	self‐healing,	and	

biomedical	materials.ሾ35bሿ	

The	 first	 supramolecular	 polymer	was	 reported	 in	 1990	 by	 Lehn	 and	

coworkers,ሾ172ሿ	 and	 was	 constituted	 by	 the	 junction	 of	 bifunctional	

diamidopyridines	 and	 uracil	 derivatives	 through	 a	 H‐bonded	 array	

ሺFigure	 41ሻ.	 Subsequently,	 multiple‐hydrogen‐bonding	 arrays	 with	 a	

higher	 binding	 constant,	 such	 as	 quadruple‐hydrogen‐bonding	 arrays,	

were	employed	to	achieve	supramolecular	polymers	with	high	degree	of	

polymerization.ሾ173ሿ	

	

Figure	 41.	 First	 supramolecular	 polymer	 reported	 by	 Lehn	 and	 coworkers	 in	

1990	 generated	 from	 a	 triple‐hydrogen‐bonding	 array	 between	 bifunctional	

diamidopyridine	and	uracil	derivatives.ሾ172ሿ	
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Apart	 from	 the	 highly‐directional	 H‐bonding	 interactions,	 a	 variety	 of	

noncovalent	 interactions	 ሺe.g.,	 metal	 coordination,	 aromatic	 stacking,	

etc.ሻ	 have	 also	 been	 exploited	 as	 driving	 forces	 to	 construct	

supramolecular	polymers	ሺFigure	42ሻ.ሾ37bሿ	For	example,	metal‐containing	

polymers,ሾ174ሿ	 host–guest	 assemblies,ሾ175ሿ	 as	 well	 as	 supramolecular	

polymers	 fabricated	 through	 strong	 aromatic	 donor–acceptor	

interactionsሾ176ሿ	 have	 been	 reported.	 Additionally,	 chemists	 have	

fabricated	supramolecular	polymers	driven	by	a	combination	of	multiple	

noncovalent	 interactions	 ሺFigure	 42ሻ.ሾ177ሿ	 The	 combination	 of	 different	

and	 orthogonal	 supramolecular	 building	 blocks	 not	 only	 enriches	 the	

library	 of	 supramolecular	 polymers,	 but	 also	 allows	 control	 of	 the	

supramolecular	 polymerization,	 achieving	 supramolecular	 polymers	

with	well‐defined	structure	and	tailor‐made	functionality.		

 

Figure	 42.	 Chemical	 structures	 of	 succinate‐conjugated	 2,4,6‐

triaminopyrimidine	 and	 cyanuric	 acid	 in	 the	 generation	 of	 a	 supramolecular	

polymer	governed	by	multiple	noncovalent	interactions.ሾ177bሿ	

Supramolecular	 chemistry,	on	 the	other	hand,	 stands	a	playground	 for	

understanding	 the	 ubiquitously‐present‐in‐nature	 phenomenon	 of	

chirality.ሾ38aሿ	 Chirality	 in	 supramolecular	 chemistry	 implies	 the	 non‐

symmetric	 arrangement	 of	 molecular	 components	 in	 a	 noncovalent	

assembly.	 Chiral	 assemblies	 may	 arise	 in	 a	 supramolecular	 self‐
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assembled	 polymer	 if	 one	 of	 its	 component	 is	 chiral	 or	 if	 achiral	

components	 arrange	 in	 a	 nonsymmetrical	 way	 to	 produce	 a	

supermolecule	 that	 is	 chiral.	 Chiral	 structures	 has	 prompted	 the	

development	of	a	number	of	significant	research	topics	like	asymmetric	

synthesis	and	catalysis,ሾ178ሿ	 liquid	crystals,ሾ179ሿ	 conductive	materials,ሾ180ሿ	

and	chiral	recognition.ሾ181ሿ	

A	 particularly	 interesting	 family	 of	 π‐conjugated	 compounds	 for	 the	

construction	 of	 functional	 supramolecular	 polymers	 are	 the	 so‐called	

discotic	molecules.ሾ182ሿ	These	chemical	entities	are	structures	with	a	disc‐

shaped	 core	 and	 a	 periphery	 involving	 a	 number	 of	 interactions	 that	

eventually	leads	to	the	formation	of	highly	ordered	columns.	Only	at	high	

concentrations,	 the	 intercolumnar	 interactions	become	prominent,	and	

superstructure	 formation	 or	 gelation	 occurs	 followed	 by	 the	 liquid	

crystalline	 phase	 in	 the	 bulk.	 An	 archetypical	 example	 of	 discotic	

structure	 is	 the	benzene‐1,3,5‐tricarboxamide	ሺBTAሻ	motif,	 comprising	

either	three	N‐centred	or	three	CO‐centred	amides	attached	to	a	benzene	

core	ሺFigure	43ሻ.ሾ183ሿ	Such	BTAs	have	attracted	considerable	attention	in	

supramolecular	 chemistry	 in	 the	 last	 few	 years.	 Studies	 conducted	 on	

these	systems	shed	light	into	the	mechanism	of	the	self‐assembly	and	the	

origin	 of	 cooperativity,	 as	 well	 as	 in	 disentangling	 the	 transfer	 and	

amplification	of	chirality	in	stereospecific	molecular	units.ሾ38c,	183‐184ሿ	The	

creation	 of	 new	 disc‐like	 electroactive	molecules	 that	 self‐assemble	 in	

supramolecular	 polymers	 guided	 by	 weak	 and	 reversible	 noncovalent	

interactions	will	therefore	be	decisive	for	understanding	the	foundations	

of	self‐assembly,	cooperativity	and	chirality	amplification	while	creating	

functional	materials	 to	 be	 exploited	 in	 optoelectronic,	 self‐healing	 and	

biomedical	applications.	



Chapter 6. Supramolecular polymers 

162 

	

Figure	 43.	 aሻ	 Structure	 of	 CO‐centred	 ሺleftሻ	 and	 N‐centred	 ሺrightሻ	 BTAs.	 bሻ	

Propeller‐like	shape	of	C3‐symmetric	molecules	and	their	assembly	into	a	helical	

superstructure	upon	stacking	 in	columns.	cሻ	Triple	H‐bonding	array	along	the	

supramolecular	arrangement	of	the	CO‐centred	BTA	polymer.	

In	 this	 Chapter,	 a	 thorough	 theoretical	 characterization	 of	 the	 forces	

originating	 the	 supramolecular	 assembly	 of	 discotic‐like	 trisamide	

derivatives	 has	 been	 performed	 in	 a	 multi‐level	 approach.	 Molecular	

mechanics	calculations	are	performed	to	give	insight	into	the	preferential	

helical	 orientation	 depending	 on	 the	 connectivity	 and	 the	 presence	 of	

stereogenic	 aliphatic	 peripheral	 chains.	 The	 factors	 promoting	 the	

cooperative	 polymerization	 regime	 are	 disentangled	 within	 the	 DFT	

framework.	On	 the	other	hand,	 the	 self‐assembly	of	peryleneimidazole	

derivatives	presenting	multiple	noncovalent	supramolecular	interaction	

motifs	is	theoretically	characterised.	DFT	calculations,	in	a	nice	synergy	

with	 the	 experimental	 evidences,	 give	 insight	 into	 the	 supramolecular	

interactions	that	guide	the	aggregation	and	explain	the	unexpected	blue‐

emissive	properties	upon	gelation.	
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6.2.	Results	and	discussion	

6.2.1.	Tricarboxamide	supramolecular	polymers	

Inspired	by	the	structural	motif	of	the	BTA	compounds,	we	study	herein	

a	 series	 of	 oligoሺphenyleneethynyleneሻ	 ሺOPEሻ	 N‐centred	 amides	 ሺor	

retroamidesሻ	in	collaboration	with	the	experimental	group	of	Prof.	Luis	

Sánchez,	and	compare	them	with	the	previously	reportedሾ185ሿ	CO‐centred	

tricarboxamide	 analogues	 ሺFigure	 44ሻ.	 Experimentally,	 the	

supramolecular	assembly	of	the	OPE‐based	derivatives	was	followed	by	

FTIR	 and	 1H‐NMR.	 The	 registration	 of	 the	 circular	 dichroism	 ሺCDሻ	

unambiguously	 demonstrated	 the	 formation	 of	 enantiomeric	 helical	

structures.	The	helical	sense	of	the	columnar	aggregates	is	determined	by	

the	absolute	configuration	of	the	stereogenic	centre	ሺS	or	Rሻ	allocated	in	

the	 peripheral	 alkyl	 chains,	 and	 seems	 not	 to	 be	 affected	 by	 the	

connectivity	of	the	amide	functional	groups.	

	

Figure	44.	Chemical	structures	of	discotic	trisamides	5	and	6.	
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To	further	investigate	the	role	of	the	connectivity	of	the	amide	groups	on	

the	self‐assembly	mechanism,	as	well	as	on	the	chiroptical	features	of	the	

aggregates,	 a	 computational	 study	 was	 performed	 using	 a	 multi‐level	

theoretical	approach.	The	theoretical	CD	spectra	of	the	trimeric	species	

of	5,	bearing	no	alkyl	chain,	in	both	helical	right‐handed	ሺ5‐Pሻ	and	left‐

handed	ሺ5‐Mሻ	arrangements	were	computed	at	the	B3LYP/6‐31G*	level	

using	 the	 time‐dependent	 density	 functional	 theory.	 The	 CD	 spectrum	

calculated	for	5‐M	shows	a	positive	and	a	negative	peak	centred	at	290	

and	 330	 nm,	 respectively,	 which	 nicely	 agrees	 with	 the	 CD	 spectrum	

recorded	 for	 5c	 ሺ280	 and	 303	 nm,	 Figure	 45ሻ.	 Moreover,	 the	 relative	

intensities	 of	 the	 positive/negative	 peaks	 predicted	 theoretically	

reasonably	 match	 the	 experimental	 CD	 signals.	 The	 CD	 spectrum	

computed	for	5‐P	stands	as	the	mirror	image	of	the	CD	for	5‐M	ሺFigure	

45bሻ,	 and	 matches	 the	 shape	 recorded	 experimentally	 for	 5b	 ሺFigure	

45aሻ.	 In	 addition,	 the	 CD	 spectrum	 computed	 for	 the	 trimer	 of	 6	 in	 a	

clockwise	conformation	ሺ6‐Pሻ	presents	the	same	signal	pattern	as	for	5‐

P,	 which	 indicates	 that	 the	 origin	 of	 this	 intense	 CD	 signal	 pattern	 is	

ascribable	 to	 the	 helical	 disposition	 of	 the	molecules	 in	 the	 columnar	

stack	 with	 minor	 contribution	 from	 the	 amide	 connectivity.	 The	

electronic	 transitions	 giving	 rise	 to	 the	 CD	 signal	 in	 the	 260–360	 nm	

region	ሺvertical	lines	in	Figure	45bሻ	were	computed	to	correspond	with	

π–π*	monoexcitations	and	mainly	involve	the	conjugated	OPE	units.ሾ186ሿ	

Theoretical	calculations	therefore	show	that	the	preferred	orientation	of	

5b	with	S‐stereogenic	 centres	 in	 the	alkyl	 chains	 is	 a	 right‐handed	ሺPሻ	

helix,	whereas	 it	 corresponds	 to	a	 left‐handed	ሺMሻ	helix	 for	5c	with	R‐

stereogenic	centres.	
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Figure	45.	aሻ	Experimental	CD	spectra	of	5b–c	and	6b–c	ሺDHN/CHCl3,	95/5,	4	⨯	

10െ6	M,	298	Kሻ.	bሻ	Theoretical	simulations	of	the	CD	spectra	calculated	for	the	5‐

M,	5‐P	and	6‐P	trimers.	

To	 shed	 light	 on	 the	 helical	 organization	 of	 the	 aggregates	 formed	 by	

trisamides	5	and	6,	theoretical	molecular	mechanics/molecular	dynamics	

ሺMM/MDሻ	simulations	were	performed	using	the	MM3	force	field.	A	π‐

stacked	 decamer	 of	 5c	 was	 firstly	 designed	 with	 both	 right‐	 and	 left‐

handed	 helicities	 as	 a	 representative	model	 to	 investigate	 the	 relative	

stability	of	the	two	possible	columnar	configurations.	MD	simulations	of	

100	ps	were	performed	on	infinite	aggregates	using	periodic	boundary	

conditions.	 Supramolecular	 arrangements	 of	 5c	 with	 P	 and	 M	

orientations	endowed	with	short	and	long	chains	were	considered.	The	

values	 calculated	 for	 Ebind	 in	 the	 infinite	 aggregates	 of	 5c	 with	 –C5H11	

chains	 are	 െ44.8	 േ	 0.3	 and	 െ45.0	 േ	 0.2	 kcal	 molെ1	 for	 the	 P	 and	 M	

configurations,	 respectively.	Moving	 to	 the	 systems	with	 longer	–C9H19	

chains,	the	difference	in	binding	energy	per	monomeric	unit	increases	to	

1	kcal	molെ1	in	favour	of	the	M‐type	helix	ሺEbind	ൌ	െ49.2	േ	0.5	and	െ50.1	

േ	0.9	kcal	molെ1	 for	P	and	M	aggregates,	respectivelyሻ.	The	 theoretical	
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results	 therefore	 indicate	 that	 the	 energy	 difference	 between	 the	 two	

possible	 helical	 configurations	 significantly	 increases	 when	 increasing	

the	length	of	the	peripheral	side	chains,	and	predict	that	the	left‐handed	

ሺMሻ	columnar	stacking	is	the	energetically	preferred	helical	arrangement	

for	the	aggregation	of	5c	bearing	stereogenic	R	centres.		

Supramolecular	 aggregates	 of	 5b	 with	 long	 –C9H19	 chains	 containing	

stereogenic	 S	 centres	 were	 also	 calculated	 in	 both	 clock‐	 and	

anticlockwise	helicities,	and	now	the	P‐helix	is	computed	to	be	the	more	

stable	ሺEbind	ൌ	െ50.2	േ	0.7	and	െ49.1	േ	0.4	kcal	molെ1	for	5b‐P	and	5b‐M,	

respectivelyሻ.	These	results	justify	the	occurrence	of	a	preferred	helicity	

for	a	given	configuration	ሺS	or	Rሻ	of	the	stereogenic	centre	placed	on	the	

peripheral	 alkyl	 chains	 of	 retroamides	 5.	 Further	MM/MD	 simulations	

performed	 for	 the	 supramolecular	 assemblies	 of	 6c	 led	 to	 similar	

conclusions	as	those	found	for	5c,	being	the	anticlockwise	6c‐M	∼	1	kcal	

molെ1	more	stable	than	6c‐P	ሺEbind	ൌ	െ46.1	േ	0.7	and	െ47.1	േ	0.7	kcal	

molെ1	for	6c‐P	and	6c‐M,	respectivelyሻ.	Theoretical	calculations	therefore	

show	 that	 the	 preference	 of	 a	 determined	 helical	 handedness	 in	 the	

trisamides	under	study	depends	on	the	chirality	of	the	stereogenic	group,	

and	is	not	affected	by	the	connectivity	in	which	the	amide	group	is	linked	

to	the	discotic	core.	Furthermore,	the	Ebind	values	are	computed	lower	for	

6c	 than	 for	5b–c,	which	 is	 in	 accordance	with	 the	higher	 cooperativity	

experimentally	 obtained	 for	 the	 supramolecular	 polymerization	 of	

retroamides	5.	

A	 representative	 snapshot	 of	 the	 MD	 simulation	 for	 the	 helical	 M‐

aggregate	 of	 5c	was	 extracted	 to	 analyse	 the	 spatial	 disposition	 of	 the	

molecular	units	in	the	polymer	ሺFigure	46ሻ.	In	the	stack,	the	OPE	cores	

remain	 mostly	 planar	 to	 maximize	 the	 π–π	 interactions,	 whereas	 the	
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amide	groups	are	twisted	out	of	the	aromatic	plane	forming	H‐bonds	with	

the	vicinal	monomer.	These	two	types	of	interactions	are	the	driving	force	

that	 finally	gives	rise	 to	perfectly‐assembled	columnar	helices	ሺsee	 the	

original	ሾPublication	8ሿ	for	more	detailsሻ.	

	

Figure	46.	Top	and	 side	views	of	 the	most	 stable	 structure	obtained	 from	the	

MM/MD	simulation	for	the	left‐handed	M‐helix	of	the	N‐centred	retroamide	5c.	

The	unit	cell	containing	six	monomeric	units	 is	marked	in	dashed	red	 lines.	H	

atoms	are	omitted	for	clarity.	

To	 gain	 deeper	 insight	 into	 the	 supramolecular	 polymerization	

mechanism	of	 trisamides	5	and	6,	 comparative	DFT	calculations	at	 the	

MPWB1K/6‐31G**	 level	 were	 performed	 for	 helical	 P‐aggregates	 of	

increasing	size	of	retroamide	5b	and	carboxamide	6b.	To	reduce	the	cost	

of	 the	 calculations,	 short	 –C5H11	 and	 –C6H13	 alkyl	 chains	 bearing	 the	

stereogenic	 S	 centre	were	 used	 for	 5b	 and	 6b,	 respectively.	 Figure	 47	

shows	 the	 change,	 as	 n	 increases,	 of	 the	 association	 energy	 per	

monomeric	 unit	 ሺEbind,nሻ	 for	 the	 ሺ5bሻn	 aggregate,	 and	 provides	 a	 clear	

indication	 of	 the	 cooperative	 character	 of	 the	 supramolecular	

polymerization.	 As	 the	 aggregate	 grows,	 the	 absolute	 value	 of	 Ebind,n	

increases,	due	to	the	larger	polarization	of	the	stack	that	strengthens	the	

H‐bonding	network,	and	the	aggregate	becomes	more	stable.	The	values	
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predicted	for	Ebind,n	in	ሺ5bሻn	ሺെ31.0	kcal	molെ1	for	n	ൌ	∞ሻ	are	larger,	in	

absolute	value,	than	those	obtained	for	ሺ6bሻn	ሺെ25.2	kcal	molെ1	for	n	ൌ	

∞ሻ.	Likewise,	there	is	an	increase	of	the	dipole	moment	per	monomer	unit	

ሺDMmon,nሻ	for	ሺ5bሻn,	which	is	calculated	larger	ሺ12.94	D	for	n	ൌ	∞ሻ	than	

that	 for	 ሺ6bሻn	 ሺ11.04	D	 for	n	ൌ	∞ሻ.	The	 cooperativity	 in	 the	 trisamide	

helices,	 found	 larger	 for	 N‐centred	 5,	 is	 therefore	 evidenced	 by	 the	

theoretical	calculations	through	the	evolution	of	both	the	binding	energy	

and	the	dipole	moment	per	monomeric	unit	upon	increasing	the	polymer	

size.	

	

Figure	47.	Top	ሺaሻ	and	side	ሺbሻ	views	of	the	right‐handed	helical	arrangement	of	

the	ሺ5bሻ12	aggregate	bearing	S‐stereogenic	short	alkyl	chains.	The	direction	of	

the	dipole	moment	 in	 the	 stack	 is	 shown	 in	 red.	Asymptotic	behaviour	of	 the	

binding	energy	ሺcሻ	and	dipole	moment	ሺdሻ	per	monomer	unit	ሺEbind,n	and	DMmon,n,	

respectivelyሻ	 upon	 increasing	 the	 number	 of	 monomer	 units	 in	 the	 ሺ5bሻn	

aggregate;	values	are	fitted	ሺred	lineሻ	to	a	biexponential	function.	
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Along	 the	 PhD	 period,	 other	 similar	 systems	 based	 on	 the	

subphthalocyanine	core	have	been	studied	in	a	fruitful	collaboration	with	

the	 group	 of	 Profs.	 Tomás	 Torres	 and	 David	 González‐Rodríguez.ሾ187ሿ	

Cone‐shaped	 SubPc	 units	 are	 demonstrated	 to	 self‐assemble	 in	 helical	

supramolecular	polymers	with	a	combination	of	π–π,	H‐bond	and	highly	

polar	B–F൉൉൉B	interactions.	The	reader	is	referred	to	the	original	work	for	

further	details	ሺsee	article	20	in	the	List	of	publicationsሻ.	Implications	of	

mixing	 pure	 enantiomers	 in	 the	 resulting	 supramolecular	 polymer	

helicity,	 as	 well	 as	 the	 study	 of	 columnar	 vs.	 dimeric	 vs.	 dissociated	

regimes	as	a	function	of	the	solvent,	is	under	writing	process.ሾ188ሿ	

	

6.2.2.	Pyreneimidazole‐based	oligomers	

Since	its	discovery	in	1837	by	Laurent	in	the	residue	of	the	destructive	

distillation	of	 coal	 tar,ሾ189ሿ	 pyrene	has	become	one	of	 the	most	 studied	

polycyclic	 aromatic	 hydrocarbons.	 The	 attractive	 electronic	 and	

photophysical	properties	of	pyrene	allowed	its	application	as	an	active	

component	in	organic	electronics.ሾ190ሿ	To	improve	the	emissive	properties	

of	pyrene,	great	efforts	have	been	devoted	to	its	structural	modification	

in	order	to	avoid	aggregation	and	to	suppress	the	quenching	effect	of	the	

π–π	 interactions.ሾ190b,	 191ሿ	 In	 the	 search	 for	 novel	 functional	 materials	

based	on	the	π‐conjugated	core	of	pyrene	connected	supramolecularly	by	

H‐bond	interactions,	a	pyreneimidazole	structure	and	its	supramolecular	

polymerization	 features	 have	 been	 investigated	 ሺFigure	 48ሻ.	 Whereas	

supramolecular	 polymerization	 patterns	 usually	 follow	 a	 predictable	

motif	based	on	the	chemical	groups	introduced	in	the	electroactive	unit,	

the	 three‐dimensional	 arrangement	 of	 supramolecular	 polymers	

sometimes	leads	to	unexpected	structures	hard	to	elucidate.	This	work	
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constitutes	 a	 great	 example	 of	 a	 symbiotic	 study	 combining	 our	 first‐

principles	calculations	with	the	experiments	carried	out	by	the	group	of	

Prof.	 Luis	 Sánchez	 to	 shed	 light	 onto	 the	 odd	 self‐assembly	 of	 blue‐

emitting	pyrene‐based	supramolecular	polymers.	

	

Figure	 48.	 Chemical	 structure	 of	 pyreneimidazoles	 7	 and	 8	 and	 schematic	

representation	of	their	supramolecular	interaction	motifs.	

Experimental	 evidences	 of	 the	 supramolecular	 polymerization	 of	 the	

pyreneimidazole	 derivatives	 shown	 in	 Figure	 48	 were	 extracted	 from	

temperature‐dependent	 UV–Vis	 spectroscopy	 measurements.	 These	

compounds	show	formation	of	gels	in	cyclohexane	at	low	concentrations,	

exhibiting	an	unexpected	blue	emission	under	irradiation	at	364	nm,	and	

a	 low	 degree	 of	 cooperativity	 in	 the	 supramolecular	 polymerization.	

Circular	 dichroism	 measurements	 as	 well	 as	 sergeants‐and‐soldiers	

experiments	were	carried	out	by	the	group	of	Prof.	Luis	Sánchez	for	both	

the	 achiral	 7	 and	 chiral	 8	 derivatives	 in	 order	 to	 disentangle	 the	

supramolecular	 organization	 of	 the	 organogels.	 The	 formation	 of	

supramolecular	helical	arrangements	for	this	family	of	pyreneimidazoles	

was	ruled	out	due	to	the	absence	of	any	dichroic	signal.	

Theoretical	 calculations	 were	 performed	 on	 compound	 7	 within	 the	

density	functional	theory	ሺDFTሻ	framework	to	shed	light	on	the	structural	



Chapter 6. Supramolecular polymers 

171 

and	energetic	aspects	of	the	pyreneimidazole	system	upon	aggregation.	

A	number	of	dimers,	as	minimal	supramolecular	units,	were	modelled	for	

7	owing	to	the	variety	of	supramolecular	interaction	motifs	present	in	the	

monomer:	ሺiሻ	the	aromatic	structure,	ሺiiሻ	the	polar	amide	and	imidazole	

groups,	 ሺiiiሻ	 the	nonpolar	 long	 aliphatic	 chain,	 and	 ሺivሻ	 the	 steric	 tert‐

butyl	 groups	ሺFigure	48ሻ.	Besides	 the	π–π	recognition	motif	 that	gives	

rise	to	structures	A–C	with	weak	CO൉൉൉HN	ሺA	and	Cሻ	or	NH൉൉൉N	ሺBሻ	H‐bond	

interactions,	 the	 polar	 imidazole	 and	 amide	 groups	 constitute	 high	

potential	 energy	 regions	 for	 the	 supramolecular	 stabilization	 of	 the	

dimers.	Thereby,	dimers	D–F,	in	which	the	formation	of	strong	H‐bonds	

is	the	recognition	driving	force,	were	modelled	ሺFigure	49ሻ.	

	

Figure	 49.	 Minimum‐energy	 geometries	 calculated	 for	 the	 different	 dimers	

postulated	 for	 the	 pyreneimidazole	 system	 at	 the	 B97‐D3/6‐31G**	 level	 of	

theory.	
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Table	7.	Binding	energy	ሺEbind,	in	kcal	molെ1ሻ,	number	of	H‐bond	contacts	ሺnHBሻ,	

distance	 of	 the	 closest	 H‐bond	 contact	 ሺdHB,	 in	 Åሻ,	 and	 dominant	 dispersion	

interactions	ሺπ–π,	CH൉൉൉π	and	CH൉൉൉CHሻ	that	characterise	dimers	A–F.	

	 Ebind	 nHB	 dHB	 π–π	 CH൉൉൉π	 CH൉൉൉CH	

A	 െ54.6	 1	 1.918	 	 –	 –	

B	 െ51.0	 1	 2.064	 	 –	 –	

C	 െ53.7	 1	 2.051	 	 –	 –	

D	 െ32.0	 1	 1.826	 –	 	 –	

E	 െ7.7	 2	 1.822	 –	 	 –	

F	 െ61.7	 2	 1.839	 –	 	 –	

Table	 7	 summarises	 the	 binding	 energy	 ሺEbindሻ	 and	 the	 main	

intermolecular	 forces	 governing	 the	 self‐assembly	 of	 dimers	 A–F	

calculated	 at	 the	 B97‐D3/6‐31G**	 level.	 For	 a	 detailed	 description	 of	

dimers	A–E,	the	reader	is	referred	to	the	original	ሾPublication	9ሿ	below.	

Focusing	on	the	most	stable	dimeric	species,	arrangement	F	combines	H‐

bonding	interactions	between	the	imidazole	and	amide	groups	and	CH൉൉൉π	

stabilizing	 interactions	 between	 the	 alkyl	 chains	 and	 the	pyrene	 cores	

ሺFigure	49ሻ.	Topological	analysis	of	the	electron	density	carried	out	by	

means	of	 the	NCI	 index	allows	visualizing	 the	non‐covalent	 interaction	

ሺNCIሻ	surfaces,	which	provide	additional	information	on	the	origin	of	the	

supramolecular	 aggregation.	 Green	 surfaces	 indicate	 weak	

nondirectional	 CH൉൉൉π	 interactions,	 whereas	 small	 bluish	 regions	

correspond	to	strong	H‐bond	contacts	ሺFigure	50ሻ.	The	additive	effect	of	

these	interactions	leads	to	the	highest	stability	ሺEbind	ൌ	െ61.7	kcal	molെ1ሻ	

calculated	 among	 all	 the	 dimers	 modelled.	 The	 structure	 of	 dimer	 F	

allowed	us	to	identify	all	the	ROESY	signals	observed	experimentally	and,	

in	particular,	the	short	contacts	between	the	alkyl	chains	and	the	pyrene	

cores.	Additionally,	taking	into	account	that	the	formation	of	π–π	dimers	
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quenches	 the	 emission	properties	 of	 pyrene,	 the	 absence	of	 these	π–π	

interactions	between	the	pyrene	cores	in	dimer	F	would	explain	the	blue	

emission	obtained	for	the	fibres.		

	

Figure	 50.	 aሻ	 NCI	 surfaces	 representing	 H‐bond	 interactions	 ሺin	 blueሻ	 and	

dispersion	 forces	 ሺin	 greenሻ	 for	dimer	F	of	 compound	7.	 Intramolecular	 ring‐

centroid	 repulsions	 are	drawn	 in	 brown.	 bሻ	Amplified	 view	of	 the	bluish	NCI	

surface	corresponding	to	a	well‐formed	H‐bond	interaction.	

To	rationalize	how	dimer	F	can	grow	up	from	such	nonplanar,	distorted	

disposition	of	the	monomers,	a	tetramer	shown	in	Figure	51	was	built	up	

through	 an	 imidazole–amide–imidazole	 H‐bond	 sequence.	 After	 full	

geometry	optimization	at	the	B97‐D3/6‐31G**	level,	calculations	reveal	

that	 the	H‐bonding	motif	 is	preserved	along	 the	monomeric	pairs.	The	

average	 NHሺamideሻ–Nሺimidazoleሻ	 contact	 is	 computed	 to	 be	 2.18	 Å,	

whereas	the	COሺamideሻ–HNሺimidazoleሻ	interaction	is	calculated	at	1.82	

Å.	The	total	association	energy	in	the	tetramer	reaches	െ182.1	kcal	molെ1,	

which	corresponds	with	an	Ebind	ൌ	െ60.7	kcal	molെ1	per	monomer	pair.	

This	 value	 is	 very	 close	 to	 the	Ebind	 computed	 for	dimer	F	 ሺെ61.7	kcal	

molെ1ሻ,	suggesting	that	the	oligomer	can	easily	grow	keeping	the	strong	

H‐bond	pattern	and	the	stabilizing	CH൉൉൉π	forces.	Besides,	the	alternated	
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H‐bonding	network	upon	self‐assembly	points	towards	a	low	degree	of	

cooperativity	 in	 the	 supramolecular	 polymerization,	 in	 line	 with	 the	

experimental	evidences.	

	

Figure	 51.	 Top	 ሺaሻ	 and	 side	 ሺbሻ	 views	 of	 the	 B97‐D3/6‐31G**‐optimized	

geometry	calculated	 for	 the	 tetramer	of	7	 in	an	F‐type	assembly.	Dotted	 lines	

emphasize	 the	H‐bonding	array	established	between	the	 imidazole	and	amide	

units.	Only	hydrogen	atoms	involved	in	H‐bonding	interactions	are	shown.	

Recently,	 other	 family	 of	 derivatives	 based	 on	 the	 N‐annulated	

perylenedicarboxamide	have	been	investigated	in	collaboration	with	the	

group	 of	 Luis	 Sánchez.ሾ192ሿ	 Interestingly,	 these	 compounds	 led	 to	 the	

formation	of	bundles	of	fibres	that	generate	a	spontaneous	anisotropy	in	

the	environment.	The	supramolecular	assembly	of	these	derivatives	was	

rationalized	 in	 terms	 of	 columnar	 superstructures	 with	 an	 oscillating	

helical	 orientation	 upon	 external	 stimuli	 ሺsee	 article	 22	 in	 the	 List	 of	

publicationsሻ.	
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6.3.	Summary	

We	demonstrate	herein	the	cooperative	supramolecular	polymerization	

of	discotic	N‐centred	 trisamides	based	on	 the	OPE	unit	 to	 form	helical	

aggregates.	 The	 inverted	 connectivity	 of	 the	 amide	 functional	 groups	

does	not	modify	the	helical	sense	of	the	aggregates	in	comparison	with	

the	 previously	 reported	 CO‐centred	 analogues.	 The	 handedness	 of	 the	

helical	structures	formed	by	the	self‐assembly	depends	on	the	absolute	

configuration	ሺS	or	Rሻ	of	the	stereogenic	centres	located	at	the	peripheral	

side	chains.	MM/MD	simulations	performed	for	infinite	aggregates	help	

to	 energetically	 discriminate	 between	 the	 P	 and	M	 arrangements,	 and	

support	the	preference	of	a	determined	helical	handedness	depending	on	

the	chirality	of	 the	stereogenic	group.	The	synergy	of	π–π	interactions,	

the	 threefold	H‐bonding	between	 the	amides,	 and	 the	weak	dispersive	

forces	between	the	peripheral	alkyl	chains	exert	a	prominent	role	on	the	

construction	 of	 the	 helical	 supramolecular	 structures.	 The	 cooperative	

character	 of	 the	 polymerization	 mechanism,	 higher	 for	 N‐centred	

retroamides	than	CO‐centred	tricarboxamides,	is	furthermore	supported	

by	the	dipole	moment	per	monomeric	unit	that	grows	exponentially	due	

to	the	enhancement	of	the	polarization	of	the	H‐bonding	network	during	

the	nucleation	process.	

On	the	other	hand,	pyreneimidazole	derivatives	have	been	designed	with	

a	 variety	 of	 supramolecular	 interaction	 motifs	 that	 guide	 their	 self‐

assembly	 towards	 a	 supramolecular	 polymerization	 process.	 The	

organized	 supramolecular	 structures	 are	 able	 to	 immobilize	 apolar	

solvents	 like	 cyclohexane	 forming	 gels	 with	 apparently	 non‐helical	

organization.	The	number	and	type	of	noncovalent	interactions	operating	

in	 these	 pyrene‐type	 derivatives	 result	 in	 an	 amazing	 scenario	 of	
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possibilities	 for	aggregation.	Theoretical	calculations	demonstrate,	 in	a	

nice	 synergy	 with	 the	 experimental	 data,	 that	 the	 formation	 of	 the	

aggregates	 is	mainly	 governed	 by	 the	H‐bonding	 interactions	 between	

the	amide	functionality	and	the	imidazole	moiety,	together	with	a	number	

of	relevant	CH൉൉൉π	interactions.	The	absence	of	π–π	interactions	between	

the	pyrene	 cores	 further	 explains	 the	preservation	of	 the	 typical	blue‐

emitting	properties	of	pyrene	upon	aggregation	in	the	fibrillar	material.	
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Chapter	7.	Conclusions	
 

In	the	present	Thesis,	a	thorough	theoretical	study	has	been	performed	

on	 a	 wide	 variety	 of	 electroactive	 molecular	 systems	 with	 appealing	

optical,	 electronic	 and	 self‐assembling	 properties	 to	 be	 exploited	 in	

organic	electronics	and	materials	science.	The	following	conclusions	are	

summarised	according	to	the	three	Chapters	in	which	the	results	of	the	

Thesis	have	been	divided:	

Covalent	donor–acceptor	architectures	

The	electronic	and	optical	properties	of	donor–acceptor	chromophores	

absorbing	 in	 the	 whole	 visible	 spectrum	 have	 been	 theoretically	

characterised.	In	particular,	DFT	calculations	provide	information	on	the	

most	 interesting	 regioisomers	 of	 exTTF‐DCF	 to	 be	 synthesized	 for	

maximum	benefit	in	dye‐sensitized	solar	cells	ሺDSCsሻ.	The	three	possible	

regioisomers	 show	 equivalent	 absorption	 features	 in	 comparison	with	

the	 parent	 exTTF‐TCF,	 with	 intense	 low‐lying	 charge‐transfer	 bands	

calculated	in	the	visible	range.	However,	the	exTTF‐DCF‐A	derivative	is	

found	as	the	most	promising	dye	owing	to	its	more	stable	anchorage	and	

perpendicular	disposition	upon	linkage	to	the	semiconductor.	

Di‐branched	 chromophores	 based	 on	 an	 analogous	 donor	 hemiexTTF	

moiety	have	also	been	 investigated,	 showing	 low‐lying	 charge‐transfer	

bands	and	a	red‐shift	of	 the	absorption	upon	 inclusion	of	 the	EDOT	π‐

conjugated	 bridge	 between	 donor	 and	 acceptor	 units.	 First‐principles	

calculations	demonstrate	that	the	most	plausible	adsorption	mode	of	the	

carboxylic‐substituted	 di‐branched	 dyes	 onto	 titania	 is	 a	monodentate	
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coordination	of	the	cyanoacrylic	acid	group	in	both	anchoring	branches.	

This	coordination	displays	the	most	stable	anchorage	of	the	target	dye	to	

the	semiconductor	surface,	as	well	as	two	broad	and	intense	LUMO	bands	

that	would	enhance	the	electron	injection	into	the	semiconductor.	

Supramolecular	donor–acceptor	complexes	

Supramolecular	donor–acceptor	complexes	have	been	studied	under	the	

DFT	framework	including	dispersion	corrections	to	help	rationalize	the	

origin	of	the	forces	guiding	the	self‐assembly	of	carbon‐based	nanoforms	

by	 electroactive	 hosts.	 Theoretical	 calculations	 show	 that	 the	 convex–

planar	mismatch	between	porphyrin	hosts	and	a	C60	fullerene	derivative	

is	 overcome	 by	 strong	 noncovalent	 interactions,	 which	 show	

predominant	 electrostatic	 nature	 upon	 metal	 substitution	 in	 the	

porphyrin.	 Quantum	 chemistry	 calculations	 on	 ditopic	 porphyrin	

receptors	of	C60	fullerene	confirm	a	reduction	of	the	electron	density	of	

the	host	upon	inclusion	of	the	first	fullerene	guest,	in	good	accord	with	

the	 negative	 cooperativity	 found	 experimentally	 for	 these	 systems.	

Interestingly,	the	ditopic	porphyrin	tape	may	accommodate	the	second	

C60	 ball	 in	 a	 syn	 or	 an	 anti	 disposition.	 First‐principles	 calculations	

demonstrate	that	the	syn	arrangement	is	∼	5	kcal	molെ1	more	stable,	a	

fact	 that	 raises	 from	 a	 stabilizing	 π–π	 interaction	 between	 the	 two	

fullerene	balls	and	partially	compensates	the	negative	cooperativity.	

On	 the	 other	 hand,	 unexpected	 concave–concave	 supramolecular	

assemblies	 are	 calculated	 as	 the	 most	 stable	 arrangements	 in	 donor–

acceptor	 truxTTF•buckybowl	 complexes.	 In	 these	 conformations,	 not	

only	π–π	but	especially	CH൉൉൉π	interactions	are	prominent.	Free‐energy	

estimations	 for	 the	 donor–acceptor	 association	 indicate	 that	 only	 the	

staggered	ሺconcave–concaveሻ	assemblies	are	formed	in	solution,	in	nice	
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agreement	with	the	relevant	NMR	information.	Theoretical	calculations	

confirm	the	existence	of	low‐lying	weak	charge‐transfer	bands	described	

by	the	one‐electron	promotion	from	the	electron‐donor	truxTTF	to	the	

buckybowl,	which	acts	as	an	acceptor.	The	existence	of	the	corresponding	

charge‐separated	 species	 upon	 photoexcitation	 is	 confirmed	 by	

spectroscopic	techniques	in	a	fruitful	collaboration	with	experimentalist	

research	groups.	

Supramolecular	polymers	

Discotic‐like	electroactive	building	blocks	have	been	used	to	theoretically	

analyse	 the	 self‐assembling	 properties	 of	 supramolecular	 polymers	

governed	 by	 noncovalent	 interactions.	 In	 particular,	 N‐centred	

trisamides	are	calculated	to	aggregate	in	supramolecular	helices	guided	

by	 π–π	 interactions	 between	 the	 aromatic	 cores	 and,	 especially,	 by	 a	

triple	 array	 of	 H‐bonds	 between	 amides.	 This	 H‐bond	 pattern	 is	

calculated	as	the	responsible	of	the	cooperativity	of	the	polymerization	

process,	which	leads	to	an	increasing	binding	energy	and	dipole	moment	

per	monomeric	unit	upon	growth.	The	multi‐level	theoretical	approach	

employed	unambiguously	allows	identification	of	the	helical	sense	as	a	

function	of	the	stereogenic	aliphatic	chain,	and	indicates	a	negligible	role	

of	 the	 connectivity	 of	 the	 amide	 groups	 in	 the	 resulting	 helical	

orientation.	

On	the	other	hand,	pyreneimidazole	derivatives	are	shown	to	promote	

the	 self‐assembly	 of	 organogels	 with	 an	 unexpected	 blue‐emission.	

Theoretical	calculations	demonstrate,	in	synergy	with	the	experimental	

evidences,	 that	 the	 self‐assembly	 process	 is	 governed	 by	 the	 H‐bond	

interactions	between	imidazole	and	amide	groups	together	with	a	large	

number	of	CH൉൉൉π	interactions	between	the	aliphatic	chain	and	the	pyrene	
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aromatic	 core.	 The	 absence	 of	 π–π	 interactions	 between	 the	

pyreneimidazole	 cores	 allows	 explaining	 the	 preservation	 of	 the	 blue‐

emitting	features	exhibited	by	our	derivatives	upon	polymerization.	
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Capítulo	8.	Resumen	
 

8.1.	Introducción	

En	 los	 últimos	 años,	 la	 ciencia	 asociada	 a	 los	 nuevos	 materiales	

moleculares	 ha	 avanzado	 extraordinariamente,	 surgiendo	 un	 área	

interdisciplinar	que	requiere	principalmente	de	la	química	para	el	diseño	

y	caracterización,	de	la	física	para	el	estudio	de	las	propiedades,	y	de	la	

ingeniería	 para	 sus	 aplicaciones	 industriales.	 Una	 gran	mayoría	 de	 los	

compuestos	químicos	con	propiedades	ópticas	y	electrónicas	útiles	para	

su	 implementación	 en	 dispositivos	 optoelectrónicos	 pertenecen	 a	

arquitecturas	electroactivas	basadas	en	la	unión	de	una	entidad	rica	en	

densidad	 electrónica	 ሺdador	 o	 Dሻ	 y	 otra	 con	 deficiencia	 electrónica	

ሺaceptor	o	Aሻ.	Dicha	unión	puede	construirse	tanto	a	través	de	la	química	

covalente,	 por	 ejemplo	 mediante	 espaciadores	 π‐conjugados,	 como	

haciendo	 uso	 de	 la	 química	 supramolecular,	 en	 la	 que	 participan	

interacciones	no‐covalentes	como	los	enlaces	de	hidrógeno	o	las	fuerzas	

de	dispersión.	

Las	 arquitecturas	 covalentes	 dador–aceptor	 ሺo	 push–pullሻ	 han	 sido	

utilizadas	 como	 cromóforos	 en	muy	 distintas	 aplicaciones,	 tales	 como	

óptica	 no‐lineal,	 materiales	 piezoeléctricos	 y	 electro–ópticos,	 sondas	

fotocrómicas	y	solvocrómicas,	etc.,	entre	las	que	destaca	su	utilización	en	

celdas	 fotovoltaicas.	 Los	 colorantes	 push–pull	 son	 empleados	 en	 las	

denominadas	 celdas	 solares	 de	 tipo	 Grätzel,	 o	 celdas	 solares	

sensibilizadas	 por	 colorante	 ሺDSCsሻ,	 para	 transferir	 la	 energía	 que	

absorben	de	la	luz	solar	a	un	semiconductor	mediante	la	transferencia	de	

los	electrones	fotoexcitados.	El	bajo	coste,	la	versatilidad	química	y	el	bajo	
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impacto	 medioambiental	 constituyen	 las	 mayores	 ventajas	 de	 los	

colorantes	 puramente	 orgánicos	 frente	 a	 los	 análogos	 metálicos.	 Sin	

embargo,	sólo	unos	pocos	de	estos	cromóforos	orgánicos	son	capaces	de	

competir	 con	 las	 elevadas	 eficiencias	 obtenidas	 con	 los	 complejos	 de	

rutenioሺIIሻ.	

La	clave	para	conseguir	DSCs	con	eficiencias	crecientes	no	sólo	depende	

de	la	naturaleza	del	cromóforo,	sino	también	de	las	características	del	par	

electrolítico,	así	como	del	disolvente	y	de	la	topología	del	semiconductor.	

Recientes	estudios	han	demostrado	que	la	alta	eficiencia	obtenida	con	los	

colorantes	de	rutenio	tiene	en	parte	su	origen	en	el	número	de	grupos	

carboxílicos	 que	 pueden	 anclarse	 al	 semiconductor.	 Una	 mejor	

comprensión	del	efecto	multi‐anclaje	es,	por	tanto,	de	gran	interés	para	

el	diseño	de	nuevos	cromóforos	puramente	orgánicos	que	mejoren	 las	

eficiencias	obtenidas	en	DSCs.	

Mientras	el	proceso	de	 transferencia	de	carga	en	un	sistema	covalente	

dador–aceptor	 tiene	 lugar	 intramolecularmente,	 el	 proceso	 análogo	

ocurre	 de	 forma	 intermolecular	 en	 los	 sistemas	 conocidos	 como	

complejos	 supramoleculares	 dador–aceptor.	 La	 combinación	 de	 la	

versatilidad	química	para	sintetizar	sistemas	dadores	y	aceptores	con	la	

infinidad	 de	 posibilidades	 que	 brinda	 la	 química	 supramolecular,	 ha	

permitido	 la	 construcción	 de	 complejos	 dador–aceptor	 “host–guest”	

utilizados	en	el	reconocimiento	de	nanoformas	de	carbono	ሺfullerenos,	

nanotubos	 o	 fragmentos	 de	 fullerenoሻ	 y	 otras	 entidades	 químicas	 de	

interés.	 El	 diseño	 de	 complejos	 supramoleculares	 ayuda	 en	 última	

instancia	a	entender	el	origen	físico	de	las	 fuerzas	que	participan	en	el	

proceso	 de	 autoensamblaje,	 así	 como	 los	 mecanismos	 por	 los	 que	

transcurren	los	fenómenos	de	transferencia	de	carga.	



Capítulo 8. Resumen 

195 

El	 ensamblaje	 de	 sistemas	 químicos	 electroactivos	 mediante	 química	

supramolecular	para	la	generación	de	agregados	poliméricos	sienta	 las	

bases	de	la	química	de	polimerización	supramolecular.	Al	contrario	que	

la	 polimerización	 covalente,	 en	 la	 cual	 las	 unidades	 químicas	 se	 unen	

mediante	enlaces	covalentes,	 la	polimerización	supramolecular	se	basa	

en	el	crecimiento	direccional	de	entidades	moleculares	discretas	unidas	

a	 través	 de	 interacciones	 no‐covalentes.	 Debido	 a	 sus	 propiedades	 de	

emisión	 de	 luz,	 transferencia	 de	 energía	 y	 carga,	 y	 conductividad	

eléctrica,	 el	 uso	 de	 los	 polímeros	 supramoleculares	 como	 materiales	

reciclables,	 degradables,	 sensibles	 a	 estímulos	 externos	 y	

autorreparables	está	cada	vez	más	extendido.	

La	química	supramolecular	de	materiales	poliméricos,	a	su	vez,	abre	las	

puertas	al	estudio	de	una	característica	fundamental	de	la	materia	viva	y	

la	naturaleza:	la	quiralidad.	El	fenómeno	de	la	quiralidad	es	muy	habitual,	

encontrándose	 en	 sistemas	 de	 dimensiones	 tan	 distintas	 como	 las	

moléculas,	 los	 virus,	 los	 caracoles,	 las	 enredaderas	 o	 incluso	 nuestra	

propia	 galaxia.	 Sin	 embargo,	 los	 fenómenos	 físicos	 que	 originan	 y	

promocionan	 una	 entidad	 quiral	 frente	 a	 su	 imagen	 especular	 siguen	

siendo	 un	 misterio.	 Dentro	 de	 la	 química	 supramolecular,	 el	

autoensamblaje	tiene	lugar	a	través	de	la	organización	autónoma	de	los	

componentes	moleculares.	A	pesar	de	que	la	quiralidad	supramolecular	

está	fuertemente	relacionada	con	la	presencia	de	componentes	quirales	

en	 las	 moléculas,	 entidades	 aquirales	 también	 pueden	 producir	

superestructuras	 quirales	 a	 través	 del	 autoensamblaje.	 El	 diseño	 y	

estudio	 de	 nuevos	 polímeros	 supramoleculares	 es,	 por	 tanto,	 esencial	

para	comprender	y	profundizar	en	el	fenómeno	de	la	autoagregación	y	el	

origen	de	la	quiralidad.	
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8.2.	Objetivos	

La	 presente	 Tesis	 se	 ha	 dividido	 en	 tres	 partes	 de	 acuerdo	 con	 los	

Capítulos	en	los	que	se	ha	desarrollado	la	exposición	de	los	resultados.	

Los	objetivos	dentro	de	cada	Capítulo	se	resumen	de	la	forma	que	sigue	

ሺlas	estructuras	de	los	distintos	compuestos	se	muestran	en	las	figuras	

correspondientes	en	cada	secciónሻ.	

Arquitecturas	dador–aceptor	covalentes:	

 Caracterización	 de	 las	 propiedades	 ópticas,	 electrónicas	 y	 de	

anclaje	 al	 semiconductor	 del	 regioisómero	 de	 exTTF‐DCF	 que	

permita	una	mayor	eficiencia	en	celdas	solares	de	tipo	Grätzel.	

 Determinación	de	 las	características	de	absorción	en	derivados	

dador–aceptor	di‐ramificados	de	hemiexTTF.	Cálculo	del	 efecto	

de	 la	 naturaleza	 del	 espaciador‐π	 ሺbenceno	 o	 EDOTሻ	 en	 las	

propiedades	ópticas	del	cromóforo.	

 Inspección	teórica	de	los	aspectos	energéticos	y	geométricos	de	

los	 distintos	 tipos	 de	 anclaje	 de	 un	 colorante	 di‐ramificado	 de	

hemiexTTF	en	una	superficie	de	TiO2.	Determinación	del	modo	

preferencial	 de	 anclaje	 ሺsimple	 vs.	 doble,	 monodentado	 vs.	

bidentadoሻ	y	los	efectos	de	dicho	modo	en	la	eficiencia	final	del	

dispositivo	fotovoltaico.	

Complejos	dador–aceptor	supramoleculares:	

 Descripción	químico–cuántica	 de	 las	 fuerzas	 no‐covalentes	 que	

gobiernan	el	reconocimiento	supramolecular	de	un	huésped	de	

fullereno	por	anfitriones	de	metaloporfirina:	efecto	del	metal.	

 Cuantificación	 de	 las	 fuerzas	 no‐covalentes	 y	 del	 efecto	 de	

cooperatividad	que	dan	lugar	al	reconocimiento	supramolecular	
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entre	anfitriones	de	porfirina	ditópicos	y	un	derivado	de	fullereno	

en	complejos	de	estequiometría	1:2.	

 Caracterización	teórica	de	las	distintas	estructuras	posibles	para	

agregados	 dador–aceptor	 de	 truxTTF	 con	 una	 serie	 de	

fragmentos	de	fullereno	de	distinto	tamaño.	

 Determinación	de	 las	propiedades	ópticas	y	 electrónicas	de	 los	

complejos	 de	 truxTTF•buckybowl	 que	 permitan	 explicar	 el	

proceso	 de	 transferencia	 electrónica	 supramolecular	 tras	 la	

fotoexcitación.	

Polímeros	supramoleculares:		

 Caracterización	 teórica	 de	 las	 fuerzas	 que	 originan	 el	

autoensamblaje	cooperativo	en	derivados	trisamida	discóticos.	

 Asignación	 de	 la	 orientación	 helicoidal	 del	 polímero	

supramolecular	 en	 función	 de	 la	 cadena	 alifática	 quiral	 y	 la	

conectividad	de	los	grupos	amida	al	esqueleto	bencénico.	

 Determinación	 de	 la	 naturaleza	 de	 las	 interacciones	 no‐

covalentes	 que	 gobiernan	 el	 autoensamblaje	 en	 derivados	 de	

pirenoimidazol:	 predicción	 de	 la	 estructura	 de	 los	 agregados	 y	

justificación	de	las	propiedades	ópticas.	

	

8.3.	Metodología	

Para	lograr	los	objetivos	de	la	presente	Tesis,	se	ha	hecho	uso	extensivo	

de	 cálculos	 químico–cuánticos	 y	 de	mecánica	molecular,	 además	 de	 la	

serie	de	técnicas	computacionales	y	herramientas	de	modelización	que	se	

resumen	a	continuación.	
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La	teoría	del	funcional	de	la	densidad	ሺDFTሻ	ha	sido	el	marco	general	en	

el	que	se	ha	desarrollado	la	investigación	teórica	expuesta	en	la	presente	

Tesis.	Tanto	las	optimizaciones	de	geometría	como	los	cálculos	puntuales	

de	 energía	 se	 han	 realizado	 utilizando	 los	 funcionales	 de	 la	 densidad	

detallados	en	cada	caso.	En	función	del	tamaño	del	sistema	a	tratar,	así	

como	de	la	exactitud	en	ሺy	la	complejidad	deሻ	la	propiedad	a	calcular,	se	

ha	hecho	una	elección	razonada	del	funcional	atendiendo	a	su	rango	de	

acuerdo	con	la	famosa	escala	de	Jacob	propuesta	por	Perdew	en	el	2000.	

Asimismo,	 los	 cálculos	 de	 propiedades	 ópticas	 se	 han	 llevado	 a	 cabo	

mediante	la	teoría	DFT	dependiente	del	tiempo	ሺTDDFTሻ.	

En	 particular,	 el	 funcional	 híbrido	 B3LYP	 se	 ha	 utilizado	 para	 la	

optimización	de	sistemas	covalentemente	unidos,	como	los	descritos	en	

el	Capítulo	4.	El	funcional	B3LYP	también	se	ha	usado	para	realizar	los	

cálculos	de	frecuencias	y	la	predicción	de	las	propiedades	ópticas,	tanto	

en	 los	 compuestos	dador–aceptor	 covalentes	 ሺCapítulo	4ሻ	 como	en	 los	

complejos	supramoleculares	ሺCapítulo	5	y	6ሻ.	Para	la	optimización	de	los	

sistemas	 supramoleculares	 descritos	 mediante	 interacciones	 no‐

covalentes,	 se	 ha	 usado	 la	 aproximación	 de	 Grimme	 ሺ–D,	 o	 su	 última	

versión	–D3ሻ	acoplada	a	funcionales	puros	GGA	como	el	B97	o	híbridos	

como	el	revPBE0.	Finalmente,	el	funcional	híbrido	meta‐GGA	MPWB1K	se	

ha	empleado	en	la	determinación	cuantitativa	de	la	energía	de	asociación	

y	momento	dipolar	en	los	agregados	helicoidales	de	trisamida	ሺSección	

6.2.1ሻ.	

El	conjunto	de	funciones	de	base	necesario	en	cualquier	cálculo	DFT	ha	

sido	elegido	para	conseguir	una	relación	precisión–coste	computacional	

lo	más	 alta	 posible.	 En	 líneas	 generales,	 se	 han	 utilizado	 conjuntos	 de	

funciones	 de	 base	 doble	 o	 triple‐ζ	 de	 valencia	 para	 optimizaciones	 de	
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geometría	 y	 cálculos	 puntuales	 de	 energía.	 Además,	 se	 han	 utilizado	

pseudopotenciales	para	la	descripción	de	la	parte	electrónica	interna	en	

elementos	 con	 un	 elevado	 número	 atómico,	 como	 son	 los	 metales	 de	

transición	en	el	modelizado	del	semiconductor	de	TiO2	ሺCapítulo	4ሻ	y	de	

metaloporfirinas	ሺCapítulo	5ሻ.	

En	los	casos	donde	el	tamaño	del	sistema	ha	hecho	inaccesible	el	uso	de	

la	 metodología	 DFT	 para	 la	 exploración	 inicial	 de	 las	 estructuras	

geométricas,	por	ejemplo	en	los	agregados	supramoleculares	basados	en	

porfirina	 con	 fullereno	 ሺCapítulo	 5ሻ,	 el	 uso	 de	métodos	 semiempíricos	

ሺPM7ሻ	ha	permitido	el	cálculo	computacional	a	un	coste	asumible.	En	el	

Capítulo	6,	se	ha	utilizado	la	mecánica	molecular	y	el	campo	de	fuerzas	

general	MM3	para	el	cálculo	de	los	polímeros	supramoleculares	ሺmás	de	

1000	átomosሻ.	Este	campo	de	fuerzas	también	se	ha	usado	para	entender	

la	evolución	de	los	polímeros	supramoleculares	helicoidales	en	función	

del	tiempo	ሺCapítulo	6ሻ	mediante	cálculos	de	dinámica	molecular.	En	una	

simulación	 de	 dinámica	 molecular,	 la	 resolución	 numérica	 de	 las	

ecuaciones	 de	 movimiento	 de	 Newton	 permite	 determinar	 las	

trayectorias	 de	 los	 átomos	 y	moléculas	 en	 función	 del	 tiempo.	 Para	 el	

cálculo	 de	 las	 dinámicas	 moleculares	 se	 ha	 empleado	 el	 algoritmo	 de	

Verlet.	

Por	otro	lado,	la	dinámica	molecular	clásica	no	permite	dar	una	solución	

para	la	modelización	de	sistemas	que	implican	la	ruptura	y	formación	de	

enlaces	químicos	ሺCapítulo	4ሻ.	Para	ello,	 se	ha	empleado	una	dinámica	

molecular	ab	initio	con	el	algoritmo	de	Car–Parrinello,	el	cual	considera	

el	 comportamiento	 electrónico	 a	 través	 de	 la	 simulación	 mediante	

métodos	 químico–cuánticos.	 En	 concreto,	 el	 método	 Car–Parrinello	

introduce	 explícitamente	 los	 grados	 de	 libertad	 electrónicos	 como	
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variables	dinámicas	ሺficticiasሻ,	donde	los	grados	de	libertad	nucleares	se	

propagan	 mediante	 fuerzas	 iónicas	 tras	 la	 resolución	 del	 problema	

electrónico	en	cada	iteración.	

Las	 condiciones	 de	 entorno	 de	 disolvente	 en	 los	 cálculos	 químico–

cuántico	se	han	introducido	utilizando	modelos	de	continuo.	Un	modelo	

de	disolvente	continuo	consiste	en	la	descripción	del	disolvente	como	un	

dieléctrico	 homogéneo	 alrededor	 del	 soluto.	 En	 estos	 modelos,	 la	

interacción	soluto–disolvente	se	calcula	a	través	del	denominado	campo	

de	reacción,	el	cual	se	introduce	como	un	potencial	de	reacción	a	modo	

de	perturbación	dentro	del	Hamiltoniano.	De	entre	los	métodos	de	campo	

de	 reacción	 más	 utilizados,	 se	 ha	 hecho	 uso	 del	 modelo	 continuo	

polarizable	 ሺPCMሻ	y	del	modelo	basado	 en	 la	densidad	 electrónica	del	

soluto	ሺSMDሻ.	

Con	 el	 fin	 de	 simular	 las	 condiciones	 periódicas	 necesarias	 para	 un	

semiconductor	 sólido	 ሺCapítulo	 4ሻ	 o	 un	 polímero	 supramolecular	

unidimensional	 ሺCapítulo	6ሻ,	 se	han	utilizado	 condiciones	de	 contorno	

periódicas	ሺPBCሻ.	Esta	herramienta	computacional	permite	modelizar	un	

sistema	continuo	mediante	la	replicación	de	una	pequeña	parte	llamada	

celda	 unidad.	 Las	 condiciones	 de	 contorno	 periódicas	 se	 usan	

ampliamente	en	dinámica	molecular	para	evitar	problemas	de	efectos	de	

frontera	 provocados	 por	 la	 naturaleza	 finita	 del	 sistema	 modelizado	

mediante	la	creación	de	una	representación	similar	al	infinito.	

Por	 último,	 se	 han	 utilizado	 herramientas	 computacionales	 específicas	

para	una	mejor	comprensión	de	las	interacciones	no‐covalentes	que	rigen	

el	 autoensamblaje	 supramolecular.	 Por	 ejemplo,	 la	 teoría	 de	

perturbaciones	de	simetría	adaptada	ሺSAPTሻ	ha	permitido	la	partición	de	

la	 energía	 intermolecular	 entre	 dos	 entidades	 moleculares	 en	 un	
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agregado	supramolecular	ሺCapítulo	5ሻ.	Asimismo,	el	índice	no‐covalente	

ሺNCIሻ	desarrollado	por	Contreras	y	colaboradores	se	ha	empleado	en	la	

descripción	 y	 racionalización	 de	 las	 interacciones	 involucradas	 en	 la	

polimerización	 supramolecular	 de	 derivados	 de	 pirenoimidazol	

ሺCapítulo	6ሻ.	

	

8.4.	Arquitecturas	dador–aceptor	covalentes	

En	 este	 Capítulo,	 se	 ha	 llevado	 a	 cabo	 la	 caracterización	 teórica	 de	

sistemas	 dador–aceptor	 basados	 en	 las	 unidades	 dadoras	 de	 exTTF	 y	

hemiexTTF	para	su	uso	como	colorantes	en	celdas	solares	tipo	DSC.	En	

concreto,	 se	 han	 analizado	 las	 propiedades	 ópticas	 y	 electrónicas	 de	

derivados	de	exTTF‐TCF	en	los	que	se	sustituye	un	grupo	ciano	por	un	

grupo	 de	 anclaje	 eficiente	 carboxílico.	 Asimismo,	 se	 han	 estudiado	

análogos	di‐ramificados	derivados	del	hemiexTTF	donde	se	ha	analizado	

la	 naturaleza	 del	 espaciador	 π	 ሺbenceno	 o	 EDOTሻ	 y	 su	 efecto	 en	 las	

propiedades	ópticas	del	cromóforo.	Por	último,	se	han	determinado	las	

implicaciones	 de	 los	 posibles	modos	 de	 anclaje	 ሺmono	 vs.	 di‐dentado;	

simple	vs.	dobleሻ	en	colorantes	di‐ramificados,	y	sus	consecuencias	en	la	

eficiencia	final	del	dispositivo	fotovoltaico.	

8.4.1.	Cromóforos	de	exTTF	mono‐ramificados	

En	 esta	 Sección,	 se	 ha	 realizado	 el	 estudio	 teórico	 sobre	 cromóforos	

dador‐π‐aceptor	basados	en	la	unidad	dadora	de	electrones	de	exTTF	y	la	

unidad	 aceptora	 de	 tricianofurano	 ሺTCFሻ	 sustituida	 con	 un	 grupo	

cianoacrílico	ሺderivados	exTTF‐DCFሻ	para	investigar	su	potencial	como	

colorantes	 en	 DSCs	 ሺFigura	 1ሻ.	 Los	 resultados	 teóricos	 indican	 que	 el	

grupo	carboxílico	no	sólo	es	más	apropiado	para	el	anclaje	del	colorante	
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al	semiconductor,	sino	que	también	favorece	la	inyección	de	carga	hacia	

el	 dispositivo	 dada	 su	 mayor	 capacidad	 para	 acumular	 densidad	

electrónica.	 Los	 tres	 posibles	 regioisómeros	 del	 exTTF‐DCF	 absorben	

intensamente	 la	 radiación	 en	 todo	 el	 espectro	 visible,	

independientemente	de	la	posición	en	la	que	se	introduzca	el	grupo	de	

anclaje	 carboxílico.	 La	 absorción	 en	 todo	 el	 visible	 es	 debida	 a	 las	

transiciones	de	transferencia	de	carga	de	baja	energía	que	tienen	lugar	

entre	 la	 unidad	 dadora	 de	 exTTF	 y	 la	 unidad	 aceptora	 π‐conjugada,	 a	

semejanza	de	su	análogo	de	exTTF‐TCF.	

	

Figura	 1.	 aሻ	 Representación	 esquemática	 de	 los	 tres	 regioisómeros	 posibles	

estudiados	por	sustitución	de	un	grupo	ciano	en	la	unidad	de	TCF	del	exTTF‐TCF	

por	un	ácido	carboxílico	ሺA,	B	o	Cሻ.	bሻ	Vista	lateral	de	la	estructura	de	mínima	

energía	para	el	regioisómero	exTTF‐DCF‐A.	

El	 proceso	 de	 adsorción	 del	 exTTF‐DCF	 sobre	 la	 superficie	 del	

semiconductor	 se	 ha	 estudiado	 mediante	 cálculos	 de	 estado	 sólido	

periódicos	 utilizando	 el	 algoritmo	 de	 Car–Parrinello.	 Los	 cálculos	

teóricos	demuestran	que	hay	diferencias	importantes	en	la	distancia	que	

separa	la	unidad	dadora	de	exTTF	y	la	superficie	de	TiO2	en	función	de	la	

posición	en	que	se	introduzca	el	grupo	carboxílico,	sugiriendo	uno	sólo	

de	 los	 derivados	 de	 exTTF‐DCF	 ሺel	 exTTF‐DCF‐A,	 Figura	 1ሻ	 como	 el	

óptimo	para	su	uso	como	colorante	en	DSCs.	Dicho	derivado,	debido	a	su	
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disposición	 cuasi‐perpendicular	 con	 respecto	 a	 la	 superficie	 de	 TiO2,	

permitiría	reducir	los	procesos	de	recombinación	de	carga	y	provocaría	

un	aumento	del	voltaje	de	circuito	abierto	en	el	dispositivo.	Asimismo,	el	

fenómeno	 indeseado	 de	 la	 autoagregación	 quedaría	 prevenido	 por	 la	

particular	forma	de	mariposa	que	posee	la	unidad	dadora	de	exTTF.	El	

exTTF‐DCF‐A	 muestra,	 por	 tanto,	 unas	 propiedades	 ópticas	 y	 de	

adsorción	idóneas	para	su	utilización	como	colorante	en	celdas	solares	

tipo	DSC.	

8.4.2.	Cromóforos	de	hemiexTTF	di‐ramificados	

Inspirados	por	las	recientes	evidencias	sobre	la	importancia	del	número	

de	grupos	de	anclaje	del	colorante	en	el	rendimiento	de	un	dispositivo	

DSC,	hemos	diseñado,	en	colaboración	con	el	grupo	experimental	del	Prof.	

Nazario	 Martín,	 una	 serie	 de	 díadas	 dador–aceptor	 basadas	 en	 la	

molécula	 dadora	 de	 exTTF	 poseyendo	 dos	 ramas	 de	 anclaje	 electron‐

aceptoras.	En	primer	 lugar,	 exploramos	 las	propiedades	 electrónicas	 y	

ópticas	de	cromóforos	en	los	que	el	fragmento	dador	de	10‐ሺ1,3‐ditiol‐2‐

ilidenሻ‐antraceno	ሺhemiexTTFሻ	se	ha	combinado	con	unidades	aceptoras	

de	 dicianovinileno	 ሺDCVሻ	 a	 través	 de	 puentes	 conjugados	 de	 benceno	

ሺPhሻ	o	3,4‐etilendioxitiofeno	ሺEDOTሻ	—Figura	2—.	
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Figura	2.	Estructura	química	de	los	cromóforos	push–pull	basados	en	la	unidad	

de	hemiexTTF	incorporando	dos	tipos	de	espaciadores	π:	un	fenilo	ሺhemiexTTF‐

Ph‐DCV,	izquierdaሻ	y	un	grupo	EDOT	ሺhemiexTTF‐EDOT‐DCV,	derechaሻ.	

Los	cálculos	teóricos	predicen	estructuras	muy	distorsionadas	tipo	silla	

de	 montar,	 en	 las	 cuales	 el	 antraceno	 central	 se	 dispone	 en	 una	

conformación	 de	 bote	 y	 las	 unidades	 laterales	 se	 pliegan	 en	 dirección	

contraria,	de	forma	similar	a	las	estructuras	obtenidas	para	los	derivados	

de	exTTF.	Los	derivados	de	hemiexTTF‐Ph‐DCV	y	hemiexTTF‐EDOT‐DCV	

presentan	una	elevada	absorción	en	todo	el	espectro	visible	debido	a	las	

transiciones	electrónicas	de	transferencia	de	carga	de	baja	energía	que	

tienen	 lugar	 entre	 la	unidad	dadora	 y	 aceptora.	 Estas	 transiciones	 son	

muy	intensas	debido	al	solapamiento	efectivo	existente	entre	los	niveles	

HOMO	y	HOMOെ1,	localizados	en	la	unidad	dadora	de	hemiexTTF,	y	los	

niveles	LUMO	y	LUMO൅1,	localizados	en	las	ramas	aceptoras,	implicados	

en	dichas	transiciones.	

8.4.3.	Modos	de	adsorción	de	anclaje	simple	vs.	doble	

Dadas	 las	 excelentes	 propiedades	 de	 absorción	 mostradas	 por	 los	

colorantes	 di‐ramificados	 basados	 en	 el	 hemiexTTF,	 en	 una	 segunda	

etapa	 se	 sustituyeron	 las	 unidades	 aceptoras	 de	 dicianovinileno	 por	
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unidades	 aceptoras	 de	 anclaje	 cianoacrílicas.	 Los	 cálculos	 teóricos	

indican	 que	 estos	 sistemas	 poseen	 bandas	 de	 transferencia	 de	 carga	

intramolecular	 a	 bajas	 energías,	 que	 determinan	 una	 intensa	 y	 amplia	

absorción	en	todo	el	espectro	visible,	en	analogía	con	los	cromóforos	de	

hemiexTTF‐π‐DCV.	Si	bien	los	experimentos	de	infrarrojo	indicaban	que	

estos	nuevos	cromóforos	se	anclan	a	la	superficie	del	semiconductor	de	

TiO2	mediante	un	modo	de	adsorción	doble,	el	modo	de	coordinación	de	

cada	grupo	carboxílico	al	semiconductor	no	se	pudo	elucidar	de	 forma	

inequívoca.	Con	el	 fin	de	determinar	dicho	modo	de	coordinación	y	 las	

implicaciones	 que	 el	 modo	 de	 adsorción	 di‐anclaje	 tiene	 en	 el	

rendimiento	de	 la	DSC	ሺFigura	3ሻ,	 se	ha	 llevado	a	cabo	una	exhaustiva	

investigación	 teórica	 sobre	 cromóforos	 di‐anclaje	modelo	 combinando	

cálculos	de	primeros	principios	DFT	y	dinámica	molecular	ab	initio.	

	

Figura	 3.	 Representación	 gráfica	 de:	 aሻ	 los	 tres	 modos	 de	 coordinación	

principales	 del	 grupo	 carboxílico/carboxilato	 ሺmonodentados	 M1	 y	 M2,	 y	

bidentado	BBሻ,	y	bሻ	los	dos	modos	de	adsorción	posibles	para	un	cromóforo	di‐

ramificado	en	DSCs.	
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En	primer	lugar,	el	análisis	de	las	frecuencias	calculadas	teóricamente	ha	

permitido	 la	 asignación	 inequívoca	 de	 los	 modos	 característicos	 del	

grupo	 CO	 en	 los	 espectros	 experimentales	 publicados	 por	 Bouit	 y	

colaboradores.	Así,	los	cálculos	teóricos	indican	inequívocamente	que	los	

cromóforos	 de	 hemiexTTF	 con	 grupos	 carboxílicos	 se	 anclan	 sobre	 el	

conductor	mediante	una	unión	monodentada.	

Con	el	fin	de	esclarecer	el	orden	energético	de	las	diferentes	estructuras	

posibles	para	el	sistema	colorante•TiO2,	se	ha	modelizado	un	sistema	di‐

ramificado	unido	a	una	superficie	de	anatasa	ሺ101ሻ	usando	condiciones	

de	 contorno	 periódicas.	 De	 entre	 todas	 las	 estructuras	 calculadas,	 la	

conformación	monodentada	de	anclaje	doble	ሺM1‐M1ሻ	es	la	más	estable.	

Además,	 dinámicas	 moleculares	 Car–Parrinello	 indican	 que,	 a	

temperatura	 ambiente,	 los	 enlaces	 de	 hidrógeno	 entre	 el	 grupo	

carboxílico	y	el	semiconductor	se	pueden	romper	y	formar	con	facilidad.	

La	consecución	de	la	dinámica	permitió	confirmar	que	la	conformación	

de	di‐anclaje	monodentada	M1‐M1	es	la	más	estable,	y	que	supera	en	más	

de	13	kcal	molെ1	en	estabilidad	al	resto	de	conformaciones	posibles,	en	

buen	acuerdo	con	las	evidencias	experimentales.	

Por	último,	el	análisis	de	la	densidad	de	estados	proyectada	nos	permite	

concluir	que	los	modos	de	adsorción	de	anclaje	doble	desplazan	la	banda	

de	conducción	del	TiO2	a	energías	ligeramente	más	altas	que	los	modos	

de	anclaje	simple.	Este	desplazamiento	provoca	un	incremento	del	voltaje	

de	circuito	abierto,	dando	lugar	a	mayores	eficiencias	de	conversión	en	

DSCs.	Por	otro	lado,	la	existencia	de	dos	bandas	LUMO	cuasi‐degeneradas,	

correspondientes	a	las	dos	ramas	de	anclaje	idénticas	del	colorante,	da	

lugar	 a	 una	 mayor	 interacción	 con	 el	 semiconductor	 en	 el	 modo	 di‐



Capítulo 8. Resumen 

207 

anclaje,	lo	cual	permitiría	una	inyección	electrónica	más	eficiente	y	una	

mejora	en	el	rendimiento	del	dispositivo.	

	

8.5.	Complejos	dador–aceptor	supramoleculares	

En	 este	 Capítulo,	 se	 han	 investigado	 una	 serie	 de	 compuestos	

monotópicos	 y	ditópicos	 de	porfirina	 utilizados	 como	 receptores	 en	 el	

reconocimiento	 supramolecular	 de	 derivados	 del	 fullereno	 C60.	

Asimismo,	se	ha	estudiado	la	formación	de	agregados	supramoleculares	

dador–aceptor	 entre	 el	 dador	 de	 electrones	 truxTTF	 y	 fragmentos	 de	

fullereno	 de	 distinto	 tamaño.	 Estos	 sistemas	 presentan	 propiedades	

interesantes	de	transferencia	electrónica	fotoinducida.	Mediante	cálculos	

de	primeros	principios,	se	ha	caracterizado	la	naturaleza	e	intensidad	de	

las	 fuerzas	 que	 gobiernan	 el	 proceso	 de	 asociación,	 y	 el	 origen	 de	 la	

transferencia	de	carga	supramolecular	que	ocurre	tras	la	fotoexcitación.	

8.5.1.	Efecto	del	átomo	metálico:	ensamblajes	monotópicos	de	
porfirina•C60	

Se	 ha	 llevado	 a	 cabo	 la	 investigación	 teórica	 de	 una	 serie	 de	 nuevos	

complejos	 cup‐and‐ball	 metaloporfirina•fullereno	 en	 colaboración	 con	

los	 grupos	 liderados	 por	 los	 Profs.	 Nazario	 Martín	 y	 Jean‐François	

Nierengarten,	con	el	fin	de	arrojar	luz	sobre	la	naturaleza	y	fuerza	de	las	

interacciones	 no‐covalentes	 que	 gobiernan	 el	 autoensamblaje	

supramolecular	 de	 derivados	 de	 fullereno	 con	 porfirinas	

metalosustituidas.	 Los	 complejos	 estudiados	 se	 generan	 a	 partir	 de	 la	

unión	 supramolecular	 de	 un	 derivado	 del	 metanoሾ60ሿfullereno	 con	

sistemas	 conjugados	 de	 porfirina–éter	 corona	 incorporando	 como	

átomos	centrales	2H,	Co,	Ni,	Cu	y	Zn	ሺFigura	4ሻ.	
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Figura	4.	Estructura	química	del	huésped	de	metanoሾ60ሿfullereno	1	ሺizquierdaሻ,	

el	receptor	de	metaloporfirina	2‐M	ሺcentroሻ,	y	el	complejo	supramolecular	host–

guest	2‐M•1	ሺderechaሻ.	M	puede	ser:	2H,	Co,	Ni,	Cu,	Zn.	

Los	cálculos	teóricos	en	los	complejos	de	porfirina•fullereno	indican	que	

la	asociación	 supramolecular	 se	origina	por	dos	 interacciones	 clave:	 la	

interacción	metal–C60	y	los	enlaces	NH൉൉൉O	entre	el	grupo	amonio	y	el	éter	

corona.	Asimismo,	los	cálculos	teóricos	muestran	que	las	interacciones	de	

tipo	dispersión	CH൉൉൉π	entre	los	tert‐butilos	de	los	anillos	bencénicos	de	

la	 porfirina	 y	 la	 nube	 π	 del	 fullereno	 también	 contribuyen,	 aunque	 en	

menor	 medida,	 a	 la	 complejación	 supramolecular.	 La	 energía	 de	

asociación	 calculada	 para	 los	 distintos	 asociados	 indica	 que	 la	

complejación	 es	 más	 eficiente	 a	 medida	 que	 el	 metal	 posee	 mayor	

densidad	 electrónica,	 siendo	 sin	 embargo	 el	 complejo	 con	 Co	 el	 más	

estable.	

Teniendo	 en	 cuenta	 que	 el	 C60	 interacciona	 con	 la	 porfirina	

fundamentalmente	a	 través	de	uno	de	 los	dobles	enlaces	ሾ6,6ሿ	ricos	en	

electrones,	decidimos	modelizar	un	sistema	supramolecular	simplificado	

de	porfirina	interaccionando	con	una	molécula	de	etileno.	Los	cálculos	de	

alta	precisión	sobre	este	modelo	han	permitido	establecer	una	relación	

inversa	 entre	 la	 distancia	 metal–etileno	 y	 la	 energía	 de	 asociación	 de	
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acuerdo	 con	 el	 siguiente	 orden	 ሺde	mayor	 a	menor	 distanciaሻ	 para	 la	

sustitución	metálica:	Ni	൐	Cu	൐	Zn	൐	Co.	

Cálculos	 químico–cuánticos	 usando	 la	 teoría	 de	 perturbaciones	 de	

simetría	 adaptada	 ሺSAPTሻ	muestran	que	 el	 complejo	 con	porfirina	no‐

metalada	se	estabiliza	en	mayor	medida	gracias	a	fuerzas	de	dispersión.	

Para	los	complejos	de	porfirina	con	sustitución	metálica,	la	contribución	

electrostática	 a	 la	 estabilización	 del	 complejo	 aumenta	 y	 se	 hace	

predominante,	especialmente	para	el	ensamblaje	con	porfirina	de	Zn.	

8.5.2.	Cooperatividad	en	complejos	ditópicos	de	porfirina•C60	

Tomando	como	referencia	el	conocimiento	adquirido	en	el	estudio	de	los	

sistemas	descritos	sobre	derivados	monotópicos	de	metaloporfirina	con	

fullereno,	 decimos	 llevar	 a	 cabo	 una	 investigación	 sobre	 dos	 nuevos	

análogos	ditópicos	de	porfirina	para	su	complejación	con	fullereno.	Este	

trabajo	 se	 realizó	 en	 colaboración	 con	 los	 grupos	 experimentales	

dirigidos	por	los	Profs.	Nazario	Martín	y	Jean‐François	Nierengarten.	

En	 primer	 lugar,	 las	 estructuras	 de	 mínima	 energía	 indican	 que	 el	

ensamblaje	supramolecular	entre	las	entidades	ditópicas	de	porfirina	con	

el	derivado	de	metanoሾ60ሿfullereno	se	origina	a	través	de	interacciones	

metaloporfirina–C60	y	NH൉൉൉O	ሺFigura	5	y	Figura	6ሻ,	en	analogía	con	los	

resultados	 obtenidos	 con	 los	 homólogos	 monotópicos	 descritos	 en	 el	

apartado	anterior.	Tras	la	incorporación	del	primer	huésped	de	fullereno,	

la	mitad	porfirínica	más	alejada	se	acomoda	espacialmente	para	intentar	

interaccionar	con	el	fullereno,	bien	mediante	interacciones	CH൉൉൉π	en	el	

derivado	 meso–meso	 o	 a	 través	 de	 contactos	 π–π	 en	 el	 tape.	 La	

introducción	del	huésped	de	fullereno	produce,	a	su	vez,	una	disminución	

en	 la	 densidad	 electrónica	 de	 la	 porfirina	 no‐interaccionante,	

permitiendo	 explicar	 la	 cooperatividad	 negativa	 obtenida	
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experimentalmente	para	estos	complejos	tras	la	inclusión	de	la	segunda	

unidad	fullerénica.	

	

Figura	 5.	 Estructura	 química	 ሺizquierdaሻ	 y	 geometría	 de	 mínima	 energía	

calculada	 a	 nivel	 B97‐D3/ሺ6‐31G**൅LANL2DZሻ	 ሺderechaሻ	 para	 el	 ensamblaje	

supramolecular	del	receptor	ditópico	de	porfirina	meso–meso	3	con	una	y	dos	

moléculas	de	huésped	de	fullereno	1.	

Las	 estructuras	 de	 mínima	 energía	 calculadas	 para	 el	 agregado	 de	

estequiometría	1:2	muestran	distancias	entre	los	dos	fullerenos	de	3.7	Å	

en	 la	 porfirina	 meso–meso,	 a	 expensas	 de	 distorsiones	 entre	 las	 dos	

mitades	 porfirínicas	 fuera	 de	 la	 perpendicularidad	 ሺFigura	 5ሻ.	 En	 el	

agregado	 de	 porfirina	 tape,	 la	 introducción	 del	 segundo	 huésped	 de	

fullereno	puede	dar	lugar	a:	una	conformación	en	la	que	las	dos	bolas	de	

fullereno	se	sitúan	en	el	mismo	lado	ሺdisposición	synሻ,	u	otra	en	la	que	las	

dos	 bolas	 se	 sitúan	 en	 lados	 opuestos	 del	 plano	 generado	por	 la	 cinta	

porfirínica	ሺdisposición	antiሻ	—Figura	6—.	El	análisis	teórico	de	ambas	

conformaciones	 indica	 que	 la	 presencia	 de	 una	 interacción	 π–π	
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estabilizante	entre	los	dos	fullerenos	es	la	causa	fundamental	de	la	mayor	

estabilidad	encontrada	para	el	complejo	syn.	Dicha	interacción	reduciría	

la	 cooperatividad	negativa	 en	 la	 introducción	de	 la	 segunda	unidad	de	

fullereno	 en	 la	 porfirina	 tape,	 tal	 y	 como	 sugieren	 las	 evidencias	

experimentales.	

	

Figura	 6.	 Estructura	 química	 ሺizquierdaሻ	 y	 geometría	 de	 mínima	 energía	

calculada	 a	 nivel	 B97‐D3/ሺ6‐31G**൅LANL2DZሻ	 ሺderechaሻ	 para	 el	 ensamblaje	

supramolecular	del	receptor	ditópico	de	porfirina	tape	4	con	una	y	dos	moléculas	

de	huésped	de	fullereno	1.	

La	 energía	 de	 asociación	 ሺEbindሻ	 calculada	 teóricamente	 para	 los	

agregados	supramoleculares	demuestra	que	la	incorporación	del	primer	

huésped	de	fullereno	en	la	porfirina	meso–meso	da	lugar	a	una	elevada	
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estabilización	 originada	 en	 gran	medida	 por	 los	 contactos	 NH൉൉൉O	 y	 la	

interacción	porfirina–fullereno.	Tras	la	inclusión	de	la	segunda	molécula	

huésped,	 la	 Ebind	 aproximadamente	 se	 duplica.	 El	 estudio	 teórico	

comparativo	de	las	energías	de	asociación	entre	los	complejos	ditópicos	

de	porfirina	meso–meso	y	tape	permiten	concluir	que	la	incorporación	de	

la	 primera	 molécula	 de	 fullereno	 está	 más	 favorecida	 en	 la	 porfirina	

meso–meso,	 mientras	 que	 la	 inclusión	 del	 segundo	 huésped	 es	 más	

favorable	 en	 la	 porfirina	 tape.	 Dichos	 resultados	 están	 en	 perfecto	

acuerdo	 con	 las	 constantes	 de	 asociación	medidas	 experimentalmente	

para	los	agregados	supramoleculares	descritos.	

8.5.3.	El	complejo	supramolecular		truxTTF•hemifullereno	

La	 molécula	 de	 truxTTF	 ha	 demostrado	 una	 especial	 habilidad	 para	

formar	 complejos	 supramoleculares	 dador–aceptor	 con	 el	 fullereno,	 la	

cual	está	favorecida	por	la	complementariedad	cóncavo–convexo	de	sus	

superficies	moleculares.	Teniendo	en	cuenta	dicha	habilidad,	pensamos	

que	 el	 truxTTF	 también	 debería	 ser	 capaz	 de	 unirse	 a	 fragmentos	 de	

fullereno,	 como	 por	 ejemplo	 el	 hemifullereno	 o	 C30H12	 ሺFigura	 7aሻ,	

formando	 complejos	 bowl‐to‐bowl	 dador–aceptor	 heteromoleculares.	

Con	el	fin	de	explorar	esta	posibilidad,	se	han	llevado	a	cabo	cálculos	DFT	

para	cuatro	estructuras	distintas	del	complejo	de	truxTTF•C30H12	ሺFigura	

7bሻ	 en	 base	 a	 la	 información	 cristalográfica	 existente	 para	 ambos	

fragmentos.	Las	dos	primeras	estructuras	corresponden	a	disposiciones	

bowl‐in‐bowl	donde	 se	maximizan	 las	 interacciones	π–π,	 en	 las	que	 la	

superficie	 convexa	del	C30H12	encaja	perfectamente	 con	una	de	 las	dos	

superficies	cóncavas	del	truxTTF	—bien	con	la	superficie	formada	por	el	

esqueleto	carbonado	o	a	través	de	la	parte	de	los	ditioles—.	Por	otro	lado,	

las	cavidades	cóncavas	del	truxTTF	y	C30H12	pueden	interaccionar	de	tal	

forma	que	se	generan	heterodímeros	en	los	que,	bien	un	benceno	o	un	
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anillo	 de	 ditiol	 del	 truxTTF	 se	 posiciona	 dentro	 de	 la	 cavidad	 del	

hemifullereno	ሺestructuras	alternadas	o	escalonadasሻ.	Estas	estructuras	

estarían	estabilizadas	no	sólo	por	interacciones	de	tipo	π–π	sino	también,	

y	especialmente,	por	contactos	CH൉൉൉π.	

	

Figura	 7.	 aሻ	 Estructuras	 químicas	 del	 hemifullereno	 C30H12	 y	 truxTTF.	 bሻ	

Estructuras	 de	 mínima	 energía	 calculadas	 para	 el	 heterodímero	 de	

truxTTF•C30H12	a	nivel	revPBE0‐D3/cc‐pVTZ:	disposiciones	cóncavo–convexo	o	

bowl‐in‐bowl	ሺA1	y	A2ሻ,	y	cóncavo–cóncavo	o	escalonadas	ሺA3	y	A4ሻ.	

Las	energías	de	asociación	ሺEbindሻ	calculadas	teóricamente	indican	que	los	

cuatro	 heterodímeros	 posibles	 poseen	 una	 interacción	 elevada,	 entre	

െ20	y	െ30	kcal	molെ1,	siendo	una	de	las	estructuras	escalonadas	ሺA4ሻ	con	

disposición	cóncavo–cóncavo	la	más	estable,	con	una	Ebind	de	െ28.5	kcal	

molെ1.	Recientemente,	cálculos	ab	initio	de	alta	precisión	llevados	a	cabo	
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en	 nuestro	 grupo	 de	 investigación	 han	 permitido	 confirmar	 el	 orden	

energético	descrito	por	DFT.	

Por	otro	lado,	los	resultados	TDDFT	apoyan	la	aparición	de	la	banda	de	

transferencia	 de	 carga	 en	 la	 región	 de	 500–550	 nm	 para	 el	 agregado	

supramolecular	 de	 truxTTF•C30H12,	 tal	 y	 como	 se	 observó	

experimentalmente.	 La	 formación	 del	 estado	 de	 separación	 de	 cargas	

truxTTF൅•C30H12െ	 tras	 la	 fotoexcitación	 se	 ha	 confirmado	 por	

experimentos	de	absorción	transitoria	ሺpump–probeሻ	de	femtosegundo	

llevados	a	cabo	por	el	grupo	del	Prof.	Dirk	M.	Guldi.	Las	constantes	de	

velocidad	 para	 los	 procesos	 de	 separación	 y	 recombinación	 de	 carga	

tienen	 valores	 de	 6.6	⨯	1011	 y	 1.0	⨯	1010	 sെ1,	 respectivamente.	 Este	

estudio	 constituye	 la	 primera	 evidencia	 de	 la	 formación	 de	 agregados	

supramoleculares	dador–aceptor	basados	en	un	fragmento	de	fullereno,	

el	 cual	presenta	 en	el	 agregado	propiedades	de	 transferencia	de	 carga	

fotoinducida	similares	al	fullereno	C60.	

8.5.4.	Fragmentos	de	fullereno	para	ensamblajes	dador–aceptor	

Para	explorar	de	forma	más	profunda	las	propiedades	de	los	fragmentos	

de	 fullereno,	 evidenciadas	 para	 el	 caso	 del	 heterodímero	 de	

truxTTF•C30H12	 en	 el	 apartado	 anterior,	 se	 ha	 llevado	 a	 cabo	 una	

investigación	 combinada	 teórico–experimental	 de	 la	 complejación	 de	

nuevos	 fragmentos	 de	 carbono	de	 tamaño	 creciente	 con	 el	 compuesto	

dador	 de	 electrones	 de	 truxTTF.	 En	 concreto,	 se	 han	 modelizado	 los	

fragmentos	de	C32H12	y	C38H14	que,	al	contrario	que	el	hemifullereno,	son	

fragmentos	de	las	estructuras	de	fullerenoሾ60ሿ	y	ሾ70ሿ,	respectivamente,	

basados	 en	 el	 coranuleno	 ሺFigura	 8ሻ.	Dicha	diferencia	 en	 la	 estructura	

aromática	central	podría	venir	acompañada	de	diferencias	en	términos	

de	propiedades	electrónicas	y	complejación	supramolecular.	
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Figura	8.	Estructura	química	de	los	fragmentos	de	fullereno	de	C32H12	y	C38H14	

basados	en	el	coranuleno.	El	esqueleto	de	coranuleno	está	resaltado	en	rojo.	

En	analogía	con	los	resultados	obtenido	para	el	C30H12,	los	fragmentos	de	

C32H12	 y	 C38H14	 pueden	 interaccionar	 con	 el	 truxTTF	 a	 través	 de	

agrupamientos	 bowl‐in‐bowl	 ሺcóncavo–convexoሻ,	 en	 los	 que	 se	

maximizan	las	interacciones	π–π,	o	a	través	de	disposiciones	alternadas	

ሺcóncavo–cóncavoሻ,	 implicando	 una	 mezcla	 de	 interacciones	 π–π	 y	

CH൉൉൉π.	 La	 energía	 de	 asociación	 calculada	 para	 los	 heterodímeros	 de	

C32H12	se	encuentra	en	un	rango	de	–20	a	–30	kcal	molെ1,	mientras	que	

para	los	complejos	de	C38H14	la	estabilización	es	de	–21	a	–35	kcal	molെ1.	

En	ambos	casos,	los	complejos	con	una	estructura	escalonada	son	los	más	

estables.	 Por	 tanto,	 el	 estudio	 teórico	 de	 las	 energías	 de	 asociación	

sugiere	 que	 la	 interacción	 supramolecular	 con	 el	 truxTTF	 se	 ve	

fortalecida	al	incrementar	el	tamaño	del	fragmento	de	fullereno,	debido	a	

un	aumento	del	número	de	interacciones	no‐covalentes.	

Con	 el	 fin	 de	 dar	 una	 descripción	 más	 realista	 de	 la	 fuerza	 de	

complejación	a	temperatura	ambiente	y	en	disolución,	se	han	estimado	

teóricamente	las	energías	libres	para	el	proceso	de	dimerización	ሺΔGtheorሻ	

teniendo	en	cuenta	todos	los	confórmeros	posibles	de	truxTTF•C32H12	y	

truxTTF•C38H14,	así	como	los	de	truxTTF•C30H12.	El	cálculo	teórico	de	los	
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valores	de	ΔGtheor	nos	permite	concluir	que	las	estructuras	bowl‐in‐bowl	

no	se	 llegarían	a	 formar	en	disolución,	mientras	que	 los	complejos	con	

estructura	 escalonada	 energéticamente	 más	 favorables	 sí	 que	 se	

formarían	 ሺΔGtheor	 ൌ	 െ5.00,	 െ4.29	 y	 െ4.93	 kcal	 molെ1	 para	

truxTTF•C30H12,	 truxTTF•C32H12	 y	 truxTTF•C38H14,	 respectivamenteሻ.	

Posteriores	 experimentos	 de	 1H‐RMN	 han	 permitido	 confirmar	 las	

predicciones	teóricas	en	la	formación	exclusiva	de	estructuras	alternadas	

para	nuestros	agregados	supramoleculares	dador–aceptor	en	disolución.	

Finalmente,	cálculos	TDDFT	para	los	heterodímeros	indican	la	existencia	

de	bandas	de	 transferencia	de	carga	a	bajas	energías,	en	similitud	a	 lo	

obtenido	 para	 el	 truxTTF•C30H12,	 que	 darían	 lugar	 a	 especies	 de	

separación	de	carga	tras	la	fotoexcitación.	Experimentos	pump–probe	de	

femtosegundo	 han	 confirmado	 esta	 hipótesis	 para	 el	 caso	 de	

truxTTF•C38H14,	 cuya	 especie	 transitoria	 de	 truxTTF൅•C38H14െ	 se	 ha	

detectado	con	un	 tiempo	de	vida	de	160	ps.	No	se	pudo	confirmar	 sin	

embargo	 la	 detección	 de	 la	 especie	 de	 separación	 de	 cargas	 para	 el	

complejo	 dador–aceptor	 de	 C32H12	 pero,	 en	 base	 a	 los	 resultados	

obtenidos	para	 los	 fragmentos	de	 fullereno	análogos,	 es	muy	probable	

que	también	ocurra	para	este	agregado	supramolecular.	

	

8.6.	Polímeros	supramoleculares	

En	 este	 capítulo,	 se	 ha	 llevado	 a	 cabo	 la	 caracterización	 teórica	 de	 la	

agregación	 supramolecular	 en	 derivados	 discóticos	 de	 trisamida	 para	

obtener	 información	 sobre	 las	 fuerzas	 que	 originan	 el	 autoensamblaje	

cooperativo.	Se	ha	analizado	la	preferencia	energética	de	una	orientación	

en	sentido	horario	o	antihorario	para	la	agregación	helicoidal	en	función	
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de:	ሺiሻ	la	presencia	de	cadenas	alifáticas	quirales,	y	ሺiiሻ	la	conectividad	de	

los	grupos	amida	al	esqueleto	aromático.	Por	otro	lado,	se	ha	modelizado	

la	agregación	de	derivados	de	pirenoimidazol	que	presentan	una	amplia	

gama	de	motivos	estructurales	para	el	autoensamblaje	supramolecular.	

El	 análisis	 teórico	 de	 primeros	 principios	 realizado	 ha	 permitido	

racionalizar	 la	 agregación	 supramolecular	 que	 permite	 preservar	 las	

propiedades	emisoras	de	luz	tras	la	formación	del	material	fibrilar.	

8.6.1.	Cooperatividad	en	tricarboxamidas	

Tomando	como	inspiración	el	motivo	estructural	de	los	compuestos	de	

benceno‐1,3,5‐tricarboxamida,	 en	 esta	 Sección	 estudiamos	 la	

polimerización	supramolecular	de	una	serie	de	retroamidas	N‐centradas	

basadas	 en	 una	 unidad	 central	 de	 oligoሺfenilenoetinilenoሻ	 ሺOPEሻ	 en	

forma	de	estrella	ሺFigura	9ሻ.	El	estudio	se	ha	realizado	en	colaboración	

con	 el	 grupo	 experimental	 dirigido	 por	 el	 Prof.	 Luis	 Sánchez.	 Las	

características	 de	 polimerización	 supramolecular	 se	 han	 comparado	

extensivamente	 con	 las	 estructuras	 análogas	 derivadas	 de	 las	

carboxamidas	CO‐centradas.	
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Figura	9.	Estructuras	químicas	de	las	trisamidas	discóticas	N‐centradas	5	y	CO‐

centradas	6.	

Las	 primeras	 evidencias	 experimentales	 sobre	 la	 agregación	

supramolecular	 de	 estos	 sistemas	 sugieren	 que	 el	 ensamblaje	 de	 las	

unidades	OPE	tiene	lugar	mediante	un	mecanismo	cooperativo	a	través	

de	la	formación	de	una	red	triple	de	enlaces	de	hidrógeno,	resultando	en	

un	polímero	supramolecular	helicoidal.	El	cálculo	teórico	del	espectro	de	

dicroísmo	circular	para	las	trisamidas	N‐	y	CO‐centradas	ha	permitido	la	

asignación	inequívoca	de	la	orientación	helicoidal	en	función	del	grupo	

estereogénico	ሺR	o	Sሻ	introducido	en	las	cadenas	alifáticas	periféricas.	Las	

moléculas	con	grupos	S	dan	lugar	a	hélices	tipo	P	que	giran	en	el	sentido	

de	las	agujas	del	reloj,	mientras	que	las	moléculas	con	grupos	R	dan	lugar	

a	hélices	de	tipo	M	que	giran	en	sentido	contrario.	Además,	la	helicidad	

asignada	 para	 los	 compuestos	 N‐	 y	 CO‐centrados	 es	 la	 misma,	
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demostrando	 que	 la	 conectividad	 de	 la	 amida	 no	 es	 un	 factor	

determinante	en	la	orientación	de	la	hélice	supramolecular.	

La	organización	helicoidal	de	los	agregados	formados	por	las	trisamidas	

N‐	 y	 CO‐centradas	 se	 ha	 estudiado	mediante	 simulaciones	 teóricas	 de	

mecánica	 molecular/dinámica	 molecular	 ሺMM/MDሻ	 utilizando	

condiciones	 de	 contorno	 periódicas.	 Los	 resultados	 teóricos	muestran	

que	la	diferencia	de	energía	entre	las	configuraciones	helicoidales	M	y	P	

aumenta	 de	 forma	 notable	 al	 aumentar	 la	 longitud	 de	 las	 cadenas	

alifáticas	 periféricas,	 confirmando	 el	 sentido	 preferido	 de	 la	 hélice	 en	

función	del	grupo	estereogénico	S	ሺhélice	Pሻ	o	R	ሺhélice	Mሻ	presente	en	

las	cadenas	laterales.	En	el	apilamiento,	los	centros	de	OPE	permanecen	

prácticamente	 planos	 para	 maximizar	 las	 interacciones	 π–π,	 mientras	

que	los	grupos	amida	giran	fuera	del	plano	aromático	para	formar	enlaces	

de	 hidrógeno	 eficientes	 con	 los	 monómeros	 vecinos	 ሺFigura	 10a,bሻ.	

Ambos	 tipos	 de	 interacciones	 son	 las	 fuerzas	 motrices	 que	 dirigen	 el	

autoensamblaje	 en	 la	 formación	 de	 las	 hélices	 supramoleculares	

columnares.	
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Figura	10.	Vista	superior	ሺaሻ	y	 lateral	ሺbሻ	del	ensamblaje	helicoidal	en	sentido	

horario	de	un	agregado	de	ሺ5bሻ12	que	incluye	cadenas	alifáticas	cortas	con	centro	

estereogénico	S.	La	dirección	del	momento	dipolar	en	el	apilamiento	se	muestra	

en	 rojo.	 Comportamiento	 asintótico	 de	 la	 energía	 de	 asociación	 ሺcሻ	 y	 del	

momento	 dipolar	 ሺdሻ	 por	 unidad	 monomérica	 ሺEbind,n	 y	 DMmon,n,	

respectivamenteሻ	al	incrementar	el	número	de	monómeros	en	el	agregado	ሺ5bሻn;	

los	valores	se	han	ajustado	a	una	función	biexponencial	ሺlíneas	rojasሻ.	

Los	cálculos	de	mecánica	molecular	se	han	complementado	con	cálculos	

más	precisos	a	nivel	DFT	para	agregados	helicoidales	de	amidas	N‐	y	CO‐

centradas	de	tamaño	creciente.	A	medida	que	el	agregado	crece,	el	valor	

absoluto	 de	 la	 energía	 de	 asociación	 por	 unidad	 monomérica	 ሺEbind,nሻ	

aumenta,	 tendiendo	 a	 un	 valor	 asintótico	 para	 unas	 12–14	 unidades	

monoméricas	 ሺFigura	10cሻ.	Este	 comportamiento	evidencia	 el	 carácter	
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cooperativo	 del	 proceso	 de	 agregación	 y	 es	 característico	 de	 un	

mecanismo	de	polimerización	de	tipo	nucleación–elongación.	El	carácter	

cooperativo	es	debido	a	la	mayor	polarización	del	apilamiento	a	medida	

que	se	añaden	unidades	monoméricas,	lo	cual	fortalece	la	red	de	enlaces	

de	hidrógeno	y	hace	el	agregado	cada	vez	más	estable.	Dicha	polarización	

queda	 evidenciada	 por	 el	 crecimiento	 del	 momento	 dipolar	 por	

monómero	ሺDMmon,nሻ	que	tiene	lugar	al	aumentar	el	número	de	unidades	

en	el	polímero	supramolecular	ሺFigura	10dሻ.	El	valor	teórico	de	Emon,n	y	

DMmon,n	cuando	n	tiene	a	infinito	es	mayor	para	las	amidas	N‐centradas	

con	 respecto	 a	 las	 CO‐centradas,	 en	 buen	 acuerdo	 con	 la	 mayor	

cooperatividad	encontrada	experimentalmente	para	las	retroamidas.	

8.6.2.	Oligómeros	basados	en	el	pirenoimidazol	

Si	 bien	 la	 organización	 supramolecular	 en	 polímeros	 gobernados	 por	

interacciones	 no‐covalentes,	 especialmente	 enlaces	 de	 hidrógeno,	 es	

previsible	 en	muchos	 casos	 ሺpor	 ejemplo,	 las	 trisamidas	 del	 apartado	

anteriorሻ,	 el	 autoensamblaje	 de	 las	 unidades	 electroactivas	 no	 es,	 en	

general,	evidente.	

Desde	el	descubrimiento	del	pireno,	se	ha	hecho	un	gran	esfuerzo	en	su	

modificación	 estructural	 con	 el	 fin	 de	 conseguir	 agregados	

supramoleculares	 que	 eviten	 el	 efecto	 de	 desactivación	 de	 las	

propiedades	 emisoras	 derivado	 de	 la	 interacción	 entre	 unidades	 de	

pireno.	 En	 este	 Capítulo	 se	 han	 estudiado	 a	 fondo	 las	 propiedades	 de	

autoensamblaje	de	derivados	del	pirenoimidazol	que	incorporan	grupos	

amida	para	facilitar	la	polimerización	supramolecular	mediante	enlaces	

de	hidrógeno.	El	estudio	se	ha	realizado	en	colaboración	con	el	grupo	del	

Prof.	 Luis	 Sánchez	 y	 constituye	 un	 claro	 ejemplo	 de	 la	 utilidad	 de	 la	
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retroalimentación	teórico–experimental	en	el	desarrollo	de	un	proyecto	

de	investigación.	

Los	primeros	resultados	experimentales	evidencian	que	los	derivados	de	

pirenoimidazol	forman	geles	con	una	inesperada	emisión	azul	y	con	una	

baja	 cooperatividad	 para	 la	 agregación.	 Por	 otro	 lado,	 los	 estudios	 de	

dicroísmo	 circular	 indican	 que	 el	 agregado	 supramolecular	 no	 posee	

helicidad,	incluso	cuando	la	cadena	alifática	periférica	es	quiral.	

El	estudio	teórico	DFT	llevado	a	cabo	ha	permitido	esclarecer	los	aspectos	

estructurales	y	energéticos	de	la	agregación	supramolecular.	En	primer	

lugar,	 se	 han	 diseñado	 una	 serie	 de	 dímeros,	 como	 unidades	

supramoleculares	mínimas,	de	acuerdo	con	los	distintos	motivos	para	la	

interacción	supramolecular	presentes	en	el	monómero:	ሺiሻ	el	esqueleto	

aromático	del	pireno,	ሺiiሻ	los	grupos	polares	de	amida	e	imidazol,	ሺiiiሻ	las	

cadenas	largas	alifáticas	no	polares,	y	ሺivሻ	los	grupos	voluminosos	de	tert‐

butilo	ሺFigura	11ሻ.	

	

Figura	 11.	 Estructura	 química	 de	 los	 derivados	 de	 pirenoimidazol,	 y	

representación	 esquemática	 de	 los	 distintos	 motivos	 para	 la	 interacción	

supramolecular.	
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De	 entre	 todos	 los	 dímeros	 modelizados,	 el	 agregado	 más	 estable	

corresponde	 a	 un	 dímero	 que	 combina	 enlaces	 de	 H	 entre	 los	 grupos	

imidazol	y	amida	junto	con	interacciones	estabilizantes	CH൉൉൉π	entre	las	

cadenas	 alquílicas	 y	 el	 esqueleto	 pirénico.	 El	 análisis	 topológico	 de	 la	

densidad	 electrónica	 llevado	 a	 cabo	 mediante	 el	 índice	 no‐covalente	

ሺNCIሻ	 permite	 explicar	 la	 estabilidad	 del	 agregado	 mediante	 la	

visualización	 de	 las	 superficies	 de	 interacción	 no‐covalente	

correspondientes	 ሺFigura	 12aሻ.	 La	 estructura	 de	 este	 dímero	 se	 ha	

utilizado	en	el	modelizado	teórico	de	un	tetrámero	ሺFigura	12bሻ	que	nos	

ha	permitido	concluir:	ሺiሻ	el	oligómero	puede	crecer	fácilmente	a	través	

de	 la	 red	de	enlaces	de	hidrógeno	 imidazol–amida	y	 las	 fuerzas	CH൉൉൉π	

estabilizantes,	 ሺiiሻ	 el	 grado	 de	 cooperatividad	 de	 la	 polimerización	

supramolecular	de	acuerdo	con	este	patrón	de	enlaces	de	hidrógeno	es	

pequeño,	 en	buen	acuerdo	con	 las	evidencias	experimentales,	 y	 ሺiiiሻ	 la	

ausencia	 de	 interacciones	π–π	 entre	 las	 unidades	 pirénicas	 justifica	 la	

preservación	de	las	propiedades	emisoras	en	el	azul	propias	del	pireno.	
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Figura	 12.	 Superficies	 NCI	 representando	 las	 interacciones	 de	 enlace	 de	

hidrógeno	ሺazulሻ	y	fuerzas	de	dispersión	ሺverdeሻ	para	el	dímero	más	estable	del	

derivado	de	pirenoimidazol	7.	bሻ	Estructura	de	mínima	energía	calculada	para	el	

tetrámero	 indicando	 la	 red	 de	 enlaces	 de	 hidrógeno	 entre	 las	 unidades	 de	

imidazol	y	amida.	

	

8.7.	Conclusiones	

En	 conclusión,	 a	 lo	 largo	 de	 esta	 Tesis	 se	 han	 llevado	 a	 cabo	 estudios	

teóricos	combinados	con	colaboraciones	experimentales	muy	fructíferas	

con	el	fin	de	abordar	una	gran	variedad	de	sistemas	electroactivos	para	
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su	posterior	uso	en	electrónica	molecular	y	ciencia	de	nuevos	materiales.	

Asimismo,	algunos	de	los	sistemas	estudiados	han	permitido	ayudar	a	dar	

respuesta	a	preguntas	fundamentales	en	fenómenos	de	transferencia	de	

carga,	 autoensamblaje	 supramolecular	 y	 origen	 de	 la	 quiralidad.	 En	

concreto,	se	pueden	extraer	las	siguientes	conclusiones	focalizadas	en	los	

tres	 Capítulos	 en	 los	 que	 se	 divide	 la	 presentación	 de	 los	 resultados	

obtenidos	en	la	Tesis:	

Arquitecturas	dador–aceptor	covalentes	

Se	 ha	 realizado	 una	 investigación	 químico–cuántica	 sobre	 cromóforos	

dador‐π‐aceptor	 tanto	 de	 anclaje	 simple	 como	 doble	 basados	 en	 las	

unidades	dadoras	de	electrones	de	exTTF	y	hemiexTTF,	para	su	posterior	

aplicación	 en	 celdas	 solares	 sensibilizadas	 por	 colorante	 ሺDSCሻ.	 Los	

cálculos	 teóricos	 indican	 que	 el	 regioisómero	de	 exTTF‐DCF	de	mayor	

interés	es	el	exTTF‐DCF‐A,	con	absorción	en	todo	el	rango	visible	y	anclaje	

óptimo	 para	 la	 generación	 de	 DSCs	 eficientes.	 Además,	 se	 han	

caracterizado	colorantes	di‐ramificados	basados	en	la	unidad	dadora	de	

hemiexTTF	y	la	unidad	aceptora	de	DCV,	capaces	de	absorber	luz	en	todo	

el	espectro	visible	gracias	a	la	presencia	de	bandas	de	transferencia	de	

carga	de	baja	energía.	Cálculos	de	primeros	principios	nos	han	permitido	

comprender	 las	 implicaciones	 del	 modo	 de	 anclaje	 doble	 en	 estos	

cromóforos	para	DSCs	cuando	se	sustituye	un	grupo	ciano	por	un	ácido	

carboxílico.	Se	ha	demostrado	que	el	modo	di‐anclado	con	coordinación	

monodentada	 del	 grupo	 cianoacrílico	 es	 el	 modo	 de	 adsorción	 más	

plausible	 para	 estos	 cromóforos	 di‐ramificados.	 Esta	 coordinación,	

además	de	ser	el	anclaje	a	la	superficie	del	semiconductor	más	estable,	

ofrece	 dos	 bandas	 LUMO	 anchas	 prácticamente	 degeneradas	 que	

permiten	una	mejora	en	la	inyección	de	carga	al	semiconductor.	
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Complejos	dador–aceptor	supramoleculares	

Las	 formaciones	 supramoleculares	 investigadas	 en	 este	 Capítulo	

constituyen	ejemplos	únicos	que	han	permitido	entender	en	profundidad	

el	 reconocimiento	 supramolecular	 de	 huéspedes	 de	 fullereno	 con	

receptores	 de	 porfirina.	 Los	 estudios	 presentados	 demuestran	 un	

autoensamblaje	 gobernado	 por	 interacciones	 NH൉൉൉O	 y	 porfirina–

fullereno,	siendo	estas	últimas	de	naturaleza	dispersiva	y	electrostática.	

El	estudio	teórico	de	los	complejos	formados	por	receptores	ditópicos	de	

porfirina	con	el	huésped	de	fullereno	en	agregados	de	estequiometría	1:2	

demuestra	una	 cooperatividad	negativa	 originada	por	 la	 extracción	de	

carga	 del	 receptor	 por	 parte	 del	 fullereno	 tras	 la	 inclusión	 del	 primer	

huésped.	 Dicha	 cooperatividad	 negativa	 queda	 parcialmente	

contrarrestada	 en	 el	 receptor	 de	 tipo	 tape	 debido	 a	 la	 interacción	

estabilizante	entre	 las	dos	esferas	de	 fullereno	al	 formarse	el	complejo	

1:2	en	disposición	syn.	

Por	otro	lado,	el	estudio	supramolecular	llevado	a	cabo	para	una	serie	de	

fragmentos	de	fullereno	—C30H12,	C32H12	and	C38H14—	con	el	compuesto	

de	 truxTTF,	 el	 cual	 es	 un	 dador	 electrónico	 y	 presenta	 una	 estructura	

molecular	curvada,	ha	revelado	que	la	configuración	cóncavo–cóncavo	en	

la	que	un	anillo	de	ditiol	del	truxTTF	se	sitúa	en	la	cavidad	del	fragmento	

de	fullereno	es	la	más	estable.	Las	fuerzas	no‐covalentes	que	gobiernan	el	

ensamblaje	de	dicho	agregado,	cuya	estructura	resulta	contradictoria	con	

la	 interacción	 cóncavo–convexo	 esperada,	 no	 quedan	 solamente	

determinadas	por	interacciones	de	tipo	π–π,	sino	por	los	contactos	CH൉൉൉π	

y	 S൉൉൉C	 que	 juegan	 un	 papel	 decisivo.	 Los	 cálculos	 TDDFT	 han	

proporcionado	evidencias	de	la	existencia	de	bandas	de	transferencia	de	

carga	a	bajas	energías	correspondientes	a	transiciones	electrónicas	desde	



Capítulo 8. Resumen 

227 

el	fragmento	dador	de	electrones	de	truxTTF	al	fragmento	de	fullereno	

aceptor	 de	 electrones,	 confirmándose	 la	 formación	 de	 la	 especie	 de	

separación	 de	 cargas	 para	 el	 C30H12	 y	 C38H14	 mediante	 técnicas	

espectroscópicas	de	femtosegundo.	

Polímeros	supramoleculares	

En	 este	 Capítulo,	 se	 ha	 investigado	 la	 polimerización	 supramolecular	

cooperativa	de	trisamidas	N‐centradas	basadas	en	la	unidad	central	de	

OPE.	 Los	 compuestos	 estudiados	 presentan	 una	 estructura	 molecular	

discótica	y	dan	lugar	a	agregados	helicoidales	columnares,	cuyo	sentido	

de	giro	ሺM	o	Pሻ	no	depende	de	la	conectividad	de	los	grupos	amida	sino	

de	 la	 configuración	 ሺR	 o	 Sሻ	 del	 grupo	 estereogénico	 presente	 en	 las	

cadenas	alifáticas	periféricas.	La	sinergia	de	las	interacciones	π–π,	la	red	

triple	de	enlaces	de	hidrógeno	entre	las	amidas	y	las	fuerzas	de	dispersión	

débiles	entre	las	cadenas	alifáticas	periféricas	han	permitido	explicar	el	

autoensamblaje	supramolecular	de	las	superestructuras	helicoidales.	El	

carácter	 cooperativo	 del	 mecanismo	 de	 polimerización,	 de	 mayor	

magnitud	 en	 las	 amidas	 N‐centradas	 que	 en	 las	 CO‐centradas,	 se	 ha	

podido	explicar	en	términos	de	energía	de	asociación	y	momento	dipolar	

por	 unidad	 monomérica.	 Ambas	 magnitudes	 crecen	 asintóticamente	

debido	al	incremento	de	la	polarización	de	la	red	de	enlaces	de	hidrógeno	

durante	el	proceso	de	nucleación.	

Por	último,	se	han	estudiado	derivados	de	pirenoimidazol	que	incorporan	

una	gran	variedad	de	motivos	de	interacción	supramolecular,	con	el	fin	

de	guiar	el	autoensamblaje	manteniendo	las	propiedades	de	emisión	en	

el	azul	del	monómero	pirénico.	Los	cálculos	teóricos	han	demostrado,	en	

sinergia	con	estudios	experimentales,	que	la	formación	de	los	agregados	

queda	 gobernada	 por	 enlaces	 de	 hidrógeno	 entre	 los	 grupos	 amida	 e	
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imidazol	junto	con	un	número	importante	de	interacciones	CH൉൉൉π	entre	

la	 cadena	 alifática	 y	 el	 esqueleto	 aromático	 del	 pirenoimidazol.	 La	

ausencia	 de	 interacciones	 π–π	 entre	 los	 centros	 pirénicos	 permite	

explicar	 la	 preservación	 de	 las	 propiedades	 de	 emisión	 azul	 tras	 la	

formación	del	material	polimérico	supramolecular.
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