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ABSTRACT: The	 intermolecular	 charge	 transfer	 (CT)	 exciton	 in	merocyanine:	 [6,6]-phenyl-C61-butyric	 acid	methyl	 ester	
(PC61BM)	system,	 induced	by	the	molecular	geometry	is	 investigated.	The	CT	state,	 localized	on	the	merocyanine	domain,	
was	experimentally	observed	 in	 the	 transient	spectra	as	well	as	modeled	via	DFT/TDDFT	calculations.	A	relationship	be-
tween	molecular	geometry	at	 the	Donor:Acceptor	 interface	and	the	delocalization	of	 the	CT	exciton	was	 identified.	 It	was	
found	that	different	alkyl	side	chains	of	merocyanine	can	be	used	to	tune	the	formation	of	H-aggregates	by	means	of	better	
intermixing	with	PC61BM.	Moreover,	we	observed	that	high	H-aggregation	increases	the	charge	delocalization	and	improves	
the	 efficiency	 and	 carrier	 transport	 properties	 of	 the	 merocyanine-based	 bulk	 heterojunction	 solar	 cell.		

Introduction	 The	 intermolecular	 interaction	 and	 packing	
behaviour	plays	a	major	role	 in	organic	electronics,	 influenc-
ing	 the	 photophysical	 properties	 of	 molecular	 materials1–3.		
Molecular	 packing	 and	 relative	 orientations	 can	 alter	 the	
exciton	 splitting,	 charge	 and	 energy	 transport4,5	 as	 well	 as	
optical6,7	and	non-linear8–11	optical	properties	of	organic	sys-
tems	 as	 those	 used	 in	 organic	 photovoltaics	 (OPV).	 In	 OPV	
devices,	 photogenerated	 excitons	 dissociate	 across	 the	 do-
nor/acceptor	interface	and	form	an	interfacial	charge	transfer	
(CT)	 exciton	 or	 free	 charge	 carriers12.	 The	 molecular	 ar-
rangement	 at	 the	 donor	 (D)	 /	 acceptor	 (A)	 interface	 plays	 a	
crucial	 role	 in	 exciton	 formation	 and	 dissociation	 dynamics.	
One	of	the	most	fundamentally	 important	questions	concern-
ing	 self-organized	molecules	 in	OPVs	 is	 the	 relation	between	
the	 molecular	 geometry	 and	 packing	 of	 donor	 and	 acceptor	
molecules,	 and	 their	 impact	 on	 the	 overall	 device	 perfor-
mance.	It	is	still	an	ongoing	debate	whether,	for	instance,	face-
on	 configuration	 between	 D	 and	 A	 molecules	 is	 favourable	
compared	 to	 edge–on	 configuration.13,14	 In	 general,	 it	 is	 per-
ceived	that	OPV	devices	with	face-on	orientation	at	D:A	inter-
faces	have	better	performance	compared	with	edge–on,	main-
ly	because	of	different	 ionization	potentials	 leading	to	higher	
Voc.15–17	 A	 number	 of	 researchers	 have	 tried	 to	 resolve	 this	
question	by	changing	 the	relative	orientation	of	molecules	at	
D:A	 interfaces	 in	 solar	 cells.18	 Despite	 significant	 progress	 it	
remained	 experimentally	 challenging	 to	 address	 the	 local	
molecular	 packing	 at	 D:A	 interfaces.	 One	 way	 to	 change	 the	
packing	 is	 for	 instance	 by	 tuning	 the	 molecular	 structure	
through	 chemical	 engineering.	One	 class	 of	 donor	molecules,	
which	 is	 widely	 used	 in	 the	 field	 of	 OPV,	 are	 merocyanines	

which	can	be	easily	tuned	chemically.19–22	These	dipolar	dyes	
are	of	 interest	 in	 the	 field	of	OPV	because	 it	was	 shown	 that	
they	 could	 increase	 both,	 the	 efficiency	 of	 electron-hole	 pair	
splitting	and	charge	mobility	in	organic	solar	cells.20,23		

The	molecular	 packing	 and	 exciton	 delocalization	 properties	
are	strongly	interconnected:	a	tightly	packed	molecular	struc-
ture	can	enhance	the	exciton	delocalization.	The	exciton	delo-
calization	 	 and	 charge	 transfer	 state	 formation	 at	 the	 do-
nor/acceptor	 interface	 is	 the	 crucial	 ingredient	 for	 efficient	
exciton	 splitting	 at	 the	 D/A	molecular	 interface.	 The	 optical	
probing	 of	 highly	 delocalized	 excitonic	 states	 is	 problematic	
because	 strong	 wavefunction	 delocalization	 leads	 to	 a	 weak	
transition	dipole	moment.	 It	 is	possible	 to	detect	 this	kind	of	
delocalized	excitons	via	stimulated	emission	which	is	propor-
tional	to	the	population	of	the	charge	transfer	excitons.			

In	this	work	we	investigated	molecular	order	dependent	pho-
tophysical	 properties	 of	 merocyanine:PC61BM	 blends.	 De-
pending	 on	 the	 shape	 of	 alkyl	 chain	 (linear	 or	 branched)	 of	
merocyanine	 molecules,	 different	 molecular	 packing	 was	
observed.	More	 specifically,	 we	 investigate	 properties	 of	 the	
intermolecular	charge	transfer	exciton	on	merocyanine	dimer	
and	how	it	depends	on	the	relative	orientation	between	donor	
and	acceptor	molecules.	 In	 this	work,	both	experimental	and	
quantum-chemical	 computational	 methods	 show	 that	 two	
distinct	 packing	 motifs,	 namely	 face-on	 or	 edge-on,	 can	 be	
accessed	 using	 merocyanine	 molecules	 with	 different	 alkyl	
sidechains	 ultimately	 affecting	 the	 formation	 of	 the	 charge	
transfer	state	and	electron-hole	pair	delocalisation.		
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Experimental	details.	In	this	study,	the	merocyanines	2-((Z)-
4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-(2-ethylhexyl)indolin-2-
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile	 (MB,	
branched	 alkyl)	 and	 2-((Z)-4-tert-butyl-5-((E)-2-(3,3-
dimethyl-1-nonylindolin-2-ylidene)ethylidene)thiazol-2(5H)-
ylidene)malononitrile	(ML,	linear	alkyl),	having	branched	and	
linear	 alkyl	 sidechains,	 respectively	 (see	 inset	 Fig.	 1)	 were	
used.	 The	different	 alkyl	 chains	 result	 in	 different	molecular	
packing	properties	of	the	investigated	dyes.		

Both	 compounds	were	 synthesised	 via	 established	 literature	
procedures,	 see	 supporting	 information	 (SI)	 for	 details.	 Thin	
films	and	devices	were	prepared	by	spin	coating	from	chloro-
form	 solutions	 of	 15	 mg/ml	 in	 inert	 atmosphere	 on	 quartz.	
Mixed	 films	with	PC61BM	(Solenne)	had	a	composition	of	2:3	
(merocyanine:fullerene)	 by	 volume.	 Details	 of	 the	 device	
fabrication	are	given	in	the	SI.		

Absorption	 measurements	 were	 performed	 using	 a	 Lambda	
1050	(Perkin	Elmer)	UV/vis	spectrometer.	A	molar	concentra-
tion	of	10-4-10-6	mol/l	was	used	for	performing	optical	absorp-
tion	measurements	in	a	solution.	

Transient	absorption	(TA)	experiments	were	performed	using	
Yb:KGW	based	 laser	 system	 	Pharos	 (Light	Conversion)	with	
150	kHz	repetition	rate	and	40	fs	pulse	duration	and	internal	
NOPA	with	800	nm	and	1450	nm	outputs.	The	3	eV	excitation	
pulse	 was	 generated	 via	 second	 harmonic	 generation	 by	 fo-
cusing	800	nm	beam	to	the	Beta	barium	borate	(BBO)	crystal.	
White	 light	 super	 continuum	probe,	was	generated	by	 focus-
ing	1450	nm	beam	in	to	the	4mm	thick	Sapphire	crystal.	

The	structural	and	electronic	properties	of	MB	and,	and	their	
molecular	 interfacing	with	 PC61BM	were	 computed	 via	 first-
principles	calculations	at	the	Density	Functional	Theory	(DFT)	
and	 time-dependent	 DFT	 (TDDFT)	 levels.	 A	 range-separated	
functional,	 namely	 ωB97X-D3,	 with	 Grimme’s	 dispersion	
corrections,	and	a	split-valence	double-zeta	Pope’s	basis	set	6-
31G*	were	 adopted	 for	 each	 calculation.	 Geometry	 optimiza-
tions	 were	 validated	 by	 Hessian	 calculations,	 showing	 no	
imaginary	 frequencies	 for	 each	 ground	 state	 structure.	 A	
variety	 of	 structural	 models	 (e.g.	 from	 single	 molecules	 to	
clusters)	 were	 investigated	 in	 order	 to	 describe	 the	 excited	
state	 properties	 of	 merocyanines	 and	 their	 interfaces	 with	
PC61BM.	Details	about	all	structures	are	reported	 in	Support-
ing	 Information.	 The	 structural	models	 considered	 (for	 both	
MB	 and	ML)	 were:	 i)	 isolated	 molecules,	 ii)	 two	 interacting	
merocyanines	 (i.e.,	 dimers,	 named	 2xMB	 and	 2xML,	 both	 in	
parallel	and	antiparallel	dipole	configurations),	 iii)	one	mero-
cyanine	 interfaced	 with	 one	 PC61BM	 (e.g.	MB:PC61BM),	 and	
finally	iv)	two	merocyanines		interfaced	with	one	PC61BM	(e.g.	
2xMB:PC61BM).	For	the	latter,	both,	the	on-top	and	the	on-side	
positions	 of	 the	 PC61BM	 with	 respect	 to	 the	 merocyanine	
dimer	were	 considered.	 The	 electronic	 structure	 of	 cyanine-
based	molecules	is	particularly	challenging	to	model24,	involv-
ing	the	description	of	strong	electron	correlation	effects	in	the	
excited	states,	usually	not	properly	capture	by	TDDFT.25	Con-
figuration	 interaction	 approaches	 or	 DFT/GW	 calculations	
were	 successfully	 considered	 for	 describing	 the	 ground	 and	
excited	states	of	merocyanines24.	Hybrid	range-separated	DFT	
functionals	 were	 also	 applied	 to	 merocyanines	 and	 similar	
“zwitterionic”-like	 organic	 systems26.	 They	 alleviate	 the	 defi-
ciencies	of	pure	or	hybrid	DFT	functionals	in	describing	corre-
lated	 systems	 and	 CT	 states,	 however	 they	 tend	 to	 overesti-
mate	 the	 energy	 of	 the	 excited	 states	 (in	 some	 cases	 more	
than	1	eV).	Hybrid	range-separated	DFT	functionals	were	also	

recently	 applied	 to	model	 the	 electronic	 structure	 of	 dimers,	
clusters	and	crystals	of	merocyanines	similar	to	those	investi-
gated	here27.	Similarly	to	what	reported	in	literature,	for	com-
paring	 the	 TDDFT	 energies	 with	 experimental	 values,	 we	
shifted	 the	 computed	 vertical	 transition	 energies	 by	 0.8	 eV8.	
All	calculations	on	single	molecules,	dimers	and	clusters	were	
performed	with	Gaussian16	 (B.01	version)28.	The	absorption	
spectrum	of	ML	crystal	(Fig.	1a)	was	computed	via	pseudopo-
tential	 plane-wave	 DFT	 calculations,	 using	 the	 code	 Quantu-
mESPRESSO29	 coupled	 with	 the	 turboTDDFPT	 code30.	 For	
such	 a	 calculation,	 the	 PBE	 generalized	 gradient	 ex-
change−correlation	functional	and	ultrasoft	pseudo-potentials	
from	 the	PS	 library	were	used.	 Single-particle	wavefunctions	
(charge	density)	are	expanded	in	planewaves	up	to	an	energy	
cutoff	of	70	Ry	(700	Ry).	Only	Γ	point	has	been	considered	for	
Brillouin	 zone	 sampling	 in	 the	 reciprocal	 space31.	 The	 calcu-
lated	spectrum	is	reported	in	Fig.	1a.		

	

Results	and	discussions.	The	ground	state	dipole	moment	of	
MB	 and	ML	 is	 15.8	 and	 15.5	Debye,	 respectively,	 as	 derived	
from	DFT,	which	 compares	well	with	 experimental	 values	 of	
similar	merocyanines.32	 Such	 a	 large	 dipole	moment	 enables	
strong	dipole-dipole	interactions	driving	aggregate	formation.		

To	shed	light	on	the	optical	properties	of	MB	and,	absorption	
spectra	 in	 acetone	 were	 measured	 (Fig.	 1a,b).	 We	 postulate	
that	 these	 correspond	 to	 monomeric	 molecular	 absorption	
spectra	 since	 there	 is	 no	 evidence	 of	molecular	 aggregation.	
These	spectra	have	similar	spectral	shape	for	both	molecules,	
thus	 showing	 that	 different	 alkyl	 chains	 do	 not	 perturb	 the	
electronic	 structure	 of	 the	molecular	 core	 unit.	 Both	 spectra	
show	 the	 0-0	 vibronic	 transition	 at	 2.0	eV,	 and	 the	 0-1	 at	
2.15	eV	 (Fig.	 1a,b),	 i.e.,	 the	 energy-spacing	 of	 these	 vibronic	
transitions	 is	 1290	 cm	 -1	 (150	meV).	 This	 vibrational	 energy	
can	be	assigned	to	the	C-C/C=C	stretching/shrinking	mode	of	
the	carbon	backbone	in	the	excited	state33.	

	
Figure	1:	Absorption	spectra	of	ML	 (a)	and	MB	 (b)	dissolved	
in	 solvents	 with	 a	 0:1(black),	 1:1(grey),	 1:4(red)	 ace-
tone:water	ratios.	The	gradual	increase	in	water	content	leads	
to		
H-aggregate	 formation	 (red).	The	green	 spectrum	 in	 (a)	 rep-
resents	the	computed	spectrum	for	ML	single	crystal.	Absorp-
tion	spectra	of	thin	films	of	ML	(c)	and	MB	(d)	in	pristine	state	
(black	line)	and	in	mixture	with	PC61BM	(red	line),	respective-
ly.	The	green	spectrum	in	(d)	represents	the	absorption	spec-
trum	of	a	pure	PC61BM	film.	
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The	intermolecular	interaction	between	dipolar	molecules	can	
be	 explained	 by	 the	 angle-averaged	 Keesom	 force	 between	
two	permanent	dipoles.	By	changing	the	dielectric	properties	
of	 the	 environment,	 the	 intermolecular	 interaction	 can	 be	
controlled.	 Here,	 we	 have	 used	 a	 mixture	 of	 solvents	 with	
different	dielectric	constants	for	achieving	this	control,	name-
ly	 water	 (!! = !")	 and	 acetone	 (!! = !".!).34	 	 The	 optical	
spectra	of	ML	 and	MB	 as	dissolved	 in	 solvents	 are	 shown	 in	
Fig.	 1a,b.	 A	 dramatic	 change	 in	 the	 absorption	 spectrum	 oc-
curs	at	1:4	acetone:water	ratio,	where	a	strong	peak	at	2.5	eV	
appears.	This	hypsochromically	 shifted	band	 is	 caused	by	H-
type	 aggregate	 formation,	 due	 to	 the	 excitonic	 coupling	 be-
tween	molecules	35,36.		

The	 exciton	 coupling	 can	 be	 experimentally	 estimated	 from	
the	 energy	 difference	 between	 monomer	 and	 aggregate	 ab-
sorption	bands.	 In	 the	 spectrum,	 the	monomer	 absorption	 is	
at	 1.85	eV	 whereas	 the	 aggregates	 absorb	 at	 around	 2.4	eV.	
The	band	splitting,	from	which	the	coupling	can	be	estimated,	
is	 shown	 in	 Fig.	 1b.	 The	 deduced	 coupling	 energy	 Jc	 is	
250	meV.	 This	 coupling	 falls	 in	 the	 typical	 energy	 range	 for	
(mero-)cyanine-based	 H-aggregates,	 i.e.,	 200	 to	 500	meV	
depending	on	 the	molecular	packing	and	value	of	 the	 transi-
tion	dipole	moment.21,37,38	 In	Fig.	1a	 the	computed	electronic	
absorption	 spectrum	of	ML	 single	 crystal	 is	 also	 reported.	 It	
shows	 two	 main	 absorption	 bands,	 at	 1.80	eV	 and	 2.45	eV,	
featuring	 an	 energy	 splitting	 of	 0.65	 eV.	 The	 two	 bands	 are	
polarized	along	the	b-	and	c-axis	of	the	molecular	crystal.	The	
computed	 single-crystal	 spectrum	 well	 match	 the	 experi-
mental	 spectrum	 of	 aggregated	ML	 in	 acetone:water	 with	 a	
ratio	 of	 1:4,	 suggesting	 the	 formation	 of	 H-aggregated	 parti-
cles	 after	 the	 solution	 crashes	 out	when	 adding	 anti-solvent.	
In	 particular,	 the	 presence	 of	 a	 low	 energy	 (~1.8	 eV)	 and	 a	
high	energy	(~2.5	eV)	band	in	the	UV-Vis	spectra	of	films	and	
blends	(see	next	sections)	will	suggest	the	presence	of	mero-
cyanine	aggregates.	

The	absorption	spectra	of	merocyanine	films	are	shown	in	Fig.	
1c,	 d.	 By	 comparing	 these	 absorption	 spectra	with	 those	 ob-
tained	in	solution	(Fig.	1a,	b),	a	strong	spectral	broadening	in	
the	film	spectra	can	be	observed,	caused	by	the	inhomogene-
ous	 broadening,	 affecting	 both,	 vibronic	 and	 H-aggregate	
related	spectral	features.	

The	low	energy	spectral	range	(2.35-2.65	eV)	of	the	spectrum	
for	all	analysed	molecular	films	fits	well	with	the	H-aggregate	
absorption	 in	 solution.	However,	 the	 aggregate-related	 spec-
tral	feature	in	merocyanine	films	with	PC61BM	is	substantially	
reduced	compared	to	neat	films.	The	aggregation	reduction	is	
caused	by	the	intermixing	between	PC61BM	and	merocyanine	
molecules,	which	 is	more	pronounced	 in	the	branched	mero-
cyanine	MB:PC61BM	 (Fig.	 1d),	 indicating	 a	 higher	 degree	 of	
intermixing	with	PC61BM	compared	with	 the	 linear	merocya-
nine	ML:PC61BM	blend	(Fig.	1	c).		
Molecular	intermixing	could	also	substantially	alter	the	charge	
transport	properties	in	bulk	heterojunction	(BHJ)	solar	cells39.	
We	 found	 that	 devices	 made	 with	 ML	 have	 better	 perfor-
mance	 than	 MB-based	 devices:	 higher	 power	 conversion	
efficiency	(PCE;	4.09%	versus	1.66%)	and	fill	factor	(FF;	0.68	
versus	0.42).	As	expected	VOC	was	similar	 in	both	cases.	Fur-
ther,	 the	 hole	 mobility	 of	 the	 blends	 as	 determined	 in	 an	
OFETs	 geometry	 was	 found	 to	 be	 higher	 in	 the	 ML-based	
device	(1.5*10-5	cm2/Vs)	as	compared	to	1.4*10-7	cm2/Vs	in	an	

MB-based	 device.	 This	 also	 correlated	 with	 a	 stronger	 H-
aggregation,	observed	in	the	absorption	spectrum	(Fig	1c,d).	

Additionally,	 in	 the	MB:PC61BM	 film,	 the	 0-0	 vibronic	 transi-
tion	is	spectrally	broadened	to	the	red	side	as	compared	to	the	
ML:PC61BM	film,	could	be	a	weak	underlying	transition	below	
the	 0-0	 peak	 or	 	 a	 broadening	 effect.	 Ussualy	 in	 BHJ	 films,	 a	
new	 low	 energy	 state	 can	 be	 caused	 by	 hybridization	 of	 the	
D:A	 excited	 states	wave	 functions,	 leading	 to	 a	 CT	 state	 for-
mation.40	To	shed	more	 light	on	 the	photophysical	processes	
involving	 this	 transition,	 time-resolved	 transient	 absorption	
(TA)	experiments	as	well	as	first-principles	calculations	were	
performed.	

For	the	TA	experiments,	a	3	eV	pulse	was	used	for	the	optical	
excitation.	With	this	photon	energy,	excitons	can	be	generated	
both	 in	 PC61BM	 and	 in	 merocyanine	 molecules	 (see	 Fig.	 1).	
Using	 a	 visible	 light	 continuum	 as	 a	 probe,	 we	were	 able	 to	
directly	monitor	the	dynamics.	

	

	
Figure	2:	Time-resolved	absorption	spectra	of	a)	ML:PC61BM	
and	 b)	MB:PC61BM	 films	 at	 3	 ps	 (orange	 lines)	 and	 100	 ps	
(black	lines)	after	excitation.	The	CT	and	the	0-0	ground	state	
bleach	(GSB)	transitions	are	highlighted.	Decay	of	the	CT	and	
0-0	GSB	signals	of	 c)	ML:PC61BM	and	d)	MB:PC61BM.	A	90ps	
decaying	 exponential	 fit	 of	 the	 CT	 state	 is	 displayed	 in	 d)	
(red).	

	

The	 results	 of	 time-resolved	 absorption	 spectroscopy	 are	
shown	 in	 Fig.	 2.	 The	 spectral	 component	 at	 1.92	eV	 is	 the	
ground	state	bleach	(GSB)	of	the	0-0	vibronic	replica	and	can	
be	 used	 to	 directly	 monitor	 the	 excitation	 dynamics	 on	 the	
merocyanine	aggregates	and	molecules	in	a	film.		

	
Figure	3	Transient	absorption	spectrum	of	pure	and	mixed	films	
of	A)	ML	and	B)	MB	measured	at	3	ps	after	the	excitation	using	3	
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eV	excitation	energy.	All	 studied	 films	have	 shown	 the	CT	 state	
transition	 at	 1.8-1.85	 eV	 by	means	 of	 stimulated	 emission	 pro-
cess.	 0-0	 represents	 the	 ground	 state	 bleach	 signal	 of	 the	 0-0	
vibronic	peak	

 

An	additional	transient	component	at	1.85	eV	was	observed	in	
both	 time	 resolved	 spectra.	As	 further	 explained	 in	 the	 com-
putational	 modelling	 section,	 the	 1.85	eV	 transition	 was	 as-
signed	 to	 a	 state	 featuring	 an	 inter-molecular	 CT	 character	
amongst	 two	 merocyanine	 molecules.	 Similar	 CT	 excitons	
were	 previously	 suggested	 for	 a	 less	 dipolar	 merocyanine,	
however	never	modelled	before.41	The	amplitude	of	this	com-
ponent	 in	ML:PC61BM	 film	 is	 larger	 than	 the	GSB	component	
at	1.92	eV	(Fig	2a).	The	transient	signal	below	the	absorption	
edge	of	 the	materials	 indicates	a	stimulated	emission	nature,	
which	usually	appears	in	the	region	where	sample	is	lumines-
cent.	 	In	the	case	of	merocyanine	dyes,	luminescence	at	ener-
gies	below	the	0-0	transition	is	possible.	

The	 amplitude	 of	 the	 CT	 state	 in	 TA	 spectrum	 is	 stronger	 in	
MB:PC61BM	than	in	the	ML:PC61BM	film	(Fig.	2a,b).	This	find-
ing	 could	 indicate	 either	 a	 different	 oscillator	 strengths	 or	
different	 populations.	 Based	 on	 the	 absorption	 spectra	 (Fig.	
1c,d)	we	assume	 that	 the	oscillator	 strength	 is	 the	dominant	
factor,	because	the	0-0	transition		in	the	MB:PC61BM	is	slightly	
asymmetric	compared	 to	ML:PC61BM.	 	Different	CT	oscillator	
strengths	in	BHJ	films	could	be	caused	by	a	different	molecu-

lar	packing	also	observed	in	terms	of	different	H-aggregation	
properties.	

	
Another	 aspect	 which	 distinguishes	 the	 two	molecules	 from	
each	 other	 is	 the	 population	 dynamics	 of	 the	 CT	 state	 (Fig.2	
c,d).	 The	 decay	 time	 of	 the	 CT	 state	 and	 the	 0-0	 bleach	 in	
ML:PC61BM	films	show	no	differences	(130	ps),	whereas	in	the	
MB:PC61BM	 they	 deviate	 at	 early	 	 times	 (20-30	 ps	 after	 the	
excitation):	while	the	CT	state	decays	with	90	ps	lifetime(Fig.1	
d	 red),	 the	 0-0	 signal	 does	 not	 decay	 in	 the	 displayed	 60ps	
time	 window	 (Fig.1).	 The	 high	 oscillator	 strength	 of	 the	 CT	
state	 suggests	 a	 strong	wave-function	 overlap	 between	 elec-
tron	and	hole	in	the	CT	exciton.	This	would	facilitate	recombi-
nation	between	electrons	and	holes,	giving	rise	to	fast	decay	of	
the	 CT	 exciton.	 The	 90	ps	 decay	 time	 could	 be	 associated	 to	
the	 relaxation	 to	 an	 intermediate	 state,	 for	 example	 a	 triplet	
state,	 because	 a	 direct	 recombination	 to	 the	 ground	 state	
would	give	a	90	ps	recovery	time	in	0-0	transition,	which	was	
not	observed	experimentally.			

Despite	the	limits	of	TDDFT	in	modelling	correlation	effects	in	
the	 excited	 states,	 our	 simulations	 using	 a	 range-separated	
functional	qualitatively	agree	with	 the	experimental	 findings,	
providing	 a	 higher	 oscillator	 strength	 for	 the	 CT	 state	 in	
MB:PC61BM	clusters	than	ML:PC61BM	ones.	This	suggests	that	
in	 blends	 with	 PC61BM,	 the	 packing	 enhances	 the	 oscillator	
strength	of	the	CT	state	for	MB	than	ML.	

	
	

	
Figure	4:	a):	Computed	TD-ωB97X-D3/6-31G*	excited	state	vertical	energies	(unscaled	values)	for	MB	molecular	clusters,	namely:	
dimers	(2xMB,	black),	dimer	with	PC61BM	on	top	(2xMB:PC61BM	t,	green),	dimer	with	PC61BM	on	side	(2xMB:PC61BM	s,	orange).	
Absorption	spectra	plotted	as	convolution	of	Lorentzian	functions.	The	label	(*)	represents	the	optically	allowed	excited	state	(in	
the	text	S*),	here	assigned	to	the	0-0	transition,	as	reported	in	Fig.	2.	CT1	or	S1	can	either	be	assigned	to	the	stimulated	emission	
transition	observed	in	the	experiment	at	1.85	eV	(Fig.	2)	b):	electron-hole	density	plots	for	CT1	and	S1	states	for	the	three	molecu-
lar	clusters	respectively.		

	

In	Fig.	4	 are	 reported	 the	TDDFT	vertical	 transition	energies	
(unscaled	values)	 for	 the	MB	 cases	(see	SI	 for	values	regard-
ing	 ML),	 namely:	 the	 merocyanine	 dimer	 (2xMB)	 and	 the	
clusters	 with	 both	 on-top	 and	 on-side	 configurations	
(2xMB:PC61BM	t,	2xMB:PC61BM	s).		
	

The	merocyanine	dimers	are	minimal	 structural	models	 rep-
resenting	the	pure	merocyanine	films,	while	the	clusters	with	

PC61BM	the	D:A	 interfaces.	Both,	MB	 and	ML	dimers,	 show	a	
bright	excited	state,	here	referred	to	as	S*,	at	similar	energies	
and	oscillator	strengths	(2.82	eV,	 f=1.54	 for	MB	 and	2.79	eV,	
f=1.95	 for	ML,	 respectively,	 see	Fig.	4).	S*	can	be	assigned	 to	
the	0-0	absorption	observed	in	the	experiments	(see	Fig.	1).	In	
the	presence	of	PC61BM,	S*	slightly	shifts	 for	both	molecules,	
as	 a	 consequence	 of	 the	 inter-molecular	 interactions.	 Both,	
MB	 and	ML,	 in	 dimers	 or	 in	 clusters	 with	 PC61BM,	 show	 a	
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weak	 dipole-allowed	 low-energy	 state	 S1.	 S1	 is	more	 intense	
for	MB	 than	ML	 clusters.	 The	 analysis	 of	 the	 electron-hole	
densities	 (Fig.	4b)	 shows	 that	 S1	 can	be	described	as	 a	weak	
inter-molecular	CT	state	between	the	two	merocyanines.	The	
presence	 of	 PC61BM	 does	 not	 significantly	 alter	 neither	 its	
character,	nor	the	energy	and	oscillator	strength.	

Remarkably,	 an	 excited	 state	 showing	 a	 strong	 inter-
molecular	 CT	 character	 between	 merocyanines,	 is	 predicted	
below	 S*.	 This	 state	 is	 named	 here	 CT1	 (see	 Fig.	 4)	 and	 it	 is	
present	 for	 both	 on	 top	 (“face-on”)	 and	 on	 side	 (“edge-on”)	
PC61BM	 clusters.	 It	 derives	 from	 the	 CT1	 transition	 already	
present	 in	 the	 pure	 merocyanine	 dimer.	 CT1	 shows	 a	 clear	
electron-hole	 density	 separation,	 localized	 on	 the	 merocya-
nine	domain.	Furthermore,	 its	energy,	oscillator	strength	and	
partial	 charges	are	highly	affected	by	 the	 relative	position	of	
the	PC61BM.	For	the	on-top	PC61BM	configuration	in	MB	clus-
ter,	higher	stabilization	energy	and	oscillator	strength	for	CT1	
are	 computed	 than	 the	 on-side	 (Fig.	 4).	 For	 the	 case	 of	ML	
clusters,	the	computed	TDDFT	energy	for	the	CT	state	is	high-
er	than	S*	(see	SI	for	details),	and	any	clear	CT	state	could	be	
located	 below	 the	 optical	 allowed	 transition.	 This	 aspect	
might	be	due	to	various	reasons:	i)	different	local	packing	and	
dimer	geometries,	as	induced	by	different	alkyl	side	chains,	ii)	
a	small	cluster	size	considered	in	the	simulations,	which	is	not	
sufficient	 for	 a	 full	 description	 of	 the	 electronic	 structure	 of	
ML:PC61BM	cases.	For	such	reasons,	the	computed	data	relat-
ed	to	ML	clusters	are	reported	in	SI,	and	further	computation-
al	investigations	will	be	needed	to	systematically	address	this	
point.		

Comparing	 the	 TDDFT	 calculations	 with	 the	 experimental	
data	 (i.e.,	 by	 shifting	 the	 computed	 energies),	 for	 the	 case	 of	
MB	we	can	associate	the	CT1	to	the	stimulated	emission	band	
observed	at	1.85	eV	(see	Fig.	2).	 	This	state	is	predicted	both,	
in	pure	MB	and	in	MB:PC61BM	clusters,	as	also	experimentally	
observed.	 Because	 of	 the	 aforementioned	 TDDFT	 limits	 in	
computing	the	energies	of	the	merocyanine	excited	states,	we	
cannot	 completely	 exclude	 that	 the	 stimulated	 emission	 sig-
nals	 might	 also	 be	 assigned	 to	 the	 S1	 state,	 which	 shows	 a	
weak	 CT	 character	 as	well	 (Fig.	 4	 b).	We	 point	 out	 that	 our	
models	 are	 kept	 minimal,	 however,	 we	 do	 not	 exclude	 the	
appearance	 of	 further	 low-lying	 CT	 states,	 surrounding	 the	
optical	gap	(S*),	the	more	we	increase	the	cluster	size.	Similar	
effects	 have	 been	 reported	 in	 the	 literature	 for	 oligothio-
phene:PC61BM	clusters42.		

	

	
Figure	4:	Transient	absorption	spectra	at	3	ps	delay	of	MB	(a)	
and	 ML	 (c)	 blends	 with	 PC61BM.	 	 Two	 Gaussian	 functions	
represent	 0-0	 and	 CT	 state	 transitions.	 Proposed	 packing	

model	of	MB	(b)	and	ML	clusters	(d)	in	a	blend	with	PC61BM.	
	

Both,	modelling	and	experiments,	 suggest	 that	 the	molecular	
geometry	and	packing	can	alter	the	photo-physics	of	merocy-
anine	molecules	blended	with	PC61BM.	An	“on-top”	configura-
tion	between	PC61BM	and	merocyanine	 increases	 the	oscilla-
tor	strength	of	the	CT	state	as	compared	to	the	“on-side”	ori-
entation.	 This	 can	 be	 caused	 by	 the	 different	 electron-hole	
delocalization	 and	 spatial	 wave-function	 overlap.	 In	 fact,	 for	
the	 “on-top”	 case	 the	 electron-hole	 overlap	 is	 slightly	 larger	
than	the	“on-side”	cluster,	thus	leading	to	a	less	delocalised	CT	
exciton,	 therefore	 to	 a	 higher	 oscillator	 strength	 for	 the	 CT	
transition	(Fig.	4).	

A	sketch	of	molecular	packing	behaviour	of	MB	and	ML	mero-
cyanines	 is	 shown	 in	 Fig.	 5.	 The	 amplitudes	 of	 the	 proposed	
CT	 state	 transitions	 (fitted	 using	 Gaussian	 distribution	 func-
tions)	 are	 shown	 in	 the	 transient	 spectra	 of	 two	 different	
merocyanines	at	3	ps	delay.	The	strong	H-aggregation	and	low	
intermixing	 between	ML	 and	 PC61BM	 favours	 the	 “on	 edge”	
configuration,	 thus	 leading	 to	 a	 more	 delocalized	 CT	 state	
showing	 a	 weaker	 oscillator	 strength	 (Fig	 4	 c,	d).	 The	 good	
intermixing	 of	MB:PC61BM	 reduced	 the	 H-aggregation.	 This	
enables	a	more	“on	top”	configuration,	which	decreases	the	CT	
delocalisation,	 therefore	 increasing	 the	 oscillator	 strength	 of	
the	CT	band	 (Fig	4	a,	b).	 CT	 excitons	 in	merocyanine	 clusters	
with	 a	 stronger	 H-aggregation	 are	more	 delocalized	 and	 are	
easier	to	split	into	charge	pairs,	which	leads	a	to	better	device	
performance.	

	

Conclusions.		
In	 this	 study	 experimental	 and	 first	 principles	 approaches	
were	used	to	investigate	the	changes	induced	by	the	molecu-
lar	 packing	 on	 the	 intermolecular	 charge	 transfer	 state	 in	
terms	 of	 optical	 activity	 (i.e.,	 oscillator	 strength)	 and	 decay	
dynamics.	For	 this	purpose,	 two	merocyanines	with	 identical	
core,	 but	 different	 alkyl	 side	 chains	 (i.e.	 branched	 vs.	 linear)	
were	 considered.	 Using	 absorption	 spectroscopy	 H-
aggregation	in	liquid	and	solid	phases	was	analysed	and	simi-
lar	 packing	 behaviour	 for	 both	merocyanines	 was	 observed.	
By	blending	ML	and	MB	merocyanines	with	PC61BM,	remark-
able	differences	in	the	aggregation	properties	were	observed,	
correlating	 with	 different	 D:A	 intermixing.	 Time	 resolved	
absorption	studies	showed	the	existence	of	an	intermolecular	
CT	 state	 between	 merocyanine	 molecules	 showing	 strong	
molecular	 packing	dependency.	DFT	 and	TDDFT	 calculations	
revealed	 how	 different	 merocyanines/PCB61M	 interfaces	
impact	 on	 the	 excited-state	 energies	 and	 dipole	 activities.	
Large	enhancement	of	the	CT	state	transition	when	PC61BM	is	
positioned	 “on	 top”	of	 the	parallel	aligned	merocyanine	clus-
ter	was	found.	This	enhancement	was	explained	as	a	change	in	
the	 electron-hole	 overlap	 and	 delocalisation	 of	 the	 CT	 state.	
Our	conclusion	is	evidenced	by	performance	of	solar	cells	and	
charge	transport	investigations.	
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