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Rationalizing	Fluorescence	Quenching	in	meso-BODIPY	Dyes		

Antonio	Prlj,a†	Alberto	Fabrizioa†	and	Clemence	Corminboeufa*	

Meso-substituted	 boron-dipyrromethene	 (BODIPY)	 dyes	 are	 a	
puzzling	 class	 of	 molecules,	 which	 feature	 contrasting	 emissive	
behaviors.	 The	 full	 mechanistic	 picture	 for	 these	 distinctive	
properties	 is	 still	missing.	Using	 static	 and	dynamic	 excited	 state	
computations	 we	 unravel	 the	 key	 reasons	 behind	 these	
divergences.		

Boron-dipyrromethene	 (BODIPY)	 dyes	 are	 one	 foremost	 class	 of	
small	 organic	 molecules	 with	 wide	 applications	 in	 imaging	 and	
sensing,1	 photovoltaics,2	 electrochemistry,3	 non-linear	 optics,4	
lasers5	 etc.	 Key	 features	 of	 these	 compounds	 include	 excellent	
thermal	 and	 chemical	 stability	 as	 well	 as	 sharp	 absorption	 and	
emission	 bands	 with	 fluorescence	 quantum	 yields	 approaching	
100%.6	 Their	 optoelectronic	 properties	 are	 generally	 tunable	 by	
introducing	 various	 substituents,	 which	 has	 prompted	 extensive	
synthetic	 efforts	 and	 fine-tuning	 of	 their	 optical	 performance	
through	 both	 experimental7	 and	 quantum-chemical	 modelling.8	
Owing	to	its	unique	versatility,9	the	BODIPY	dye	was	labeled	as	the	
“El	 Dorado	 for	 fluorescence	 tools”9a	 and	 “the	 most	 versatile	
fluorophore	ever”.9b	However,	a	priori	knowledge	of	the	structure-
property	relationships	connecting	the	substituent	and	the	emissive	
property	of	the	dye	still	remains	the	holy	grail	for	molecular	design.		
Meso-substituted	 BODIPYs	 received	 special	 attention	 due	 to	 their	
evident	 contrasting	 emissive	 behaviors.10,11	 Small	 variations	 in	 the	
nature	of	the	substituents	are	associated	with	dramatically	different	
photophysical	 properties.	 In	 particular,	 BODIPY	 is	 strongly	

fluorescent	upon	UV	irradiation	if	bonded	to	a	sp3	carbon,	whereas	
the	 fluorescence	of	 the	 sp2-bonded	analogue	 is	almost	 completely	
quenched.11	In	particular,	the	excellent	fluorescence	characteristics	
of	 the	 parent	 BODIPY	 are	 preserved	 in	 the	meso-substituted	 alkyl	
chains	core	 (fluorescence	quantum	yields,	Φf	 >	0.9)

10c,11a,12	but	 the	
meso-alkenyl	 derivatives	 are	 virtually	 non-fluorescent	 (Φf	 ≈	
0).11a,12,13	Cosa	et	al.	have	shown	 that	 the	 same	contrast	holds	 for	
formyl	(sp2,	non-fluorescent)	and	hydroxymethyl	(sp3,	 fluorescent),	
or	 iminyl	(sp2,	non-fluorescent)	and	aminomethyl	(sp3,	fluorescent)	
moieties.11b	 Such	 sharp	 differences	 in	 emissive	 properties	 do	 not	
typically	hold	for	α-	and	  β-substituted	derivatives	(see	ref.	13	and	
the	 examples	 therein).	 The	 full	 mechanistic	 picture	 of	 the	
nonradiative	 decay	 in	meso-substituted	 dyes	 is	 still	 missing	 even	
though	 the	 quantum	 yield	 drop	 was	 attributed	 to	 intramolecular	
deactivation	 pathways,	 consistent	 with	 the	 large	 Stokes	 shifts,	
rather	 than	 to	 a	 quenching	 mechanism	 such	 as	 intersystem	
crossing.11b	In	this	contribution,	we	unravel	the	key	physical	reasons	

behind	 the	 different	 emissive	 properties	 of	 two	 exemplary	
compounds	meso-vinyl	and	meso-ethyl	BODIPY	(Scheme	1).		
 
Scheme	1.	Schematic	2D	representations	of	the	studied	compounds	
with	their	expected	fluorescence	quantum	yields	(Φf).	
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Relying	 upon	 high	 level	 excited	 state	 and	 molecular	 dynamics	
computations,	 we	 provide	 evidences	 that	 1	 is	 more	 likely	 to	
deactivate	non-radiatively	from	the	first	excited	singlet	state	(S1)	to	
the	ground	state	(S0)	due	to	the	accessible	conical	intersection	(CI).	
CIs	 are	 crossings	 between	 potential	 energy	 surfaces	 (of	 the	 same	
multiplicity),	which	enable	very	efficient	non-radiative	decay14	and	
proved	to	be	important	to	explain	fluorescence	properties	of	many	
organic	dyes.15	In	principle,	a	CI	may	be	separated	from	the	Franck-
Condon	 (FC)	 region	and	 the	excited	 state	minimum	by	a	potential	
energy	barrier.	 If	 the	barrier	 can	be	 easily	 overcome,	 the	 crossing	
region	is	energetically	accessible	and	the	system	will	easily	undergo	
radiationless	 decay	 to	 the	 ground	 state.	 In	 contrast,	 large	barriers	
will	 suppress	 the	 radiationless	 deactivation	 and	 promote	
fluorescence.		

 
Figure	 1.	 Energy	 profiles	 (in	 eV)	 of	 a)	 1	 and	 b)	 2.	 Optimized	
structures	 are	 shown	 as	 insets,	 while	 intermediate	 structures	 are	
obtained	by	 linear	 interpolation	of	 internal	coordinates.	Zoom	into	
the	 S1	 topography	 is	 shown	 in	 smaller	 graphs.	 “MECP”	 stands	 for	
minimal	 energy	 crossing	 point.	 The	 ADC(2)/MP2	 levels	 were	 used	
with	the	def2-SVP	basis	set.	
 
The	 electronic	 state	 profiles	 using	 a	 reaction	 coordinate	 that	
characterizes	 the	 excited	 state	 decay	 are	 provided	 in	 Figure	 1	 for	
both	1	and	2.	The	geometry	deformation	largely	corresponds	to	the	
butterfly-like	motion	of	 the	BODIPY	core,	bending	over	 the	boron-
meso-C	 line.	 Upon	 this	 geometrical	 change,	 the	 excited	 state	
potential	energy	surfaces	are	clearly	flatter	than	that	of	the	ground	
state.	The	key	difference	is	revealed	by	a	closer	look	at	the	energy	
landscape	of	the	first	excited	state.	The	initial	excitation	of	1	to	the	
S1	state	is	followed	by	the	large	energetic	relaxation	(~0.4	eV)	to	the	
S1	minimum,	associated	with	the	puckering	of	the	BODIPY	ring.	The	
S1/S0	crossing	point	is	geometrically	close	to	the	S1	minimum,	so	the	
small	geometrical	evolution	prompts	the	non-radiative	relaxation	to	
the	ground	state.	The	situation	for	2	is	rather	different.	As	opposed	
to	1,	for	which	the	excitation	can	delocalize	to	the	π-system	of	the	
vinyl	 substituent	 (having	 a	 weak	 charge	 transfer	 character;	 see	
Figure	 S1	 in	 the	 SI),	 the	 relaxation	 effects	 in	2	 are	modest	 (~0.15	
eV).	 The	 S1	 minimum	 is	 geometrically	 distant	 from	 the	 crossing,	
which	 is	separated	by	an	energy	barrier.	While	 the	crossing	 is	at	a	
slightly	lower	energy	than	the	FC	point,	the	whole	process	following	
the	 reaction	 coordinate	 is	 energetically	 unfavorable.	 Hence	 the	
retention	 of	 the	 system	 close	 to	 the	 S1	 minimum	 prompts	 the	
radiative	 decay	 (i.e.,	 fluorescence).	 Additionally,	 the	 oscillator	
strength	(between	S1	and	S0)	in	the	excited	state	minimum	is	almost	
three	 times	 larger	 for	2	 (0.29)	 than	 for	1	 (0.11),	which	goes	along	
with	the	smaller	geometrical	distortion	of	the	former	and	points	to	
its	 larger	 tendency	 for	 radiative	 decay.	 Nevertheless,	 the	 static	
profiles	 displayed	 in	 Figure	 1	 are	 not	without	 deficiencies.	 In	 fact,	
the	molecule	absorbs	a	broad	range	of	frequencies,	which	requires	
the	 sampling	 of	 various	 ground	 state	 geometries.	 Photoexcited	
molecules	 have	 already	 acquired	 a	 certain	 kinetic	 energy,	 which	
may	 help	 overcoming	 the	 potential	 barrier	 (note	 that	 the	
interpolated	 barrier	 in	 Figure	 1b	 is	 only	 the	 upper	 bound	 for	 the	
true	barrier).		Additionally,	the	crossings	are	typically	reached	at	the	
higher	energies	rather	than	the	minimal	energy	crossing	point.16	 It	
is	 therefore	 not	 clear	 as	 whether	 the	 intersection	 region	 is	 also	
energetically	 accessible	 to	2.	 Finally,	 alternative	pathways	and	 the	
possible	 participation	 of	 the	 higher	 excited	 states	 (through	
nonadiabatic	coupling)	are	disregarded	in	this	static	picture	(Figure	
1).		
	
To	overcome	these	limitations,	we	provide	more	realistic	molecular	
dynamic	 computations	 by	 initiating	 50	 independent	 trajectories	 in	
the	S1	states	of	both	molecules.	Initial	conditions	(i.e.	structures	and	
velocities)	were	sampled	from	the	Boltzmann	ensemble	at	300K	and	
vertical	 excitations	 from	 the	 ground	 state	 equilibrium	 to	 the	 non-
equilibrium	S1	state	were	assumed.	In	line	with	the	static	picture,	all	
50	 trajectories	of	1	 follow	 the	butterfly-like	motion	and	 reach	 the	
crossing	 intersection	with	S0.	 In	sharp	contrast,	only	one	out	of	50	
computed	 trajectories	 of	 2	 reaches	 the	 crossing	 within	 the	 1ps	
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simulation	time.	The	results	confirm	the	behavior	anticipated	from	
the	much	simpler	profiles	of	Figure	1:	1	shows	a	large	tendency	for	
radiationless	 decay,	 whereas	 due	 to	 the	 energy	 barrier	 and	 the	
longer	timescales	involved,	2	tends	to	favor	fluorescence.	
 
 

 
 
Figure	2.	Illustrative	trajectories	for	the	S1	dynamics	of	a)	1	an	b)	2,	
showing	the	time	evolution	of	the	potential	energy	surfaces	of	the	
ground	 and	 first	 excited	 states,	 as	 well	 as	 BNCC	 torsional	 angle	
(atoms	 in	 red).	 Geometries	 of	 the	 first	 and	 the	 last	 frame	 of	 the	
dynamics	are	depicted.	ADC(2)/MP2	/def2-SVP	levels	were	used.		
 
The	excited	state	molecular	dynamics	simulation	also	confirms	that	
there	 is	 no	participation	 from	 the	higher	excited	 states,	 as	 can	be	
anticipated	from	the	relatively	large	energy	gaps	between	S1	and	S2.	
Exemplary	 trajectories	 of	 both	 1	 and	 2	 are	 depicted	 in	 Figure	 2,	
showing	 the	 time	 evolution	 of	 the	 electronic	 state	 potential	
energies	and	the	simultaneous	bending	of	the	BODIPY	core.	While	1	
evolves	towards	the	S1/S0	intersection	with	the	progressive	bending	
of	 the	 fused	 core,	 2	 relaxes	 to	 the	 excited	 state	 minimum	 as	
indicated	by	the	oscillations	of	the	puckering	angle.		

Considering	 the	 ensemble	 of	 trajectories,	 the	 computed	 lower	
bound	 for	 the	S1	 lifetime	of	1	 (in	 vacuum)	 is	 roughly	0.6	ps,	while	
the	 S1	 lifetime	 of	 2	 is	 inconclusive.	 Nevertheless,	 the	 solvent	 is	
expected	to	further	slow	down	the	relevant	low-frequency	motions,	
extending	 the	 timescales	 to	 the	 picosecond	 time	 range.	 We	 thus	
recomputed	the	potential	energy	surfaces	(as	in	Figure	1)	including	
the	 implicit	 tetrahydrofuran	 (THF;	 used	 in	 experiments11a)	 solvent	
(see	SI),	which	 shows	no	qualitative	difference	when	compared	 to	
the	 vacuum	 case.	 Excited	 state	 molecular	 dynamics	 with	 explicit	
THF	solvent	 (within	 the	QM-MM	framework)	were	also	performed	
(see	SI).	 In	 this	case,	none	of	 the	 trajectories	 reached	the	crossing	
within	 the	 imposed	 simulation	 time	 of	 1	 ps.	 The	 static	 and	 the	
dynamic	 pictures	 indicate	 that	 the	 solvent	 does	 not	 alter	 the	
photophysics	 of	 these	 compounds,	 apart	 from	 slowing	 down	 the	
dynamics	 due	 to	 the	 solvent	 drag.	 While	 desirable,	 the	
consideration	of	longer	timescales	is	unfortunately	cumbersome	for	
real	time	molecular	dynamics	computations.	
To	 summarize,	 the	 divergence	 in	 fluorescence	 properties	 of	 two	
BODIPY	 dyes	 stems	 from	 the	 different	 topography	 of	 the	 S1	
potential	 energy	 surface.	 1	 exhibits	 large	 stabilization	 upon	
photoexcitation	along	with	 the	bending	of	 the	 fused	BODIPY	core.	
The	 crossing	 with	 the	 ground	 state	 is	 close	 to	 the	 excited	 state	
minimum	so	 the	population	quickly	decays	 to	 S0.	2	 is	 qualitatively	
different.	 Excited	 state	 relaxation	 is	modest	 and	 the	 crossing	with	
the	ground	 state	 is	 geometrically	and	energetically	distant,	due	 to	
the	presence	of	 a	 kinetic	 barrier.	 This	 difference	points	 towards	 a	
dominant	 radiative	 relaxation	 pathway.	 From	 the	 general	
perspective	 of	 the	 fluorescence	 in	 BODIPY	 derivatives,	 the	
importance	of	CI	(and	its	accessibility)	still	has	to	be	investigated	as	
theoretical	 studies	 on	 this	 topic	 are	 scarce.12,17	 Previous	
explanations	 of	 non-radiative	 decay	 involving	 concepts	 such	 as	
intramolecular	 charge	 transfer	 and	 the	 lack	 of	 molecular	
rigidity13,10b	 are	 somewhat	 too	 general.	 The	 vast	 experimental	
work10,11	 on	 meso-BODIPY	 dyes	 indicates	 that	 the	 principles	
demonstrated	 here	 have	 broader	 significance.	 In	 fact,	 we	 have	
verified	 that	meso-formyl	and	meso-hydroxymethyl	derivatives	are	
qualitatively	similar	to	1	and	2,	respectively	(see	SI).	Therefore,	we	
expect	 that	 the	computational	modeling	will	be	of	great	 relevance	
as	a	future	guide	for	rational	design.		 	
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Grants	306528,	“COMPOREL”).	The	authors	thank	Dr.	Momir	Mališ	
and	Dr.	Basile	Curchod	for	discussions,	and	Dr.	Ganna	Gryn’ova	for	
graphical	support.	

Computational	Section	

Excited	states	were	computed	at	the	ADC(2)	level18	combined	with	
the	def2-SVP19	basis	set.	The	resolution	of	identity	and	frozen	core	
approximations	were	 employed.	 ADC(2)	 has	 proved	 to	 be	 reliable	
for	 potential	 energy	 surfaces20,15c	 and	 excited	 state	 dynamics21	 of	
organic	molecules.	The	method	is	particularly	applicable	for	BODIPY	
dyes	 owing	 to	 the	 importance	 of	 differential	 correlation	 effects	
(which	limits	the	use	of	standardly	employed	excited	state	methods	
such	 as	 TDDFT	 and	 CASSCF).22	 Single	 point	 computations	 and	
optimizations	 were	 performed	 with	 Turbomole	 6.5	 software.23	
Minimal	energy	crossing	points	were	optimized	using	CIOpt	code24	
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coupled	 to	 Turbomole.	 Although	 ADC(2)	 does	 not	 provide	 the	
correct	2D	branching	space	of	the	conical	intersection	between	the	
first	 excited	 and	 the	 ground	 state	 (computed	 at	 MP2	 level),	 but	
rather	 1D	 diabatic-like	 crossing,	 detailed	 benchmark	 study25	 has	
shown	that	it	can	provide	correct	geometries	and	energetics	of	the	
crossing,	 motivating	 the	 use	 of	 ADC(2)	 for	 photochemistry.	
Nevertheless,	we	here	focus	on	the	qualitative	picture,	while	more	
quantitative	 data	 are	 provided	 in	 the	 supporting	 information.	
Molecular	 geometries	 between	 the	 optimized	 structures	 were	
obtained	 by	 the	 linear	 interpolation	 of	 internal	 coordinates,	while	
the	relative	length	of	the	paths	(Figure	1)	were	scaled	based	on	the	
root	mean	square	deviation	(RMSD)	between	the	first	and	the	 last	
structure.	Ground	and	excited	state	dynamics	was	performed	with	
the	 Newton-X	 software26	 coupled	 to	 Turbomole.	 To	 sample	 the	

initial	conditions,	20	ps	long	ground	state	dynamic	trajectories	were	
performed	 for	 both	 systems	 within	 the	 NVT	 ensemble	 at	 300K	
(Anderson	 thermostat).	 The	 PBE027/def2-SVP	 level	 was	 employed,	
with	 the	 time	 step	 of	 1	 fs.	 50	 initial	 conditions	 (coordinates	 and	
velocities)	were	sampled	randomly	from	the	last	15	ps	of	dynamics,	
and	 used	 for	 excited	 state	 dynamics	 initiated	 from	 S1.	 50	
trajectories	 (of	 each	 compound)	 were	 evolved	 within	 the	 NVE	
ensemble	with	the	time	step	of	0.5	fs	and	the	maximal	time	of	1	ps.	
Two	 higher	 excited	 state	 were	 included	 via	 the	 surface	 hopping	
scheme,28	 but	 since	 there	 was	 virtually	 no	 population	 of	 these	
states,	the	dynamics	is	equivalent	to	an	adiabatic	dynamics	in	S1.	All	
the	trajectories	were	terminated	when	approaching	to	the	crossing	
with	the	ground	state,	as	discussed	earlier.21a	For	further	details	see	
supporting	information.	
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