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Efficient Electrochemiluminescence of 
a boron-dipyrromethene (BODIPY) dye  

Mahdi Hesari, a‡ Jia-sheng Lu, b,c‡ Suning Wang,* b,c and Zhifeng Ding*a  

	
  

	
  

Electrochemiluminescence (ECL) of a boron-dipyrromethene 
dye (BDY) in the presence of tri-n-propylamine as a co-
reactant was found to be highly efficient. The ECL of BDY 
showed a unique peak wavelength of 707 nm, indicative of 
intermolecular electronic transition mechanism.  

	
   Boron-­‐dipyrromethene	
  (BODIPY)	
  dye	
  family	
  covers	
  a	
  wide	
  range	
  

of	
   so-­‐called	
   supermolecular	
   compounds,	
   which	
   are	
   well-­‐known	
   for	
  

their	
  specific	
  absorption	
  and	
  emission	
  optical	
  properties.1	
  Importantly,	
  

these	
   optical	
   features	
   can	
   be	
   altered	
   feasibly	
   via	
   structural	
  

modifications	
  at	
  the	
  different	
  BODIPY	
  core	
  positions	
  (see	
  Scheme	
  1),2,	
  

3	
  where	
  different	
  derivatives	
  display	
  diverse	
  colours	
  in	
  solution.4-­‐6	
  The	
  

BODIPY	
  dyes	
  mostly	
  show	
  peculiarly	
  high	
  absorption	
  coefficient	
  and	
  

photoluminescence	
   quantum	
   efficiency	
   in	
   both	
   visible	
   and	
   near-­‐

infrared	
   (NIR)	
   regions	
   due	
   to	
   the	
   electron	
   rich	
   core.	
   Thus,	
   BODIPY	
  

dyes	
   are	
   anticipated	
   to	
   be	
   useful	
   indicators	
   and	
   biomarkers	
   in	
  

biological	
   studies.4,	
   7,	
   8	
   In	
   addition	
   to	
   the	
   optical	
   properties,	
   BODIPY	
  

dyes	
  possess	
  diverse	
  electrochemical	
   features,	
  which	
  also	
  depend	
  on	
  

their	
  structural	
  design.9,	
  10	
  Therefore,	
  BODIPY	
  dyes	
  with	
  a	
  wide	
  range	
  

of	
   modification	
   or	
   functionalization	
   have	
   been	
   used	
   in	
  

photoelectrochemical	
   studies	
   including	
   photo-­‐induced	
   energy	
  

transfer	
   (PET),11,	
   12	
   photovoltaic	
   devices,13-­‐17	
   and	
   electrogenerated	
  

chemiluminescence	
   (ECL)	
   process.18,	
   19	
   ECL	
   is	
   an	
   important	
  

photoelectrochemical	
   technique	
   with	
   a	
   diverse	
   applications	
   in	
   both	
  

fundamental	
   and	
   analytical	
   aspects	
   for	
   organic	
   and	
   inorganic	
  

martials.20-­‐28	
   Bard	
   and	
   co-­‐workers	
   are	
   pioneer	
   in	
   studying	
   various	
  

BODIPY	
   dyes	
   as	
   ECL	
   emitters.29	
   They	
   showed	
   that	
   the	
   structural	
  

properties	
  play	
  an	
  important	
  role	
  in	
  the	
  ECL	
  emission	
  wavelength	
  and	
  

efficiency.9,	
   30-­‐34	
   Here,	
   ECL	
   of	
   a	
   giant	
   BOPIDY	
   dye	
   (abb.	
   as	
   BDY,	
  

Scheme	
  1)	
  including	
  a	
  biphenyl	
  linker	
  and	
  two	
  long	
  chain	
  (C8)	
  arms	
  in	
  

the	
   meso	
   and	
   alpha	
   positions13	
   was	
   investigated.	
   Essentially,	
   the	
  

presence	
   of	
   the	
   aromatic	
   chains	
   provides	
   a	
   high	
   possibility	
   for	
   π	
  

interaction,	
   which	
   provides	
   a	
   feasible	
   route	
   for	
   intermolecular	
  

electronic	
  transition.	
  Blocking	
  at	
  alpha,	
  beta	
  or	
  meso	
  positions	
  of	
  the	
  

BODYPY	
   core	
   is	
   expected	
   to	
   stabilize	
   the	
   electrogenerated	
   radicals	
  

needed	
   to	
   generate	
   the	
   excited	
   state,	
   and	
   therefore	
   to	
   enhance	
   the	
  

ECL	
   intensity.	
   The	
   ECL	
   efficiency	
   of	
   BDY	
   showed	
   a	
   remarkable	
  

increase	
   relative	
   to	
   the	
   other	
   BODIPY	
   dyes.	
   The	
   ECL	
   mechanisms	
  

were	
  correlated	
  to	
  the	
  electrochemistry	
  and	
  structure	
  of	
  the	
  dye.	
  For	
  

the	
  first	
  time,	
  the	
  Latimer-­‐type	
  diagram	
  was	
  obtained	
  for	
  the	
  BODIPY	
  

dye	
  to	
  connect	
  photochemical	
  and	
  electrochemical	
  features.	
  	
  	
  

 
Scheme 1. Molecular structure of the BDY. 

	
   The	
  synthesis	
  of	
  the	
  BDY	
  dye	
  was	
  reported	
  elsewhere.13	
  Figure	
  1A	
  

shows	
  the	
  spooling	
  ECL	
  spectra	
  of	
  0.4	
  mM	
  BDY	
  in	
  the	
  presence	
  of	
  20	
  

mM	
   tri-­‐n-­‐propylamine	
   (TPrA)	
   in	
   CH2Cl2	
   containing	
   0.1	
   M	
   tetra-­‐n-­‐

butylammonium	
   hexafluorophosphate	
   (TBAPF6)	
   as	
   the	
   supporting	
  

electrolyte	
  at	
  a	
  scan	
  rate	
  of	
  20	
  mVs-­‐1.	
  The	
  spectra	
  were	
  acquired	
  along	
  

with	
  a	
  potential	
  scanning	
  cycle	
  between	
  0.0	
  and	
  1.4	
  V	
  vs.	
  SCE.	
   It	
  can	
  

be	
  noticed	
  that	
   the	
  onset	
  ECL	
  spectrum	
  recorded	
  at	
  0.700	
  V	
  vs.	
  SCE	
  

has	
  a	
  peak	
  wavelength	
  of	
  707	
  nm.	
  At	
  this	
  potential	
  the	
  BDY	
  dye	
  was	
  

already	
  oxidized	
  to	
  the	
  corresponding	
  radical	
  cation	
  (BDY�+)	
  (Figure	
  2,	
  

Ox1,	
  E
°’=	
  0.603	
  V).	
  At	
  a	
  very	
  close	
  potential	
   (0.810	
  V	
  vs.	
  SCE35),	
  TPrA	
  

was	
   also	
   oxidized	
   to	
   its	
   radical	
   cation	
   intermediate	
   (TPrA�+),	
   which	
  

deprotonated	
   to	
   form	
   TPrA	
   radical	
   (TPrA�)	
   with	
   a	
   highly	
   reductive	
  

power	
   (E°=	
   -­‐1.7	
   V),35,	
   36	
   Scheme	
   2.	
   The	
   electrogenerated	
   BDY�+	
   and	
  

TPrA�	
   met	
   in	
   the	
   vicinity	
   of	
   the	
   working	
   electrode,	
   where	
   a	
   single	
  

electron	
  transfer	
  from	
  HOMO	
  of	
  the	
  TPrA� to	
  the	
  LUMO	
  of	
  the	
  BDY�+	
  

dye	
  occurred.	
  As	
  a	
  result,	
  an	
  excited	
  state	
  of	
  the	
  BDY	
  (BDY*)	
  formed,	
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Figure 1. Spooling ECL spectra of 0.4 mM BDY /20 mM TPrA in CH2Cl2 containing 0.1 M TBAPF6 during a potential scanning 
cycle between 0.0 and 1.4 V at (A) 20, (B) 50, (C) 100, and (D) 200 mVs-1. Each spectrum was acquired for 1 s interval.  

which	
  relaxed	
  to	
  the	
  ground	
  state	
  and	
  fluoresced	
  at	
  707	
  nm,	
  Scheme	
  

2.	
   Scanning	
   potential	
   towards	
   the	
   more	
   positive	
   values	
   generated	
  

more	
   TPrA�,	
   which	
   increased	
   the	
   [BDY*]	
   and	
   lead	
   to	
   the	
   ECL	
  

evolution	
   (Figure	
   1	
   A).	
   The	
   ECL	
   emission	
   reached	
   to	
   the	
   first	
  

maximum	
  at	
  t=	
  51	
  sec.	
  (1.020	
  V),	
  while	
  the	
  ECL	
  emission	
  remained	
  at	
  

707	
   nm.	
   At	
   higher	
   positive	
   potential	
   the	
   second	
   maximum	
   was	
  

recorded	
  at	
  t=59	
  sec.	
  (1.180	
  V).	
  BDY	
  underwent	
  the	
  second	
  oxidation	
  

at	
   1.075	
   V	
   (Figure	
   2,	
   Ox2)	
   to	
   generate	
   BDY	
   dication	
   (BDY
2+),	
   which	
  

reacted	
  with	
   BDY	
   in	
   the	
   solution	
   to	
   produce	
   two	
   BDY�+,	
   Scheme	
   2.	
  

Due	
   to	
   the	
   increased	
   [BDY�+],	
   the	
   ECL	
   intensity	
   was	
   enhanced	
   as	
  

demonstrated	
   by	
   the	
   second	
   maximum	
   in	
   the	
   spooling	
   spectra.	
  

Obviously,	
  the	
  second	
  maximum	
  was	
  attributed	
  to	
  the	
  emission	
  from	
  

the	
   same	
   excited	
   state,	
   BDY*.	
   Upon	
   scanning	
   the	
   potential	
   further	
  

positive	
  and	
  in	
  the	
  reverse	
  direction,	
  the	
  ECL	
  intensity	
  decreased	
  due	
  

to	
   the	
   depletion	
   and	
   reverse	
   conversion	
   of	
   the	
   TPrA� and	
   BDY	
  

species.	
   The	
   ECL	
   evolution	
   and	
   devolution	
   pattern	
   demonstrated	
  

from	
   the	
   spooling	
   spectroscopy	
   is	
   matched	
   by	
   that	
   from	
   the	
   ECL-­‐

voltage	
  curve	
  shown	
  in	
  Figure	
  S1A-­‐B.	
  	
  

	
   The	
   ECL	
   dependence	
   of	
   the	
   BDY/TPrA	
   system	
   on	
   the	
   scan	
   rate	
  

was	
  investigated	
  by	
  means	
  of	
  spooling	
  spectroscopy	
  at	
  potential	
  scan	
  

rates	
  of	
  50,	
  100	
  and	
  200	
  mVs-­‐1,	
  respectively,	
  Figure	
  1B-­‐D.	
  In	
  all	
  cases,	
  

the	
   same	
   ECL	
   peak	
   wavelength	
   was	
   observed.	
   The	
   higher	
   the	
   scan	
  

rate,	
   the	
  greater	
   the	
  ECL	
   intensity	
   in	
   the	
  spooling	
  spectra	
   for	
  a	
   time	
  

interval	
  of	
  1	
  s.	
   It	
   is	
   interesting	
  to	
  note	
  that	
  the	
  opposite	
  trend	
  can	
  be	
  

see	
   by	
   comparing	
   accumulated	
   ECL	
   spectra	
   obtained	
   during	
   two	
  

potential	
  scanning	
  cycles	
  between	
  0	
  and	
  1.4	
  V	
  at	
  different	
  scan	
  rates	
  

(Figure	
  S2).	
  The	
  BDY2+	
  decay	
  and	
  the	
  amount	
  of	
  charged	
  BDY	
  species	
  

produced	
   in	
   the	
   ECL	
   process	
   are	
   the	
   two	
   competing	
   factors.	
   The	
  

BDY2+	
   stability	
   was	
   the	
   dominant	
   in	
   short	
   term;	
   therefore	
   fast	
   scan	
  

rate	
   favoured	
   the	
   BDY�+	
   production	
   and	
   therefore	
   the	
   high	
   ECL	
  

intensity	
   in	
   the	
   spooling	
   spectra.	
   In	
   contrast,	
   the	
   large	
   amount	
   of	
  

charged	
   BDY	
   species	
   produced	
   at	
   the	
   slow	
   scan	
   rates	
   lead	
   to	
   high	
  

intensity	
  in	
  the	
  long	
  term	
  accumulated	
  ECL	
  spectra.	
  

 
Figure 2. Differential pulse voltammograms (DPVs) of 0.4 mM 
BDY dye in dichloromethane containing 0.1 M TBAPF6 (solid) 
and the blank electrolyte (dashed). 

	
   Shown	
   in	
   Figure	
   3	
   (dashed-­‐line)	
   is	
   the	
   photoluminescence	
   (PL)	
  

spectrum	
   of	
   0.01	
   mM	
   of	
   BDY	
   in	
   CH2Cl2	
   recorded	
   with	
   the	
   same	
  

camera	
  and	
  a	
  532	
  nm	
  laser	
  for	
  excitation.	
  Two	
  peaks	
  at	
  604	
  nm	
  (2.05	
  

eV)	
   and	
   at	
   692	
   nm	
   (1.79	
   eV)	
   can	
   be	
   determined	
   by	
   curve-­‐fitting	
   the	
  

spectrum	
  (Figure	
  S3),	
  which	
  are	
  in	
  line	
  with	
  those	
  in	
  toluene	
  reported	
  

by	
  one	
  of	
  our	
  groups.13	
  While	
  the	
  PL	
  of	
  BODIPY	
  dyes	
   is	
  known	
  to	
  be	
  

weakly	
  influenced	
  by	
  the	
  solvent,37,	
  38	
  the	
  longer	
  wavelength	
  peak	
  red-­‐
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shifted	
   further	
   in	
   this	
   high	
   concentration	
   is	
   attributed	
   to	
   an	
  

intermolecular	
   electronic	
   transition	
   process,	
   BDY	
   aggregation.	
   The	
  

shorter	
   one	
   is	
   due	
   to	
   the	
   relaxed	
   excited	
   state	
   across	
   the	
   HOMO-­‐

LUMO	
  gap.	
   In	
   contrast,	
   the	
  accumulated	
  ECL	
  peak	
  wavelength	
  over	
  

two	
  cycles	
  of	
  potential	
  scanning	
  between	
  0	
  and	
  1.4	
  V	
  shows	
  a	
  single	
  

peak	
   at	
   707	
   nm	
   (1.75	
   eV),	
   Figure	
   3.	
   Thus,	
   it	
   is	
   plausible	
   that	
   the	
  

intermolecular	
  electronic	
  transition	
  is	
  dominant	
  in	
  the	
  ECL	
  processes.	
  

	
   The	
   ECL	
   of	
   the	
   0.4	
  mM	
  BDY	
   electrolyte	
   solution	
  was	
  measured	
  

(Figure	
  S4)	
  upon	
  continuous	
  alternative	
  electrochemical	
  oxidation	
  and	
  	
  

 
Scheme 2. Proposed ECL mechanisms of BDY/TPrA system. 

reduction	
  between	
  the	
  potentials	
  defined	
  by	
  the	
  DPVs	
  in	
  Figure	
  2.	
  No	
  

appreciable	
   ECL	
   via	
   this	
   annihilation	
   path	
   can	
   be	
   observed,	
   where	
  

electrogenerated	
   BDY�+	
   and	
   BDY�—	
   was	
   expected	
   to	
   react	
   for	
   the	
  

emissive	
  BDY*	
  generation.	
  The	
  ECL	
  was	
  enhanced	
  dramatically	
  when	
  

the	
  working	
  electrode	
  was	
  quickly	
  pulsed	
  between	
  -­‐1.5	
  to	
  0.8	
  V	
  (first	
  

reduction	
   and	
   oxidation	
   peak	
   potentials)	
  with	
   a	
   pulse	
  width	
   of	
   0.1	
   s	
  

(Figure	
  S5).	
  The	
  ECL	
  intensity	
  at	
  0.5	
  V	
  is	
  much	
  larger	
  than	
  that	
  at	
  -­‐1.5	
  

V,	
  indicating	
  a	
  higher	
  stability	
  of	
  BDY�—	
  than	
  that	
  of	
  BDY�+.	
  ECL	
  peak	
  

wavelength	
  in	
  the	
  accumulated	
  spectrum	
  (Figure	
  S5)	
  was	
  found	
  to	
  be	
  

707	
  nm	
  as	
  well.	
  

Table 1. ECL efficiency dependence of the BDY/TPrA system on scan rates. 

Scan rate 
mV/s 

PMT 
ECL eff. % 

Camera 
ECL eff.%  

20 81 97  
50 72 58  

100 70 60  
200 69 63  

	
   	
  

	
   The	
   ECL	
   efficiency,	
  φECL,	
   of	
   BDY/TPrA	
   system	
  was	
  measured	
   as	
  

the	
   photons	
   emitted	
   per	
   redox	
   event	
   relative	
   to	
   that	
   of	
  

Ru(bpy)3
2+/TPrA.39	
   ECL-­‐voltage	
   curves	
   and	
   cyclic	
   voltammograms	
   of	
  

the	
   two	
   systems	
   in	
   the	
   same	
   conditions	
   were	
   used	
   to	
   calculate	
   the	
  

amount	
   of	
   photons	
   and	
   electrons,	
   Table	
   1	
   and	
   ESI.	
   The	
   BDY/TPrA	
  

system	
  reached	
  a	
  relative	
  efficiency	
  of	
  81%	
  at	
  a	
  potential	
  scan	
  rate	
  of	
  

20	
  mVs-­‐1.	
   The	
   ECL	
   efficiency	
   was	
   also	
   determined	
   by	
  means	
   of	
   the	
  

ratio	
  of	
  photons	
  under	
  an	
  ECL	
  spectrum	
  accumulated	
  during	
  2	
  cycles	
  

of	
   potential	
   scan	
   to	
   the	
   charge	
   integrated	
   from	
   the	
   corresponding	
  

voltammogram.	
  In	
  this	
  way,	
  the	
  relative	
  φECL	
  shows	
  a	
  value	
  of	
  almost	
  

100%	
  for	
  the	
  BDY/TPrA	
  at	
  the	
  same	
  scan	
  rate,	
  Table	
  1.	
  The	
  response	
  

of	
   the	
   camera	
   to	
   BDY/TPrA	
   (707	
   nm)	
   and	
   Ru(bpy)3
2+/TPrA	
   (610	
   nm)	
  

ECL	
  emissions	
  has	
  a	
  quantum	
  efficiency	
  of	
  90	
  and	
  80	
  %	
   (Figure	
  S6),	
  

respectively,	
  while	
   the	
   R928	
   photomultiplier	
   tube	
   used	
   for	
   the	
   ECL-­‐

voltage	
  curves	
  has	
  a	
  sensitivity	
  of	
  30	
  and	
  45	
  mA/W	
  (Figure	
  S7)	
  for	
  the	
  

two	
   wavelengths,	
   respectively.	
   Thus	
   the	
   relative	
   φECL	
   in	
   the	
   light	
  

generation	
   process	
   at	
   20	
   mVs-­‐1	
   should	
   be	
   between	
   80	
   and	
   100%.	
  

Table	
   1	
   also	
   shows	
   the	
   ECL	
   efficiency	
   dependence	
   on	
   scan	
   rates.	
   In	
  

general,	
  the	
  lower	
  the	
  scan	
  rate,	
  the	
  higher	
  the	
  charge	
  injection	
  to	
  the	
  

elecroactive	
  species.	
  This	
  eventually	
  resulted	
  in	
  more	
  ECL	
  light	
  	
  

 
Figure 3. Photoluminescence (blue dashed-line) and 
accumulated ECL (red solid) spectra of BDY in CH2Cl2. The 
insets show the corresponding PL (top-left) and ECL(top-right) 
spectrum image on the CCD camera. 

emission,	
  a	
  consequence	
  of	
  the	
  combined	
  kinetic	
  and	
  thermodynamic	
  

process	
  involved	
  in	
  the	
  ECL	
  generation.	
  

	
   The	
  electrochemical	
  energy	
  gap	
  of	
  the	
  BDY	
  was	
  calculated	
  to	
  be	
  

1.82	
  eV	
   from	
   the	
   formal	
  potentials	
  of	
  Ox1	
   and	
  Red1,	
  which	
   is	
   smaller	
  

than	
   the	
   ones	
   for	
   a	
   series	
   of	
   BODIPY	
   dyes	
  with	
   different	
   structures	
  

(2.43-­‐1.58	
   eV).29	
   Electronically,	
   the	
   two	
  oxidation	
   reactions	
   (Ox1	
   and	
  

Ox2	
   in	
   Figure	
   2)	
   were	
   probably	
   localized	
   in	
   the	
   BDY	
   core	
   and	
   its	
   π	
  

conjugation	
  branches	
  at	
  α	
  positions	
  as	
  illustrated	
  by	
  the	
  HOMO	
  from	
  

the	
   DFT	
   calculation,	
   Figure	
   S8.	
   The	
   presence	
   of	
   the	
   conjugated	
  

system	
   through	
   the	
   BDY	
   structure	
   leads	
   to	
   the	
   stabilization	
   of	
   the	
  

electrogenerated	
   radical	
   anions	
   and	
   cations,29	
   which	
   likely	
   enhance	
  

the	
  ECL	
  efficiency.	
  

	
  

 
Scheme 3. Latimer-type diagram for BDY.  
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   A	
  Latimer-­‐type	
  diagram	
  can	
  be	
  used	
  to	
  correlate	
  electrochemical	
  

and	
  photochemical	
  features	
  of	
  various	
  BDY	
  species.40,	
  41	
  Based	
  on	
  the	
  

electrochemical	
  and	
  PL	
  spectroscopy	
  data,	
  we	
  obtained	
  the	
  Latimer-­‐

type	
  diagram	
  for	
  BDY	
  as	
  shown	
  in	
  Scheme	
  3.	
  To	
  our	
  best	
  knowledge	
  	
  

this	
   is	
   the	
   first	
   report	
  on	
   the	
  Latimer-­‐type	
  diagram	
  of	
   such	
   systems.	
  

The	
  thermodynamics	
  confirms	
  that	
  TPrA	
  is	
  a	
  suitable	
  co-­‐reactant	
  for	
  

the	
  BDY	
  ECL	
  generation:	
  the	
  TPrA�	
  possesses	
  high	
  reduction	
  power	
  (-­‐

1.7	
   eV),	
  which	
   is	
   enough	
   to	
   inject	
   electron	
   to	
   the	
  BDY�+	
   (-­‐1.2	
  eV)	
   for	
  

the	
  generation	
  of	
  BDY	
  excited	
  state	
  BDY*	
  in	
  the	
  ECL	
  process.	
  

	
   In	
  summary,	
  the	
  ECL	
  of	
  BDY	
  has	
  been	
  examined	
   in	
  the	
  presence	
  

of	
   TPrA	
   as	
   a	
   co-­‐reactant.	
   Spooling	
   ECL	
   spectra	
   displayed	
   a	
   peak	
  

wavelength	
   of	
   707	
   nm,	
   revealing	
   the	
   dominance	
   of	
   intermolecular	
  

electron	
   transition.	
   Along	
   with	
   the	
   conventional	
   ECL-­‐voltage	
   curve	
  

method,	
   light	
  generation	
  at	
   low	
  scan	
  rate	
  has	
  revealed	
  two	
  emission	
  

maxima	
  involving	
  the	
  electron	
  transfer	
  between	
  the	
  electrogenerated	
  

TPrA�	
  and	
  BDY�+	
  at	
  1.02	
  V,	
  and	
  between	
  the	
  TPrA�	
  and	
  concentration-­‐

enhanced	
  BDY�+	
  via	
  a	
  reaction	
  of	
  BDY2+	
  with	
  BDY	
  at	
  1.18	
  V.	
  The	
  stable	
  

ECL	
  has	
  reached	
  an	
  efficiency	
  as	
  high	
  as	
  100%	
  relative	
  to	
  Ru(bpy)3
2+	
  at	
  

a	
  potential	
  scan	
  rate	
  of	
  20	
  mVs-­‐1,	
  demonstrating	
  the	
  feasibility	
  of	
  BDY	
  

as	
   an	
   efficient	
   dye	
   for	
   ECL.	
   For	
   the	
   first	
   time	
   Latimer-­‐type	
   diagram	
  

has	
   been	
   constructed	
   for	
   such	
   a	
   dye	
   system,	
   illustrating	
   the	
  

thermodynamic	
  origin	
  of	
  the	
  ECL	
  system.	
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