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Synthesis,	   photophysical,	   electrochemical	   and	  
electrochemiluminescent	   properties	   of	   A2B2	   zinc	   porphyrins:	  
effect	  of	  π–extended	  conjugation.	  	  
Elizabeth	  K.	  Galván-‐Miranda,a	  Hiram	  M.	  Castro-‐Cruz,a	  J.	  Arturo	  Arias-‐Orea,a	  Matteo	  Iurlo,b	  
Giovanni	  Valenti,b	  Massimo	  Marcaccio,b	  and	  Norma	  A.	  Macías-‐Ruvalcaba†a	  

Synthesis	   of	   two	   A2B2	   porphyrins,	   {5,15-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphyrinato}zinc	   (II)	   (4)	   and	   {5,15-‐bis-‐(carbazol-‐3-‐yl-‐
ethynyl)-‐10,20-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphinato}-‐zinc	  (II)	  (9),	  is	  reported.	  The	  photophysical	  properties	  were	  studied	  by	  
steady-‐state	  absorption	  and	  emission.	  Substituting	  the	  carbazolylethynyl	  moieties	  at	  two	  of	  the	  meso	  positions	  results	  in	  a	  
large	  bathochromic	  shift	  of	  all	  the	  absorption	  bands,	  a	  notable	  increase	  on	  the	  absorption	  coefficient	  of	  the	  Q	  (0,0)	  band,	  
and	   higher	   fluorescence	   quantum	   yield	   compared	   to	   porphyrin	   4,	   with	   two	   unsubstituted	   meso	   positions.	   Cyclic	  
voltammetry	  and	  digital	  simulation	  show	  that	  electrogenerated	  radical	  ions	  of	  9	  are	  more	  stable	  than	  those	  of	  4.	  The	  lack	  
of	  substituents	  at	  the	  meso	  positions	  of	  4	   leads	  to	  dimerization	  reactions	  of	  the	  radical	  cation.	  Despite	  this,	  annihilation	  
reaction	   of	   4	   and	   9	   produces	   very	   similar	   electrogenerated	   chemiluminescence	   (ECL)	   intensity.	   Spectroelectrochemical	  
experiments	  demonstrate	   that	   the	  electroreduction	  of	  9	   leads	   to	  a	   strong	  absorption	  band	   that	  might	  quench	   the	  ECL.

Introduction	  
The	   potential	   applications	   of	   porphyrins	   have	   made	   them	  
attractive	  molecules	   in	   a	  wide	   range	   of	   research	   areas.	   They	  
have	   been	   used	   for	   the	   development	   of	   a	   broad	   variety	   of	  
sensors,1	   as	   catalysts,2	   in	   organic	   electronic	   devices,3	   in	   dye	  
sensitized	  solar	  cells	  4	  and	  in	  bulk	  heterojunction	  cells,5	  where	  
porphyrins	   are	   used	   for	   light	   harvesting	   as	   well	   as	   in	   energy	  
and	  electron	  transfer.	  
Most	  of	  these	  applications	  rely	  on	  their	  rich	  photophysical	  and	  
electrochemical	   properties,	   which	   can	   be	   fine-‐tuned	   by	  
different	   substitution	   patterns	   on	   the	   ring	   periphery,	  
incorporation	   of	   different	  metal	   ions	   in	   the	   core,	   or	   by	   axial	  
ligand	   coordination	   to	   the	   incorporated	  metal.6,7	   It	   is	   known	  
that	   aromatic	   substituents	   directly	   appended	   on	   the	   meso-‐	  
positions	   of	   the	   porphyrin	   have	   little	   effect	   on	   the	   electronic	  
properties	   of	   the	   molecule	   because	   the	   steric	   interactions	  
between	  the	  porphyrin	  β-‐hydrogens	  and	  the	  aromatic	  unit	  do	  
not	   allow	   for	   an	   efficient	   π	   overlap	   between	   the	   two.8	   To	  
achieve	   the	   extended	   conjugation	   of	   porphyrin	   molecules,	  
which	   translates	   into	   modification	   of	   their	   electronic	  

properties,	   the	   incorporation	  of	  ethyne-‐	  or	  butadiyne-‐	   linkers	  
has	  proved	  very	  successful.	  This	  strategy	  has	  been	  used	  in	  the	  
synthesis	   of	   porphyrin-‐yne-‐porphyrin	   dimers,	   trimers	   or	  
oligomers,7,9,10	   tetrakis(arylethynil)porphyrins,11	   and	  
bis(arylethynyl)porphyrins	  (A2B2	  and	  A2BC	  types).

12–15	  
Bis(arylethynyl)porphyrins	   are	   particularly	   interesting	   for	  
organic	   photovoltaics,	   OLED’s	   development,	   and,	   in	   general,	  
the	  organic	  electronics	   field.14–17	  As	  these	  applications	  usually	  
involve	   electron	   transfer	   reactions,	   the	   study	   of	   porphyrins	  
radical	  ion	  species	  is	  of	  major	  importance	  for	  this	  area.	  
Electrochemical	  techniques	  are	  powerful	  and	  versatile	  tools	  to	  
investigate	   the	   formation	   and	   stability	   of	   radical	   cations	   and	  
anions.	   The	   electrochemistry	   of	   porphyrins	   has	   been	  
extensively	   studied,	   they	   usually	   show	   two	   one-‐electron	  
oxidation	   and	   two	   one-‐electron	   reduction	   processes	  
corresponding	   to	   the	   formation	   of	   radical	   cation,	   dication,	  
radical	  anion,	  and	  dianion.18	  These	  radical	  ion	  species	  are	  fairly	  
stable,	  especially	  in	  metallated	  porphyrins.9,10,19	  Such	  stability,	  
along	   with	   their	   known	   emission	   properties,	   makes	   the	  
porphyrins	   ideal	   candidates	   for	   electrogenerated	  
chemiluminescence	   (also	   called	   electrochemiluminescence,	  
ECL)	  studies.	  
Electrochemiluminescence	   arises	   from	   electron-‐transfer	  
reactions	  of	  radical	  ion	  or	  ionic	  species	  generated	  at	  electrode	  
surfaces;	   such	  reactions	  produce	  excited	  state	  molecules	   that	  
emit	   light.20	   In	   the	   past	   few	   years,	   ECL	   applications	   and	  
processes,	   including	   the	   mechanisms	   through	   which	   it	   takes	  
place,	  have	  been	  reviewed;21–23	  yet,	  the	  investigation	  of	  some	  
fundamental	   aspects,	   such	   as	   the	   correlation	   between	  
structure	  and	  ECL	  properties,	  are	  still	  an	  active	  issue.24	  
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Even	  though	  the	   first	   report	  of	  ECL	   from	  porphyrins,	  by	  Bard,	  
dates	   back	   to	   1972,25	   there	   is	   a	   relatively	   small	   number	   of	  
publications	   on	   this	   area.	   Most	   of	   the	   porphyrin-‐ECL	  
publications	   involve	   highly	   phosphorescent	   PtII	   or	   PdII	  
metalloporphyrins,26–29	   as	   well	   as	   to	   porphyrin-‐ruthenium	  
complexes.30,31	   There	   are	   works	   carried	   out	   in	   aqueous	  
media,32,33	   and	  more	   recently	   a	   zinc-‐porphyrin	  was	  used	  as	   a	  
coreactant	   to	   induce	   the	   ECL	   emission	   of	   singlet	   oxygen	  
instead	  of	  being	  the	  emitter.34	  Only	   the	  work	  of	  Sooambar	  et	  
al	   35	   compares	   the	   effect	   of	   the	   meso-‐	   substituents	   on	   a	  
porphyrin	  ring	  on	  its	  ECL	  properties.	  
In	   this	  work,	  we	   report	   the	   synthesis	  of	   {5,15-‐bis-‐(carbazol-‐3-‐
yl-‐ethynyl)-‐10,20-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphinato}-‐zinc	   (II)	  
(9,	   Scheme	   1)	   and	   a	   reference	   porphyrin	   without	   any	  
arylethynyl	   substituents,	   {5,15-‐bis-‐[4-‐(octyloxy)phenyl]-‐
porphyrinato}zinc	  (II)	  (4,	  Scheme	  1)	  
A	   comprehensive	   study	   involving	   the	  optical	   characterization,	  
cyclic	   voltammetry,	   UV-‐vis	   spectroelectrochemistry	   and	   ECL	  
properties	  for	  these	  porphyrins	  is	  described.	  Digital	  simulation	  
of	   the	   voltammograms	   allowed	   us	   to	   demonstrate	   that	  
blocking	   the	   meso	   positions	   with	   the	   ethynylcarbazole	  
substituents	   improves	   the	   stability	   of	   the	   radical	   ion	   species,	  
but	  this	  does	  not	  necessarily	  translate	  into	  a	  more	  efficient	  ECL	  
emission	  as	  there	  are	  other	  factors	  that	  need	  to	  be	  taken	  into	  
consideration,	   such	   as	   the	   red-‐shifted	   absorption	   of	   the	  
extended	  conjugation	  porphyrin	  and	   its	  corresponding	   radical	  
species.	  

Results	  and	  discussion	  
Synthetic	  procedures	  

Two	   porphyrins,	   {5,15-‐bis-‐(carbazol-‐3-‐yl-‐ethynyl)-‐10,20-‐bis-‐[4-‐
(octyloxy)phenyl]-‐porphinato}-‐zinc	   (II)	   (9)	   and	   {5,15-‐bis-‐[4-‐
(octyloxy)phenyl]-‐porphyrinato}zinc	   (II)	   (4)	   were	   synthesized	  
following	   the	   synthetic	   route	   depicted	   in	   Scheme	   1	   through	  
minor	   modification	   of	   the	   procedures	   from	   the	   indicated	  
references	   (see	   Experimental	   Section).	   Briefly,	   5,15-‐bis-‐[4-‐
(octyloxy)phenyl]-‐porphyrin	   (3)	   was	   obtained	   by	   reacting	  
dipyrromethane	   (1)	   and	   4-‐octyloxybenzaldehyde	   (2)	   in	  
presence	  of	  TFA	  and	  using	  DDQ	  to	  oxidize	  the	  porphyrinogen.	  
Then,	  porphyrin	  3	  was	  treated	  with	  Zn(OAc)2	  to	  afford	  the	  Zn-‐
metallated	  porphyrin	  4,	  a	  change	  in	  color,	  from	  deep	  purple	  to	  
bright	  pink,	  as	  well	  as	  a	  decrease	  in	  the	  number	  of	  Q	  bands	  of	  
the	   absorption	   spectrum	   indicated	   that	   metal	   incorporation	  
was	  successful.	  Once	  metallated,	   the	  two	  free	  meso	  positions	  
were	   brominated	   by	   treatment	   with	   NBS	   yielding	   porphyrin	  
(5).	   On	   the	   other	   hand,	   3-‐ethynylcarbazole	   (8)	   was	   obtained	  
from	   carbazole	   by	   a	   succession	   of	   steps	   involving	   the	  
iodination	   of	   carbazole	   followed	   by	   a	   Sonogashira	   coupling	  
with	  trimethylsylil	  acetylene	  and	  desilylation	  of	  the	  latter.	  The	  
final	  step	  involved	  a	  copper-‐free	  Sonogashira	  coupling	  of	  5	  and	  
8	  to	  obtain	  9.	  

	  

	  
Scheme	  1	  Synthesis	  of	  porphyrin	  9.	  i)	  Paraformaldehyde,	  InCl3,	  50	  °C,	  N2	  atmosphere.	  ii)	  K2CO3,	  DMF,	  100	  °C.	  iii)	  TFA,	  CH2Cl2,	  N2	  atmosphere,	  dark,	  then	  DDQ	  and	  TEA.	  
iv)	  Zn(OAc)2,	  DMF,	  reflux.	  v)	  NBS,	  CHCl3,	  0	  °C.	  vi)	  Pd(dba2)3,	  P(o-‐tol)3,	  TEA,	  THF,	  30	  °C,	  N2	  atmosphere.	  
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Voltammetric	  Analysis	  

The	  electrochemical	  behavior	  of	  4	  and	  9	  was	  studied	  by	  cyclic	  
voltammetry	  in	  Bu4NPF6	  0.1	  M	  /THF	  at	  –5	  °C.	  The	  voltammetric	  
curves	  of	   the	   two	  porphyrins,	   recorded	  at	  0.1	  V/s,	  are	  shown	  
in	   Fig.	   1	   and	   2.	   On	   the	   anodic	   scan,	   two	   oxidation	   processes	  
are	   observed	   for	   both	   4	   and	   9	   (Fig.	   1).	   Voltammograms	  
encompassing	   only	   the	   first	   oxidation	   peak	   show	   that	   it	   is	   a	  
reversible	   or	   quasi-‐reversible	   process;	   this	   signal	   has	   been	  
attributed	   to	   the	   one-‐electron	   oxidation	   yielding	   the	  
corresponding	   radical	   cation.	   The	   potential	   of	   the	   first	  
oxidation	  peak	  of	  9	  is	  about	  0.12	  V	  less	  positive	  than	  that	  of	  4,	  
and	  qualitatively	   the	  reversibility	  of	   the	  process	  suggests	   that	  
the	   radical	   cation	   of	   9	   is	   more	   stable	   than	   that	   of	   4.	   These	  
observations	  can	  be	  explained	  by	  the	  extended	  π-‐conjugation	  
of	  9.	  On	  the	  other	  hand,	  the	  second	  oxidation,	  which	  leads	  to	  
the	   formation	  of	   the	  dication,	   is	  an	   irreversible	  process	   for	  4,	  
and	  slightly	  reversible	  for	  9.	  On	  the	  negative	  potential	  sweep,	  
two	  reduction	  signals	  are	  observed	  for	  each	  porphyrin	  (Fig.	  2),	  
at	  approximately	  –2.01	  and	  –2.43	  V	  for	  4	  and	  –1.69	  and	  –2.19	  
V	   for	   9.	   These	   peaks	   are	   attributed	   to	   consecutive	   one-‐
electron	   reductions,	   yielding	   the	   corresponding	   radical	   anion	  
and	  dianion.	  

	  
Fig.	   1	   Experimental	   anodic	   scan	   of:	   1.21	  mM	  4	   (top)	   and	   1.19	  mM	  9	   (bottom)	  
encompassing	   only	   the	   first	   (solid),	   and	   first	   and	   second	   (dashed)	   oxidation	  
processes	  at	  0.1	  V/s	  in	  THF	  containing	  0.1	  M	  Bu4NPF6	  at	  –5

	  °C	  at	  a	  glassy	  carbon	  
working	  electrode.	  

	  
Fig.	  2	  Experimental	  cathodic	  scan	  of:	  1.21	  mM	  4	  (top)	  and	  1.19	  mM	  9	  (bottom)	  
encompassing	   only	   the	   first	   (solid),	   and	   first	   and	   second	   (dashed)	   reduction	  
processes	  at	  0.1	  V/s	  in	  THF	  containing	  0.1	  M	  Bu4NPF6	  at	  –5

	  °C	  at	  a	  glassy	  carbon	  
working	  electrode.	  

	  
Experimental	   voltammograms	   encompassing	   only	   the	   first	  
oxidation	  peak	  were	  recorded	  for	  scan	  rates	  ranging	  from	  0.1	  
to	  1.0	  V/s	  and	  concentrations	  between	  about	  0.4	  and	  1.2	  mM,	  
and	   the	   voltammograms	  were	   analyzed	   by	   digital	   simulation.	  
The	  analysis	  of	  this	  peak	  was	  based	  in	  terms	  of	  the	  reversible	  
oxidation	  of	   the	  porphyrin	   to	   its	   radical	   cation,	   reaction	  1.	   In	  
order	   to	   account	   for	   the	   loss	   of	   reversibility,	   a	   bimolecular	  
dimerization	  of	  the	  radical	  cation	  was	  initially	  tested	  (reaction	  
2).	  This	   reaction	  scheme	  allowed	  quite	  acceptable	  agreement	  
at	   all	   scan	   rates	   and	   concentrations	   for	  4,	   but	   not	   for	  9.	   The	  
latter	   needed	   large	   increases	   in	   the	   value	   of	   kf,2	   as	   the	  
concentration	   of	   porphyrin	   decreased	   (200	   M-‐1s-‐1,	   1.19	   mM;	  
500	   M-‐1s-‐1,	   0.67mM;	   700	   M-‐1s-‐1,	   0.4	   mM).	   This	   nonconstant	  
rate	   constant	   means	   that	   the	   proposed	   reaction	   scheme	   is	  
inadequate	  for	  9;	  therefore,	  reaction	  2	  was	  replaced	  by	  a	  first-‐
order	   decomposition	   of	   the	   radical	   cation	   (reaction	   3).	   This	  
mechanism	  was	   found	   to	   fit	   well	   for	   all	   of	   the	   voltammetric	  
data	  of	  9.	  
	  
P	  →	  Pl+	  +	  e− 	   E°1,	  ks,1,	  α1	   (1)	  
2	  Pl+	  →	  PP2+ 	   K2,	  kf,2,	  kb,2	   (2)	  
Pl+	  →	  Prod	   K3,	  kf,3,	  kb,3	   (3)	  
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Fig.	  3	  Background-‐corrected	  experimental	  voltammograms	  of	  0.65	  mM	  4	  in	  THF	  
with	   0.1	   M	   Bu4NPF6	   (black	   solid	   line).	   Simulation	   based	   on	   reactions	   1	   and	   2	  
(open	   circles)	   with	   parameter	   values	   according	   to	   Table	   1.	   Additional	  
voltammograms	  for	  1.20	  mM	  on	  ESI,	  Fig.	  1S.	  

	  
It	   was	   also	   demonstrated	   that	   for	   4,	   the	   first	   order	  
decomposition	  of	   the	   radical	   cation	  does	  not	   account	   for	   the	  
experimental	  data.	  In	  this	  case	  it	  was	  observed	  that	  there	  was	  
not	   a	   unique	   kf,3	   value	   that	   fitted	   all	   the	   scan	   rates,	   it	   was	  
necessary	   to	   increase	   the	   rate	   constant	   as	   the	   scan	   rate	  
increased.	   Summarizing,	   while	   for	   porphyrin	   4	   the	   chemical	  
reaction	  following	  the	  formation	  of	  the	  radical	  cation	  was	  well	  
accounted	  for	  by	  a	  second-‐order	  dimerization	  reaction,	  for	  9,	  a	  
first-‐order	   reaction	   provided	   good	   fits.	   The	   simulation	  
parameters	  used	  to	  fit	  the	  voltammograms	  are	   listed	   in	  Table	  
1,	  and	  examples	  of	  the	  fits	  to	  the	  data	  are	  shown	  in	  Figs.	  3,	  4,	  
1S	  and	  2S.	  
We	   next	   focused	   our	   attention	   on	   the	   analysis	   of	   the	   first	  
reduction	   process	   of	   4	   and	   9.	   In	   the	   same	   way,	  
voltammograms	   recorded	   at	   different	   porphyrin	  
concentrations	   and	   scan	   rates,	   from	   0.1	   to	   1.0	   V/s,	   were	  
analyzed	  by	  digital	  simulation.	  The	  fit	  of	  this	  reduction	  process	  
was	   treated	   as	   the	   reversible	   formation	   of	   the	   radical	   anion	  
(reaction	  4);	  and	  to	  account	  for	  the	  experimentally	  observed	  	  

	  
Fig.	  4	  Background-‐corrected	  experimental	  voltammograms	  of	  1.19	  mM	  9	  in	  THF	  
with	   0.1	   M	   Bu4NPF6	   (black	   solid	   line).	   Simulation	   based	   on	   reactions	   1	   and	   3	  
(open	   circles)	   with	   parameter	   values	   according	   to	   Table	   1.	   Additional	  
voltammograms	  on	  ESI,	  Fig.	  2S.	  

	  
loss	  of	  reversibility,	  again	  two	  different	  reactions	  were	  tested:	  
the	  bimolecular	  dimerization	  of	  the	  radical	  anion	  (reaction	  5),	  
and	   the	   first-‐order	   decomposition	   of	   the	   radical	   anion	  
(reaction	  6).	  
	  
P	  +	  e−	  →	  Pl− 	   E°4,	  ks,4,	  α4	   (4)	  
2Pl−	  →	  PP2−	   K5,	  kf,5,	  	  kb,5	   (5)	  
Pl−	  →	  Prod	   K6,	  kf,6,	  	  kb,6	   (6)	  
	  
We	   proved	   that	   for	   both	   porphyrins,	   the	   reaction	   scheme	  
consisting	  of	  reactions	  4	  and	  5	  was	  inadequate.	  In	  both	  cases,	  
it	  was	  necessary	  to	  increase	  the	  kf,5	  value	  as	  the	  concentration	  
of	   the	   porphyrin	   decreased.	  On	   the	   other	   hand,	   the	   reaction	  
scheme	   involving	   the	   first-‐order	  decomposition	  of	   the	   radical	  
anion	   provided	   acceptable	   fits	   for	   all	   the	   scans	   and	  
concentrations	   studied.	   The	   best-‐fit	   simulation	   parameter	  
values	   for	   the	   first	   reduction	  process	  are	   included	   in	  Table	  2.	  
Examples	   of	   the	   fits	   to	   the	   experimental	   voltammograms	   are	  
shown	  in	  Figs.	  5,	  6,	  and	  3S.	  
	  
Table	   1.	   Simulation	   parameter	   values	   for	   the	   oxidation	   of	   4	  
and	  9	  in	  THF	  /	  0.1	  M	  Bu4NPF6	  at	  –5	  °C

[a]	  

Por	   C/mM	  
E°1/V	   ks,1/cm	  s–1	   K2	   kf,2/M

–1s–1	  
D/cm2s–1	  

P	  →	  Pl+	  +	  e−	  (1)	   2Pl+	  →	  PP2+	  (2)	  
4	   1.20	   0.34	   0.0064	   1	  ×	  107	   2.2	  ×	  103	   7.58	  ×	  10–6	  

	   0.90	   0.33	   0.0060	   1	  ×	  107	   2.2	  ×	  103	   7.60	  ×	  10–6	  

	   0.65	   0.34	   0.0070	   1	  ×	  107	   2.3	  ×	  103	   7.84×	  10–6	  

	   	   	   	  
K3	   kf,3	  /s

-‐1	  
	  

Pl+	  →	  Prod	  (3)	  

9	   1.19	   0.25	   0.010	   1	  ×	  107	   0.21	   1.50	  ×	  10–6	  

	   0.67	   0.25	   0.010	   1	  ×	  107	   0.23	   1.58	  ×	  10–6	  

	   0.40	   0.25	   0.015	   1	  ×	  107	   0.19	   1.56	  ×	  10–6	  
[a]	  Potentials	  are	  referred	  to	  the	  formal	  potential	  of	  the	  ferrocenium/	  ferrocene	  
couple.	  Diffusion	  coefficients	  of	  all	  species	  were	  set	  equal	  to	  the	  value	  shown	  in	  
the	   table.	   Solution	   resistance:	   2000	   Ω	   was	   electronically	   compensated;	  
remaining	  1500	  Ω	  was	  introduced	  into	  the	  simulation.	  
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Fig.	  5	  Background-‐corrected	  experimental	  voltammograms	  of	  1.90	  mM	  4	  in	  THF	  
with	   0.1	   M	   Bu4NPF6	   (black	   solid	   line).	   Simulation	   based	   on	   reactions	   4	   and	   6	  
(open	  circles)	  with	  parameter	  values	  according	  to	  Table	  2.	  

	  
Table	   2.	   Simulation	   parameter	   values	   for	   the	   first	   reduction	  
process	  of	  4	  and	  9	  in	  THF	  /	  0.1	  M	  Bu4NPF6	  at	  –5	  °C

[a]	  

Por	   C/mM	  
E°1	  /	  V	   ks,4	  /	  cm	  s–1	   K6	   kf,6	  /M

–1s–1	  
D/cm2s–1	  

P	  +	  e−	  →	  Pl–(4)	   Pl–	  →	  Prod	  (6)	  

4	   1.90	   –1.96	   0.009	   1	  ×	  107	   1.35	   4.30	  ×	  10–6	  

	   1.13	   –1.95	   0.009	   1	  ×	  107	   1.38	   4.90	  ×	  10–6	  

9	   1.19	   –1.64	   0.030	   1	  ×	  107	   0.10	   1.50	  ×	  10–6	  

	   0.67	   –1.64	   0.029	   1	  ×	  107	   0.10	   1.58	  ×	  10–6	  

	   0.40	   –1.64	   0.030	   1	  ×	  107	   0.11	   1.56	  ×	  10–6	  
[a]	  Potentials	  are	  referred	  to	  the	  formal	  potential	  of	  the	  ferrocenium/	  ferrocene	  
couple.	  Diffusion	  coefficients	  of	  all	  species	  were	  set	  equal	  to	  the	  value	  shown	  in	  
the	   table.	   Solution	   resistance:	   2000	   Ω	   was	   electronically	   compensated;	  
remaining	  1500	  Ω	  was	  introduced	  into	  the	  simulation.	  

	  
The	  most	  notable	  feature	  on	  the	  parameters	  shown	  in	  Tables	  1	  
and	   2	   is	   that	   the	   diffusion	   coefficient	   used	   to	   fit	   the	  
voltammograms	  of	  porphyrin	  4	  reduction	  process	  is	  about	  1.7	  
times	  smaller	  than	  the	  coefficient	  used	  to	  fit	  the	  oxidation.	  The	  
need	   to	  use	   so	  different	  diffusion	   coefficient	   values	   led	  us	   to	  
think	   that	   the	   first	   oxidation	   process	   might	   involve	   a	   more	  
complex	   mechanism,	   which	   would	   result	   in	   higher	   current	  
values,	   meaning	   that	   probably	   more	   than	   one	   electron	   is	  
involved.	   Consequently,	   a	   re-‐evaluation	   of	   the	   digital	  
simulation	   of	   the	   electrochemical	   oxidation	   process	   of	  4	   was	  
needed.	   To	   explain	   the	   higher	   current	   values,	   there	   is	   the	  
possibility	   that	   the	   dimer	   formed	   in	   reaction	   2	   is	   oxidized	   at	  
the	  same,	  or	  even	  lower,	  potential	  than	  the	  neutral	  porphyrin.	  	  

	  
Fig.	  6	  Background-‐corrected	  experimental	  voltammograms	  of	  1.20	  mM	  9	  in	  THF	  
with	   0.1	   M	   Bu4NPF6	   (black	   solid	   line).	   Simulation	   based	   on	   reactions	   4	   and	   6	  
(open	   circles)	   with	   parameter	   values	   according	   to	   Table	   2.	   Additional	  
voltammograms	  on	  ESI,	  Fig.	  3S.	  
	  

This	   assumption	   makes	   sense	   since	   a	   dimer,	   due	   to	   its	  
increased	   conjugation,	   would	   be	   easier	   to	   oxidize	   than	   the	  
monomer.	  To	  test	  this	  hypothesis,	  we	  added	  to	  the	  simulation	  
program	   a	   fast	   deprotonation	   reaction	   of	   the	   PP2+	   dimer	   to	  
form	  a	  neutral	  dimer	  (reaction	  7),	  along	  with	  the	  one-‐electron	  
oxidation	   of	   the	   dimer	   leading	   to	   a	   dimer	   radical	   cation	  
(reaction	   8).	   Reaction	   7	   was	   treated	   as	   extremely	   fast	   and	  
irreversible,	   so	   that	   the	   rate-‐limiting	   step	   is	   the	  dimerization,	  
reaction	  2.	  The	  diffusion	  coefficient	  was	  kept	  close	  to	  the	  value	  
used	  for	  the	  reduction	  process,	  so	  that	  the	  height	  of	  the	  peak	  
and	   the	   reversibility	   degree	   were	   controlled	   by	   the	   rate	  
constant	  value	  of	  reaction	  2.	  

PP2+	  →	  PP	  +	  2H+	   K7,	  kf,7,	  kb,7	   (7)	  
PP	  →	  PPl+	  +	  e−	   E°8,	  ks,8,	  α8	   (8)	  

Simulations	  according	  to	  this	  reaction	  scheme	  (reactions	  1-‐2,7-‐
8)	   are	   in	   good	   agreement	   with	   the	   experimental	  
voltammograms	   recorded	   at	   different	   scan	   rates	   and	  
concentrations.	  	  

	  
Fig.	   7	   Background	   corrected	  experimental	   voltammogram	  of	   0.65	  mM	  4	  at	  0.1	  
V/s	   (black	   solid	   line)	   and	   best-‐fit	   simulation	   (open	   circles,	   kf,2	   =7×10

3M–1s–1)	  
according	   to	   parameters	   values	   summarized	   in	   Table	   3.	   Influence	   of	   the	  
magnitude	  of	  kf,2:	  3×10

3	  M–1s–1	  (green	  dotted	  line),	  1×103	  M–1s–1	  (red	  dashed	  line)	  
and	  without	  dimerization	  reaction	  (blue	  solid	  line).	  
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Table	  3.	  Simulation	  parameter	  values	  for	  the	  oxidation	  peak	  of	  4	  in	  THF	  /	  0.1	  M	  Bu4NPF6	  at	  –5	  °C

[a].	  
Concentration	   0.65	  mM	   1.20	  mM	  

Electrochemical	  Reactions	   E°1	  /	  V	   α	   ks	  /	  cm	  s–1	   E°1	  /	  V	   α	   ks	  /	  cm	  s–1	  
P	  à	  Pl

+	  +	  e−	   0.34	   0.5	   6.5×10–3	   0.35	   0.5	   6.0×10–3	  
PP	  →	  PPl

+	  +	  e−	   0.33	   0.5	   0.016	   0.33	   0.5	   0.016	  
Chemical	  reactions	   K	   kf	   kb	   K	   kf	   kb	  

2Pl
+	  →	  PP2+	   1.0×107	   7.0×103	   7.0×10-‐4	   1.0×107	   7.0×103	   7.0×10–4	  

PP2+	  →	  PP	   1.0×107	   1.0×109	   100	   1.0×107	   1.0×109	   100	  
D/cm2s–1	   4.8×10–6	  all	  species	   4.5	  ×10–6	  all	  species	  

[a]	  The	  same	  values	  were	  used	  to	  fit	  all	  scan	  rates	  from	  0.1	  to	  1.0	  V/s.	  First-‐order	  constants	  in	  s–1	  and	  second-‐order	  constants	  in	  M–1s–1.	  2000	  Ω	  of	  solution	  resistance	  
was	  electronically	  compensated,	  and	  the	  remaining	  1500	  Ω	  was	  applied	  in	  the	  simulation.	  

	  
As	   shown	   in	  Fig.	  7,	   simulations	  were	  very	   sensitive	   to	   the	  kf,2	  
value.	   However,	   any	   kf,2	   value	   larger	   than	   7.0×10

3	   did	   not	  
improve	  the	  already	  good	  fitting.	  This	  means	  that	  kf,2	  must	  be	  
at	   least	   7.0×103	   M–1s–1	   but	   simulation	   does	   not	   allow	   to	  
determine	  the	  exact	  value.	  The	  agreement	  of	  simulations	  using	  
this	  reaction	  scheme	  was	  as	  good	  as	  with	  the	  scheme	  involving	  
only	   reactions	   1	   and	   2,	   it	   was	   only	   the	   discrepancy	   between	  
the	   diffusion	   coefficients	   that	   allowed	   us	   to	   discriminate	  
between	  these	  two	  reaction	  pathways.	  Simulation	  parameters	  
that	  provided	  the	  best	  agreement	  to	  the	  experimental	  data	  of	  
different	  concentrations	  are	  given	  in	  Table	  3,	  and	  examples	  of	  
the	  fit	  to	  the	  experimental	  data	  are	  shown	  in	  Fig.	  8,	  and	  4S.	  
	  

	  
Fig.	  8	  Background-‐corrected	  experimental	  voltammograms	  of	  0.65	  mM	  4	  in	  THF	  
with	  0.1	  M	  Bu4NPF6	  (black	  solid	  line).	  Simulation	  based	  on	  reactions	  1-‐2,	  7	  and	  8	  
(open	   circles)	   with	   parameter	   values	   according	   to	   Table	   3.	   Additional	  
voltammograms	  on	  ESI,	  Fig.	  4S.	  

	  

The	   reaction	   scheme	   depicted	   in	   Table	   3	   for	   porphyrin	   4	   is	  
consistent	   with	   the	   initial	   steps	   for	   anodic	   polymerization,	  
which	   involves	   the	   dimerization	   of	   the	   molecule	   and	   further	  
oxidation	  of	  the	  dimer.	  Potentiostatic	  electropolymerization	  of	  
4	  was	  achieved	  for	  10	  mM	  solutions	  in	  Bu4NPF6	  0.1	  M	  /THF	  at	  
–5	  °C	  when	  a	  potential	  step	  at	  the	  value	  corresponding	  to	  the	  
first	  oxidation	  was	  applied.	  After	   the	  electrolysis,	   a	  porphyrin	  
film	   is	   deposited	   on	   the	   electrode	   (Fig.	   5S,	   ESI);	   similar	  
experiments	   using	   a	   large	   area	   Pt	   electrode	   yielded	   a	   dark	  
purple	   solid	   that	   has	   an	  UV-‐vis	   absorption	   spectrum	   (Fig.	   6S,	  
ESI)	   similar	   to	   that	   reported	   for	  meso-‐meso	   porphyrin	  dimers	  
and	   trimers.	   36,37	   Formation	  of	  dimers,	  oligomers	  or	  polymers	  
is	   expected	   as	   4	   has	   two	   unhindered	  meso	   positions	   where	  
coupling	  can	  occur.38	  
	  
Photophysical	  Properties	  

The	   absorption	   spectra	   of	   4	   and	   9	  were	   recorded	   in	   THF	   at	  
room	   temperature	   (Fig.	   9),	   their	   optical	   properties	   are	  
summarized	   in	   Table	   4.	   They	   both	   present	   the	   spectral	  
characteristics	  of	  Zn-‐metallated	  porphyrins.39,40	   Increasing	  the	  
conjugation	   of	   the	   porphyrin	  macrocycle	   by	   functionalization	  
of	   the	   meso-‐	   positions	   (5-‐	   and	   15-‐	   positions)	   with	  
ethynylcarbazol	  substituents	  produces	  a	  bathochromic	  shift	   in	  
both	  the	  Q	  and	  Soret	  (B)	  bands	  (ca.	  2200	  cm-‐1).	  These	  large	  red	  
shifts	   indicate	   the	   modification	   of	   the	   conjugation	   pathway	  
that	   allows	   an	   effective	   electronic	   communication	   between	  
the	  carbazole	  moiety	  and	  the	  porphyrin	  core.11,41	  The	  relative	  
intensities	   of	   the	   Q(0,0),	   and	   Q(1,0)	   bands,	   also	   known	   as	  
α and	  β	   bands	   respectively,	   change	   upon	   functionalization	  
with	   the	  ethynylcarbazole	   substituents;	  while	   for	  porphyrin	  4	  
the	  β	  band	  is	  more	  intense	  than	  the	  α	  band,	  for	  9	  the	  α	  band	  is	  
more	   intense	   than	   the	   β	   band	   and	   has	   larger	   extinction	  
coefficients	   than	   4.	   The	   notable	   increase	   in	   intensity	   of	   the	  
lower	  energy	  Q	  band	  (ε=	  62000	  M-‐1cm-‐1)	  and	  the	  broad	  Soret	  
band	  (FWHM	  of	  859	  cm-‐1)	  have	  been	  reported	  before	  for	  other	  
meso-‐	   arylethynyl	   substituted	   porphyrins	   and	   are	   due	   to	   the	  
loss	  of	  degeneracy	  of	  the	  porphyrin	  eg	  symmetry	  LUMO.12,42,43	  
Fig.	   9	   also	   shows	   the	   steady-‐state	   emission	   spectra	   of	   the	  
porphyrins	   under	   study.	   The	   spectra	   were	   obtained	   by	   the	  
excitation	  at	  the λmax	  of	  the	  Soret	  band	  and	  show	  the	  emission	  
corresponding	  to	  the	  decay	  from	  the	  first	  excited	  state	  to	  two	  
vibrational	  states	  of	  the	  ground	  state,	  Q(0,0)	  and	  Q(0,1).44	  	  
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Table	  4.	  Spectroscopic	  data	  of	  4	  and	  9	  

Por	   λabs	  /	  nm	   ε / 105	  M-‐1cm-‐1 λem	  /	  nm	   Es	  /	  eV	  
[a]	   Φlum

[b]	   λem	  /	  nm
[c]	   ΦECL

[d]	  

4	   414,	  544,	  581	   3.36,	  0.15,	  0.04	   588,	  638	   2.12	   0.029	   623	   0.019	  
9	   459,	  617,	  668	   3.43,	  0.11,	  0.62	   676,	  739	   1.84	   0.088	   701,	  752	   0.012	  

[a]!! = ℎ!  (!!"# + !!")/2	  
45,46	  [b]Φ [Ru(bpy)3]{PF6]2=	  0.095	  in	  CH3CN.

47	  [c]	  Obtained	  with	  BPO	  as	  coreactant. [d]Φ	  [Ru(bpy)3]{PF6]2=	  0.05	  
	  

	  
Fig.	  9	  Absorption	  (black	  solid	  line),	  emission	  (blue	  dotted	  line)	  and	  excitation	  (red	  
dashed	  line)	  spectra	  for	  4	  (top,	  λexc=	  414	  nm,	  λdet=	  638	  nm)	  and	  9	  (bottom,	  λexc=	  
458	  nm,	  λdet=	  677	  nm)	  in	  THF.	  

	  
Consistent	   with	   the	   absorption	   spectra,	   emission	   bands	   of	   9	  
are	  also	  red	  shifted	  when	  compared	  to	  4	  (Table	  4).	  Porphyrin	  4	  
spectrum	  is	  very	  similar	  to	  that	  of	  ZnTPP,	  44,48	  while	  9	  spectrum	  
has	   similar	   features	   than	   those	   reported	   for	   bis-‐
trimethylsilylethynyl	  and	  meso-‐arylethynyl	  porphyrins.11,42	  
Fluorescence	   quantum	   yields	   increase	   as	   the	   conjugation	  
increases;	   data	   is	   summarized	   in	   Table	   4.	   The	   excitation	  
spectra	   recorded	   at	   the	   λ of	   maximum	   emission	   match	   the	  
absorption	  spectra	  for	  each	  porphyrin	  (Fig.	  9).	  
	  
Electrogenerated	  Chemiluminescence	  

The	   energy	   feasibility	   of	   the	   radical	   ion	   annihilation	   reaction 
(ΔH°)	   was	   calculated	   from	   the	   half-‐wave	   redox	   potentials	  
corresponding	   to	   the	   first	   one-‐electron	   oxidation	   (!!!/!

∘ )  and	  
reduction	  (!!/!!∘ ) processes	  using	  equation	  1.20,49	  
∆!∘ =   !!!/!

∘ − !!/!!∘ −   0.1  !"	  	  	  	  	  	  	  	  	  	  	  	  (1) 

The	  estimated	  enthalpies	  (ΔH°=	  2.29	  and	  1.85	  eV	  for	  4	  and	  9,	  
respectively),	  obtained	  from	  the	  experimental	  voltammograms	  
(Fig.	   7S,	   ESI),	   indicate	   that	   the	   annihilation	   reaction	   (reaction	  
9)	  produces	  enough	  energy	  to	  populate	  the	  first	  excited	  state	  
(S1).	  The	  energy	  of	  the	  first	  excited	  state	  (Es),	  calculated	  as	  the	  

average	   between	   the λmax	   of	   the	   the	   Q(0,0)	   absorption	   and	  
emission	   bands,	   45,46	   is	   also	   reported	   in	   Table	   4.	   Since	   digital	  
simulation	   results	   show	   that	   the	   radical	   ions	   of	   both	  
porphyrins	  are	   fairly	  stable,	  and	  the	  ΔH°	   is	   larger	   than	  the	  ES,	  
ECL	   measurements	   by	   direct	   radical	   cation-‐radical	   anion	  
annihilation	   were	   performed.	   First,	   the	   experiments	   were	  
performed	  by	  stepping	  the	  potential	  of	  the	  working	  electrode	  
about	  30	  mV	  beyond	   the	  peak	  potential	   for	   the	  one-‐electron	  
oxidation	   and	   reduction	   of	   the	   porphyrins,	   and	   alternating	  
between	   these	   two	   values.	   Current	   and	   photocurrent	   signals	  
were	   simultaneously	  monitored	   and	   plotted	   as	   a	   function	   of	  
time.	  Fig.	  10	  shows	   that	  under	   these	  conditions	  ECL	  emission	  
was	   observed	   for	   4	   and	   9.	   The	   mechanism	   for	   the	   ECL	  
generation	  is	  depicted	  in	  reactions	  1,	  4,	  9,	  and	  10.	  

P	  →	  Pl+	  +	  e	   (1)	  
P	  +	  e	  →	  Pl−	   (4)	  
Pl+	  +	  Pl−	  →	  P*	  +	  P	   (9)	  
P*	  →	  P	  +	  hν	   (10)	  
	  

	  
Fig.	   10	   Current	   (blue	  dotted	   line)	   and	  ECL	   intensity	   (black	   solid	   line)	   in	  0.05	  M	  
Bu4NPF6/THF	   at	   platinum	   electrode	   for:	   porphyrin	   4,	   voltage	   pulsing	   between	  	  	  	  	  	  
-‐2.2	  V	  and	  +0.8	  V	  vs	  Ag,	  pulse	  width	  =	  0.1	  s,	  ECL	  current	  range:	  000.0	  µA	  (top);	  
porphyrin	  9,	  voltage	  pulsing	  between	  +0.8	  V	  and	  -‐1.6	  V	  vs	  Ag,	  pulse	  width	  =	  0.1	  s,	  
ECL	  current	  range:	  000.0	  µA	  (bottom).	  PMT	  bias:	  750	  V.	  
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It	   is	   interesting	   to	   note	   that	   upon	   pulsing	   the	   potential	   back	  
and	  forth	  between	  the	  first	  reduction	  and	  the	  first	  oxidation	  of	  
the	   porphyrin,	   the	   intensity	   of	   the	   ECL	   transients	   is	   not	  
symmetric,	   even	   though	   the	   current-‐time	   curves	   display	   a	  
symmetric	   behavior.	   As	   seen	   in	   Fig.	   10	   (top),	   for	   porphyrin	  4	  
the	  ECL	  emission	  is	  more	  intense	  for	  the	  oxidation	  than	  for	  the	  
reduction	  step.	  The	  opposite	  is	  observed	  for	  9	  where	  the	  ECL	  is	  
more	   intense	   on	   the	   reduction	   step	   (Fig.	   10	   bottom).	   These	  
anomalous	  or	  asymmetrical	  ECL	  transients	  have	  been	  reported	  
before	   and	   they	   can	   be	   due	   to	   side	   reactions	   e.g.	  
dimerization.50–54	  Simulation	  results	  for	  4	  show	  that	  the	  radical	  
cation	  undergoes	  dimerization	  reaction	  that	  could	  further	  lead	  
to	  the	  formation	  of	  polymeric	  or	  oligomeric	  films	  (vide	  supra),	  
this	   could	   account	   for	   the	   asymmetric	   transients	   observed	   in	  
Fig.	  10.	  For	  9	  the	  electrochemical	  simulation	  results	  show	  that	  
both	  the	  radical	  anion	  and	  radical	  cation	  undergo	  unimolecular	  
decomposition	   with	   similar	   reaction	   rates	   (Tables	   1	   and	   2),	  
hence,	   emission	   of	   equal	   intensity	   is	   expected	   upon	   both	  
oxidizing	   and	   reducing	   steps.	   A	   possible	   explanation	   for	   the	  
asymmetric	   ECL	   transients	   (Fig.	   10	   bottom)	   is	   that	   there	   is	  
some	  species	  that	  somehow	  quenches	  the	  emission.	  Evidently	  
this	   is	   a	   very	   complex	   system	   that	   involves	   many	   different	  
factors,	  and	  requires	  further	  studies	  that	  are	  out	  of	  the	  scope	  
of	   this	   work.	   On	   the	   other	   hand,	   although	   the	  
photoluminescence	   quantum	   yield	   of	  9	   is	   three	   times	   higher	  
than	   that	   of	   4,	   the	   ECL	   efficiency	   is	   very	   similar	   for	   the	   two	  
porphyrins	  (Table	  4);	  this	  effect	  is	  likely	  due	  to	  the	  small	  Stokes	  
shift	   for	   9	   that	   increases	   the	   self-‐absorption	   typical	   of	   ECL	  
experimental	  conditions.	  
Furthermore,	  the	  ECL	  emission	  for	  the	  two	  porphyrins	  was	  also	  
obtained	  in	  a	  so-‐called	  “reductive	  oxidation”	  mechanism	  using	  
benzoyl	  peroxide	  (BPO)	  as	  coreactant.	  Fig.	  11	  (top)	  shows	  the	  
cyclic	  voltammogram	  of	  a	  solution	  containing	  4	  and	  an	  excess	  
of	   BPO.	   During	   the	   sweep,	   BPO	   is	   reduced	   to	   BPOl–;	   this	   is	  
followed	   by	   a	   fast	   reaction	   to	   produce	   benzoate	   anion,	  
C6H5CO2

–,	   and	   benzoate	   radical,	   C6H5CO2
l	   (reactions	   11-‐12),	  

which	  is	  a	  strong	  oxidizing	  agent.46	  C6H5CO2
l	  can	  easily	  oxidize	  

the	   electrochemically	   generated	   Pl–	   to	   its	   excited	   state	   P*,	  
thus	   resulting	   in	   a	   strong	   ECL	   signal	   (reactions	   13-‐14,	   10).	  
When	   the	   electrode	   potential	   approaches	   the	   second	  
reduction	  of	  the	  porphyrin	  (around	  -‐2.4	  V	  vs	  Ag),	  the	  ECL	  signal	  
shows	  a	  second	  increase	  in	  intensity.	  This	  can	  be	  accounted	  for	  
by	   a	   comproportionation	   reaction	   of	   the	   porphyrin	   dianion,	  
which	   generates	   more	   radical	   anion	   55,56	   (reaction	   15)	   that	  
reacts	  with	  C6H5CO2

l	  increasing	  the	  concentration	  of	  P*.	  
	  
BPO	  +	  e−	  →	  BPOl−	   (11)	  
BPOl−	  →	  C6H5

−	  +	  C6H5CO2
l	   (12)	  

P	  +	  e−	  →	  Pl−	   (13)	  
Pl−	  +	  C6H5CO2

l→	  P*	  +	  C6H5CO2
−	   (14)	  

P*	  →	  P	  +	  hν	   (10)	  
P2−	  +	  P	  →	  2Pl−	   (15)	  
P2−	  +	  C6H5CO2

l	  →	  Pl−	   (16)	  
	  
As	  shown	  in	  Fig.	  11	  (bottom),	  the	  simultaneous	  reduction	  of	  9	  
and	   BPO	   also	   produces	   luminescence	   but	   the	   pattern	   is	  
different	   than	   that	   of	   4.	   In	   fact,	   the	   ECL	   signal	   can	   only	   be	  

observed	   when	   the	   second	   reduction	   of	   the	   porphyrin	   is	  
reached	  thus	  the	  ECL	  emission	  may	  be	  due	  to	  the	  oxidation	  of	  
the	  dianion	  by	  the	  benzoate	  radical	  (reaction	  16);	  however	  this	  
emission	   is	   very	   low	   because	   the	   second	   reduction	   of	   9	   is	  
completely	   irreversible	   thus	   only	   a	   small	   fraction	   of	   9	   is	  
available	   for	   reaction	   16,	   also	   the	   irreversibility	   renders	   the	  
comproportionation	  mechanism	  not	  possible.	  

	  

	  
Fig.	  11	  Cyclic	  voltammogram	  (grey	  solid	  line)	  and	  ECL	  intensity	  (blue	  solid	  line)	  of	  
4	   (top)	   and	   9	   (bottom)	   in	   presence	   of	   an	   excess	   BPO	   (20	   times)	   in	   0.05	   M	  
Bu4NPF6/THF	   at	   platinum	   electrode.	   Scan	   rate:	   0.1	   V/s.	   PMT	   bias	   750	   V.	   ECL	  
current	  range:	  0.0	  µA.	  Cyclic	  voltammograms	  of	  4	  (red	  solid	  line)	  and	  9	  (red	  solid	  
and	  black	  dashed	  line)	  are	  shown	  for	  comparison.	  
	  
	  

	  
Fig.	   12	   ECL	   spectra	   for	   4	   (solid)	   and	   9	   (dashed)	   in	   THF.	   PMT	   bias	   750	   V,	  
integration	  time	  1000	  ms,	  step	  2	  nm.	  
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ECL	  spectra	  for	  both	  porphyrins	  were	  recorded	  by	  annihilation,	  
pulsing	  the	  potential	  between	  the	  first	  oxidation	  and	  the	  first	  
reduction,	   and	   by	   coreactant.	   The	   ECL	   spectra	   with	   BPO	   are	  
presented	   in	   Fig.	   12;	   they	   are	   very	   similar	   to	   their	  
corresponding	  photoluminiscence	  spectrum	  (Fig.	  9),	   indicating	  
that	   the	   emissive	   species	   in	   ECL	   are	   the	   same	   as	   for	   the	  
photoluminescence.	   The	   red	   shift	   is	   due	   to	   experimental	  
factors	   such	   as	   the	   difference	   in	   slit	   widths,	   different	  
instruments	  for	  recording	  the	  spectra	  and	  self-‐absorption	  as	  a	  
result	  of	  the	  high	  concentration	  on	  the	  ECL	  measurements.57	  
	  

Spectroelectrochemistry	  

In	  order	  to	  evaluate	  the	  spectral	  evolution	  of	  the	  radical	   ionic	  
species	   of	   the	   porphyrins,	   thin-‐layer	   spectroelectrochemistry	  
experiments	   were	   performed.	   Due	   to	   the	   high	   extinction	  
coefficient	   of	   the	   Soret	   band	   of	   the	   porphyrins,	  
spectroelectrochemical	   experiments	   were	   performed	   at	   low	  
concentrations	  (20	  μM).	  
For	   the	   formation	   of	   the	   radical	   cation	   species,	   the	   potential	  
was	   stepped	   approximately	   100	   mV	   beyond	   the	   oxidation	  
peak.	   Spectra	  of	  4	   show	   that	   the	   intensity	  on	   the	  Soret	  band	  
decreases	  significantly	  during	  the	  electrolysis	  and	  a	  new	  band	  
of	   lower	   intensity	   appears	   at	   450	   nm	   (Fig.	   13A).	   Evolution	   of	  

the	  spectra	  of	  9	   (Fig.	  13C)	  displays	  a	  considerable	  decrease	   in	  
the	  intensity	  of	  both	  the	  Soret,	  459	  nm,	  and	  the	  Q	  (0,0)	  band,	  
668	   nm;	   the	   absorption	   intensity	   seems	   to	   increase	   at	   lower	  
energies	  but	  a	  band	  cannot	  be	  defined.	  
To	   allow	   for	   a	   more	   detailed	   analysis	   of	   the	   lower	   energy	  
bands,	   a	   second	   set	   of	   experiments,	   with	   high	   concentration	  
solutions	   (ca.	   0.5	  mM),	  was	   performed.	   Electrolysis	   of	  4	   (Fig.	  
13B)	  results	  in	  a	  slight	  decrease	  of	  the	  Q	  (1,0)	  band	  at	  544	  nm,	  
an	  increase	  of	  the	  Q	  (0,0)	  band	  at	  581	  nm,	  and	  the	  appearance	  
of	   the	   new	   band	   at	   around	   450	   nm	   that	  was	   also	   evident	   at	  
lower	   concentration;	   no	   additional	   bands	   emerge.	   For	  9	   (Fig.	  
13D),	  additional	  to	  the	  decrease	  on	  both	  the	  Soret	  and	  Q	  (0,0)	  
bands,	   a	   broad	   band	   between	   705	   and	   915	   nm	   becomes	  
evident.	   The	   behavior	   exhibited	   by	   4	   is	   very	   similar	   to	   that	  
reported	   for	   the	   electropolymerization	   of	   a	   magnesium	  
porphine,38	   and	   is	   consistent	   with	   the	   results	   from	   digital	  
simulation,	   electrolysis,	   and	   ECL	   where	   the	   formation	   of	   a	  
polymeric	  or	  oligomeric	   film	   is	  proposed	   (vide	   supra).	  On	   the	  
other	   hand,	   the	  weakened	   Soret	   band	   and	   the	   broad	   diffuse	  
band	  around	  810	  nm	  of	  9	  can	  be	  attributed	  to	  the	  presence	  of	  
the	  porphyrin	  radical	  cation.58–60	  
	  

	  
Fig.	  13	  Normalized	  UV-‐vis	  spectra	  recorded	  every	  four	  seconds	  during	  oxidative	  electrolysis	  in	  0.1	  M	  Bu4NPF6/THF	  at	  a	  platinum	  mesh	  electrode	  for	  4	  A)	  20	  μM	  and	  B)	  
0.66	  mM,	  and	  9	  C)	  20	  μM	  and	  D)	  0.44	  mM.	  Electrolysis	  time:	  120	  s.	  
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Fig.	  14	  Normalized	  UV-‐vis	  spectra	  recorded	  every	  four	  seconds	  during	  reductive	  
electrolysis	   in	   0.1	  M	   Bu4NPF6/THF	   at	   a	   platinum	  mesh	   electrode	   for	   20	   μM	   4	  
(top),	  and	  9	  (bottom).	  Electrolysis	  time:	  120	  s.	  

	  
Porphyrin	  radical	  anions	  are	  expected	  upon	  electrolysis	  on	  the	  
potential	   corresponding	   to	   the	   first	   reduction	  wave.	  Potential	  
was	   set	   at	   approximately	   100	   mV	   more	   negative	   than	   the	  
cathodic	  peak	  in	  ca.	  20	  μM	  solutions.	  Reductive	  electrolysis	  of	  
4	   results	   in	   two	   isosbestic	  points	   in	   the	   spectra:	   the	   first	  one	  
corresponding	  to	  the	  simultaneous	  disappearance	  of	  the	  Soret	  
band	   (414	  nm)	  and	   the	  appearance	  of	   a	   Soret-‐like	  band	   (428	  
nm),	   the	   second	   is	   for	   the	   Q	   band	   at	   544	   nm	   that	   gradually	  
decreases	   giving	   place	   to	   a	   small	   band	   at	   557	   nm	   (Fig.	   14).	  
There	  are	  no	   lower	  energy	  bands	  corresponding	  either	  to	  the	  
formation	  of	  the	  radical	  anion	  or	  a	  phlorin.10,	  61–64	  Porphyrin	  9	  
presents	  the	  characteristics	  of	  metalloporphyrin	  radical	  anions,	  
that	  is,	  decrease	  and	  broadening	  of	  the	  Soret	  band	  at	  459	  nm,	  
increase	  of	  a	  band	  at	  492	  nm,	   the	  diminishing	  Q	  band	  at	  668	  
nm,	   and,	   most	   remarkably,	   the	   appearance	   of	   a	   new	   broad	  
band	   at	   747	   nm.59,63,64	   For	   the	   carbazole-‐substituted	  
porphyrin,	   the	   high	   absorbance	   from	   650	   to	   800	   nm	   of	   the	  
radical	   anion	   is	   in	   accordance	  with	   the	   quenching	   of	   the	   ECL	  
that	  results	  in	  the	  asymmetric	  transients	  (Fig.	  10).	  

Experimental	  
General	  

Reagents	   for	   the	   synthesis	   were	   purchased	   from	   commercial	  
sources	   and	   used	   as	   received	   unless	   otherwise	   indicated	  
below.	  Column	  chromatography	  was	  performed	  on	  silica	  gel	  60	  
(0.2-‐0.5	   mm,	   Merck).	   Thin-‐layer	   chromatography	   (TLC)	   was	  
carried	  out	  on	  aluminum	  sheets	   coated	  with	   silica	  gel	  60	  F254	  

(Merck);	   plates	   were	   inspected	   under	   UV	   light.	   For	   the	  
electrochemical	   experiments,	   anhydrous	   tetrahydrofuran	  
(THF,	   ≥	   99.9%,	   inhibitor	   free),	   obtained	   from	   Sigma-‐Aldrich,	  
was	   used	   as	   received.	   Electrochemical	   grade	  
tetrabutylammonium	  hexafluorophosphate	  (Bu4NPF6,	  ≥	  99.0%)	  
was	   purchased	   from	   Fluka	   and	   dried	   at	   60	   °C	   under	   vacuum	  
prior	   to	   use.	   For	   ECL	   experiments	   tetrahydrofuran	   (THF)	  was	  
purified	   as	   previously	   reported,65	   analytical	   grade	   Bu4NPF6,	  
and	   benzoyl	   peroxide	   (BPO)	   were	   obtained	   from	   Sigma-‐
Aldrich.	  
NMR	  spectra	  were	  obtained	  on	  an	  Agilent	  400	  MR	  (400	  MHz)	  
or	  a	  Bruker	  Avance	  III	  (700	  MHz)	  spectrometer;	  chemical	  shifts	  
are	   reported	   in	   parts	   per	   million	   downfield	   from	  
tetramethylsilane	   resonance,	   which	   was	   used	   as	   an	   internal	  
reference.	  Electron	   ionization	  mass	   spectrometry	   (EI-‐MS)	  was	  
performed	   on	   a	   Thermo-‐Electron	   DFS	   (Double	   Focus	   Sector)	  
spectrometer;	   for	   gas	   chromatography-‐mass	   spectrometry	  
(GC-‐MS)	  analyses,	  an	  Agilent	  6890N	  series	  gas	  chromatograph	  
(DB-‐5MS	  capillary	  column)	  coupled	  to	  a	  LECO	  Pegasus	  4D	  time-‐
of-‐flight	   spectrometer	  was	  used.	  Electrospray	   ionization	  mass	  
spectrometry	   (ESI-‐MS)	   was	   carried	   out	   on	   a	   Waters	   SQD	  
system	   in	   positive	   mode:	   capillary	   4.5	   kV;	   cone	   200	   V;	  
desolvation	  temperature	  80	  °C;	  desolvation	  gas	  200	  L/h.	  High-‐
resolution	  electrospray	   ionization	  mass	   spectrometry	   (HR-‐ESI-‐
MS)	  was	  performed	  on	  a	  Thermo	  QExactive	  Plus	  spectrometer	  
in	   positive	  mode:	   spray	   voltage	  4.0	   kV;	   capillary	   temperature	  
300	  °C,	  sheath	  gas	  flow	  rate	  50,	  auxiliary	  gas	  15.	  
	  

Synthetic	  procedures	  

2,2’-‐dipyrromethane	   (1).66	   Paraformaldehyde	   (1.3285	   g,	   44.24	  
mmol)	   and	   freshly	   distilled	   pyrrole	   (306	   mL,	   4.424	   mol)	   under	  
nitrogen	  were	  heated	  at	  50	  °C	  for	  10	  minutes.	  InCl3	  (978.5	  mg,	  4.42	  
mmol)	   was	   added,	   and	   the	   solution	   was	   stirred	   for	   1	   h	   and	   then	  
cooled.	  NaOH	  (981	  mg,	  24.5	  mmol)	  and	  alumina	  (1	  g)	  were	  added,	  
the	  mixture	   was	   stirred	   for	   1	   h,	   then	   filtered.	   Excess	   pyrrole	   was	  
removed	   by	   distillation	   yielding	   a	   brown	   sticky	   crude	   that	   was	  
purified	  by	  column	  chromatography	  (silica	  gel,	  hexane:	  ethylacetate	  
8:2).	  A	  white	   crystalline	   solid	  was	  obtained	   (3.582	  g,	   55.4%	  yield).	  
Rf=	  0.28	  (hexane:	  ethylacetate	  8:2),	  m.p.=	  70–71	  °C.	  
	  
4-‐octyloxybenzaldehyde	   (2).67	   4-‐hydroxybenzaldehyde	   (6.15	   g,	  
50.39	  mmol),	   1-‐bromooctane	   (8.6	  mL,	   49.8	  mmol),	   and	  potassium	  
carbonate	   (27.73	   g,	   200	   mmol)	   were	   dissolved	   in	   DMF	   (125	   mL).	  
The	  mixture	  was	  stirred	  at	  100	  °C	  for	  4	  hours	  and	  then	  cooled	  for	  30	  
minutes	  until	   it	  reached	  room	  temperature.	  Cold	  water	  was	  added	  
(100	  mL)	  and	  then	  the	  crude	  product	  was	  extracted	  into	  CHCl3;	  the	  
organic	   phase	   was	   washed	   with	   saturated	   brine	   and	   dried	   under	  
reduced	   pressure.	   The	   product	   was	   purified	   by	   column	  
chromatography	   (silica	   gel,	   hexane:	   ethylacetate	   8:2).	   A	   liquid	  
lightly	  yellowish	  compound	  was	  obtained	  (8.269	  g,	  70.6%	  yield).	  Rf	  =	  
0.62	   (hexane:	   ethylacetate	   8:2),	   1H	   NMR	   (400	   MHz,	   CDCl3,	   TMS,	  
ppm):	  δ=	  9.879	   (1H,	   s),	   7.825	   (2H,	  d,	   J1=	  8.8	  Hz,	   J2=	  2.2	  Hz),	  6.989	  
(2H,	  d,	  J1=	  8.8	  Hz,	  J2=	  2.2	  Hz),	  4.039	  (2H,	  t,	  J=	  6.8	  Hz),	  1.831	  (Ha)	  and	  
1.794	  (Hb)	  (2H,	  t,	  J=	  6.8	  Hz),	  1.241	  –	  1.502	  (10H,	  m),	  0.890	  (3H,	  t,	  J=	  
6.8	  Hz).	  
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5,15-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphyrin	   (3).68	   2,2’-‐dipyrromethane	  
(1.46	   g,	   10	  mmol)	   and	   4-‐octyloxybenzaldehyde	   (2.35	   g,	   10	  mmol)	  
were	  dissolved	  in	  CH2Cl2	  (1100	  mL),	  purged	  with	  nitrogen,	  and	  then	  
trifluoroacetic	   acid	   (TFA,	   667	   μL)	   was	   added.	   The	   solution	   was	  
protected	  from	  light	  and	  stirred	  for	  3	  h	  at	  room	  temperature	  under	  
nitrogen.	   2,3-‐dichloro-‐5,6-‐dicyano-‐1,4-‐benzoquinone	   (DDQ,	   3.48	   g,	  
15.33	   mmol)	   was	   added,	   stirring	   continued	   for	   3	   more	   hours.	  
Triethylamine	  (TEA,	  3.3	  mL)	  was	  added	  and	  the	  mixture	  was	  filtered	  
through	   alumina.	   Solvent	   was	   removed	   under	   reduced	   pressure.	  
Crude	   product	   was	   purified	   by	   column	   chromatography	  
(deactivated	   silica	   gel	   1%	   TEA,	   toluene)	   and	   a	   purple	   solid	   was	  
obtained.	  (725	  mg,	  10.1	  %	  yield),	  m.p.	  >	  250	  °C.	  1H	  NMR	  (400	  MHz,	  
CDCl3,	  TMS,	  ppm):	  δ=	  10.299	  (2H,	  s,	  meso),	  9.390	  (4H,	  d,	   J=4.8	  Hz,	  
pyrrolic),	  9.117	  (4H,	  d,	  J=4.8	  Hz,	  pyrrolic),	  8.177	  (4H,	  d,	  J=8.4	  Hz,	  -‐CH	  
Ph),	  7.342	  (4H,	  d,	  J=8.4	  Hz,	  -‐CH	  Ph),	  4.289	  (4H,	  t,	  J=6.8	  Hz,	  O-‐CH2-‐),	  
2.017	  (4H,	  q,	  J=6.4	  Hz,	  -‐CH2-‐),	  1.658	  (4H,	  q,	  J=6.8	  Hz,	  -‐CH2-‐),	  1.383-‐
1.546	  (16H,	  m,	  -‐CH2-‐),	  0.957	  (6H,	  t,	  J=6.4	  Hz,	  -‐CH3).	  ESI-‐MS:	  m/z	  718	  
(M+)	  (calc.	  for	  C48H54N4O2	  m/z	  718.4	  M+).	  
	  
{5,15-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphyrinato}zinc	   (II)	   (4).68	  
Porphyrin	   3	   (490.6	  mg,	   682	   μmol)	  was	   dissolved	   in	   DMF	   (30	  mL).	  
Zinc	   acetate	   (1.5	   g,	   6.81	   mmol)	   was	   added	   and	   the	   solution	   was	  
refluxed	  for	  1	  h.	  Mixture	  was	  cooled	  and	  distilled	  water	  (30	  mL)	  was	  
added.	  Product	  was	  filtered	  and	  further	  washed	  with	  cold	  water.	  A	  
bright	  pink	  solid	  was	  obtained	  (489.6	  mg,	  91.7%	  yield,	  6.5%	  overall	  
yield).	  Rf	  =	  0.84	  (hexane:	  CHCl3	  2:8),	  m.p.	  >	  250	  °C.	  HR-‐ESI-‐MS:	  m/z	  
780.3375	  (M+)	  (calc.	  for	  C48H52N4O2Zn	  m/z	  780.3382	  M+,	  –0.9	  ppm).	  
	  
{5,15-‐dibromo-‐10,20-‐bis-‐[4-‐(octyloxy)phenyl]-‐porphyrinato}zinc	  
(II)	  (5).68	  Porphyrin	  4	  (489.6	  mg,	  625.8	  μmol)	  was	  dissolved	  in	  CHCl3	  
(25	  mL)	   and	   cooled	   to	   0	   °C.	   N-‐bromosuccinimide	   (NBS,	   227.5	  mg,	  
1.28	   mmol)	   was	   added	   and	   the	   solution	   stirred	   for	   5	   minutes.	  
Adding	   acetone	   (3	   mL)	   quenched	   the	   reaction.	   Solvent	   was	  
removed	   under	   reduced	   pressure;	   crude	   was	   washed	   with	   water	  
and	  filtered,	  yielding	  a	  purple	  solid,	  green	  when	  dissolved,	  that	  was	  
used	  without	  further	  purification.	  An	  analytical	  sample	  was	  purified.	  
m.p.	   >	   250	   °C,	   HR-‐ESI-‐MS:	   m/z	   936.1619	   (M+),	   875.3605	   (M+–Zn),	  
795.4504	   (M+–Zn–Br)	   (calc.	   for	  C48H50N4O2Br2Zn	  m/z	  936.1592	  M+,	  
+2.9	  ppm)	  
	  
3-‐iodocarbazole	  (6).69	  Carbazole	  (2.50	  g,	  15	  mmol),	  and	  potassium	  
iodide	  (1.66	  g,	  10	  mmol)	   in	  acetic	  acid	  glacial	   (41	  mL)	  were	  stirred	  
and	   heated	   at	   100	   °C;	   potassium	   iodate	   (1.64	   g,	   7.7	   mmol)	   was	  
added.	  The	  mixture	  was	  refluxed	   for	  2	  h	  and	  then	  cooled	  to	  room	  
temperature.	   A	   solid	   precipitated	   by	   adding	   cool	   water,	   it	   was	  
filtered	  and	   further	  washed	  with	  water,	   resulting	   in	   a	  brown	   solid	  
(3.81	   g).	   Part	   of	   the	   crude	   (1	   g)	   was	   purified	   by	   column	  
chromatography	   (silica	   gel	   hexane:	   ethylacetate	   9:1)	   yielding	   a	  
white	   crystalline	   solid	   (461.1	   mg,	   40%);	   Rf	   =	   0.23	   (hexane:	  
ethylacetate	  9:1)	  m.p.=	  195-‐196	  °C.	  1H	  NMR	  (400	  MHz,	  CDCl3,	  TMS,	  
ppm):	   δ=	   8.386	   (1H,	   dd,	   J1=	   1.6	   Hz,	   J2=	   0.4	   Hz),	   8.060	   (1H,	   br	   s),	  
8.024	  (1H,	  dd,	  J1=	  7.8	  Hz,	   J2=	  0.4	  Hz),	  7.662	  (1H,	  dd,	  J1=	  8.4	  Hz,	   J2=	  
1.6	  Hz),	  7.426	  –	  7.443(2H,	  m),	  7.212	  –	  7.268	   (2H,	  m).	  GC–MS:	  m/z	  
293	  (M+),	  166	  (M+	  –	  I)	  (calc.	  for	  C12H8IN	  m/z	  293	  M+).	  

3-‐[2-‐(trimethylsilyl)ethynyl]carbazole	  (7).70	  3-‐yodocarbazole	  (152.1	  
mg,	  519	  μmol),	  PdCl2(PPh3)2	  (18.2	  mg,	  26	  μmol),	  and	  CuI	  (4.9	  mg,	  26	  
μmol)	  were	  placed	  in	  a	  two-‐neck	  round	  bottom	  flask;	  air	  inside	  the	  
flask	   was	   flushed	   with	   a	   nitrogen	   current	   and	   then	   it	   was	   placed	  
inside	  a	  glovebox.	  TEA	  (1.0	  mL)	  and	  THF	  (14	  mL)	  were	  added	  to	  the	  
flask;	   the	   solution	   was	   stirred	   for	   5	   min.,	   then	  
trimethylsilylacetylene	   (102	  μL,	  716	  μmol)	  was	  added.	  After	  2	  h	  at	  
room	   temperature,	   an	   extra	   185	   μL	   (1.29	   mmol)	   of	  
trimethylsilylacetylene	  were	  added.	  Mixture	  was	  stirred	   for	  a	   total	  
of	   5.5	   h.	   TEA	   and	   THF	   were	   evaporated	   using	   nitrogen	   current	  
outside	  the	  glovebox.	  A	  brownish	  solid	  was	  obtained;	  it	  was	  purified	  
by	  column	  chromatography	  (silica	  gel	  hexane:	  CHCl3	  1:1)	  yielding	  a	  
beige	   product	   (89.9	   mg,	   65.9%).	   Rf	   =	   0.52	   (hexane:	   ethylacetate	  
8:2),	   1H	  NMR	   (400	  MHz,	  CDCl3,	   TMS,	  ppm):	  δ=8.223	   (1H,	   s),	   8.096	  
(1H,	  br	  s,	  N-‐H),	  8.041	  (1H,	  dd,	  J1=	  8.0	  Hz,	  J2=	  0.8	  Hz),	  7.531	  (1H,	  dd,	  
J1=	  8.4	  Hz,	   J2=	  1.6	  Hz),	   7.414	  –	  7.437	   (2H,	  m),	   7.338	   (1H,	  d,	   J=	  8.4	  
Hz),	  7.226	  –	  7.274	  (1H,	  m),	  0.290	  (9H,	  s,	  Si-‐CH3).	  
	  
3-‐ethynylcarbazole	   (8).71	   3-‐[2-‐(trimethylsilyl)ethynyl]carbazole	  
(89.9	  mg,	   341.8	   μmol)	   and	  potassium	   carbonate	   (236.2	  mg,	   1.709	  
mmol),	  were	  refluxed	  on	  benzene:	  methanol	  1:1	  (30	  mL)	  for	  30	  min.	  
Solvents	   were	   removed	   under	   reduced	   pressure.	   Crude	   was	  
extracted	  into	  CHCl3	  and	  washed	  with	  water.	  A	  white	  solid	  (59.9	  mg,	  
91.7%	   yield)	   was	   obtained.	   It	   was	   not	   further	   purified	   as	   it	  
decomposes	  on	  silica.	  Rf	  =	  0.50	  (hexane:	  ethylacetate	  8:2)	  

1H	  NMR	  
(400	  MHz,	  CDCl3,	  TMS,	  ppm):	  δ=	  8.241	  (1H,	  s),	  8.127	  (1H,	  br	  s,	  N-‐H),	  
8.054	  (1H,	  d,	  J=	  8.0	  Hz),	  7.550	  (1H,	  dd,	  J1=	  8.4	  Hz,	  J2=	  1.6	  Hz),	  7.440	  
(2H,	   dd,	   J1=	   3.2	   Hz,	   J2=	   0.8	   Hz),	   7.370	   (1H,	   d,	   J=	   8.4	   Hz),	   7.237	   –	  
7.283	   (1H,	  m),	  3.061	   (1H,	  s).	  EI-‐MS:	  m/z	  191	   (M+)	   (calc.	   for	  C14H9N	  
m/z	  191	  M+).	  
	  
{5,15-‐bis-‐(carbazol-‐3-‐yl-‐ethynyl)-‐10,20-‐bis-‐[4-‐(octyloxy)phenyl]-‐
porphinato}-‐zinc	  (II)	  (9).72	  3-‐ethynylcarbazole	  (59.9	  mg,	  314	  μmol),	  
and	  porphyrin	  5	  (140.4	  mg,	  149.3	  μmol)	  were	  placed	  in	  a	  two-‐neck	  
round	   bottom	   flask;	   air	   inside	   the	   flask	  was	   flushed	  with	   nitrogen	  
current	   and	   then	   it	   was	   placed	   inside	   a	   glovebox.	   Tri(o-‐
tolyl)phosphine	   (P(o-‐tol)3,	   54.5	   mg,	   179.2	   μmol),	  
tris(dibenzylideneacetone)dipalladium(0)	   (Pd2(dba)3,	   20.5	  mg,	   22.4	  
μmol),	   TEA	   (1.0	  mL),	   and	   of	   THF	   (5	  mL)	   were	   added	   to	   the	   flask.	  
Mixture	   was	   stirred	   for	   1.5	   h	   at	   30	   °C	   and	   filtered	   through	   silica.	  
Solvent	   was	   evaporated	   and	   the	   crude	   was	   purified	   by	   column	  
chromatography	   (silica	   gel	   hexane:	   THF	   7:3).	   A	   green	   solid	   was	  
obtained	   (78.1	   mg,	   45.1%	   yield,	   2.6%	   overall	   yield).	   Rf	   =	   0.34	  
(hexane:	  THF	  7:3),	  m.p.	  >	  250	  °C,	   1H	  NMR	  (700	  MHz,	  d8-‐THF,	  TMS,	  
ppm):	   δ=	   10.68	   (2H,	   s,	   -‐NH	   carbazole),	   9.85	   (4H,	   d,	   J=	   4.3	   Hz,	  
pyrrolic),	  8.94	  (4H,	  d,	  J=	  4.3	  Hz,	  pyrrolic),	  8.85	  (2H,	  s,	  -‐CH	  carbazole),	  
8.31	  (2H,	  d,	  J=	  7.3	  Hz,	  -‐CH	  carbazole),	  8.15	  (4H,	  d,	  J=	  8.2	  Hz,	  -‐CH	  Ph),	  
8.12	   (2H,	   d,	   J=	   8.1	   Hz,	   -‐CH	   carbazole),	   7.68	   (2H,	   d,	   J=	   8.2	   Hz,	   -‐CH	  
carbazole),	  7.54	  (2H,	  d,	  J=	  8.2	  Hz,	  -‐CH	  carbazole),	  7.47	  (2H,	  t,	  J=	  7.5	  
Hz,	  -‐CH	  carbazole),	  7.38	  (4H,	  d,	  J=	  8.2	  Hz,	  -‐CH	  Ph),	  7.29	  (2H,	  t,	  J=	  7.3	  
Hz,	  -‐CH	  carbazole),	  4.34	  (4H,	  t,	  J=6.2	  Hz,	  O-‐CH2-‐),	  2.04	  (4H,	  m,	  -‐CH2-‐
),	   1.73	   (4H,	  m,	   -‐CH2-‐),	   1.58	   (4H,	  m,	   -‐CH2-‐),	   1.2-‐1.5	   (m,	   -‐CH2-‐),	   1.01	  
(6H,	   t,	   J=7.0	  Hz,	   -‐CH3).	  

13C	  NMR	   (175	  MHz,	  d8-‐THF,	   TMS,	  ppm):	  δ=	  
13.54	  (-‐CH3),	  20.41,	  22.67,	  26.31,	  29.42,	  29.81,	  31.95	  (-‐CH2-‐),	  67.83	  
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(O-‐CH2-‐),	   93.27	   (C-‐meso-‐ethynyl),	   97.7,	   97.8	   (C-‐ethynyl),	   110.91,	  
110.76	   (C1,	   C8	   carbazole),	   119.16,	   114.43	   (C3,	   C6	   carbazole),	  
123.66,	   120.28	   (C4,	   C5	   carbazole),	   129.01,	   125.86	   (C2,	   C7	  
carbazole),	   123.59,	   122.98	   (C4a,	   C4b	   carbazole),	   140.80	   (C9a,	   C8a	  
carbazole),	  122.19	  (C-‐meso-‐Ph),	  135.38,	  112.38	  (C2,	  C3	  Ph),	  135.38	  
(C1	   Ph),	   159.15	   (C4	   Ph),	   131.86,	   130.22	   (β-‐C	   pyrrolic),	   151.87,	  
150.16	  (α-‐C	  pyrrolic);	  13C	  NMR	  assignments	  are	  supported	  by	  HSQC	  
and	  HMBC	  data	  (Spectra	  shown	  in	  ESI).	  HR-‐ESI-‐MS:	  m/z	  1158.4521	  
(M+)	  (calc.	  for	  C76H66N6O2Zn	  m/z	  1158.4539	  M+,	  –1.5	  ppm).	  
	  
Absorption	  and	  Emission	  Spectra	  
Absorption	   spectra	   were	   acquired	   at	   room	   temperature	   on	  
THF	  with	  a	  Varian	  Cary	  5	   spectrophotometer.	  For	   the	  steady-‐
state	   fluorescence	   experiments,	   deoxygenated	   0.2	   μM	  
porphyrin	   THF	   solutions	   on	   a	   homemade	   airtight	   cell	   were	  
used;	   emission	   and	   excitation	   spectra	   were	   recorded	   on	   a	  
Varian	   Cary	   Eclipse	   spectrofluorimeter	   at	   room	   temperature.	  
Fluorescence	  yields	  were	  measured	  as	  described	  by	  Marcaccio	  
and	  coworkers.73	  
	  
Electrochemical	  Cells,	  Electrodes,	  and	  Instruments.	  
Cyclic	  Voltammetry.	  Experiments	  were	  carried	  out	   in	  a	  three-‐
electrode	   jacketed	   cell.	   Temperature	  of	   the	   jacketed	   cell	  was	  
controlled	   with	   a	   circulating	   bath	   at	   −5	   °C.	   Solutions	   were	  
purged	  with	   ultra	   high	   purity	   argon	   (Infra),	   passed	   through	   a	  
gas	   bubbler	   with	   the	   solvent	   before	   reaching	   the	   cell.	   The	  
working	   electrode	   was	   a	   0.3	   cm	   diameter	   glassy	   carbon	  
electrode	   with	   an	   effective	   area	   of	   0.077	   cm2.	   Before	   each	  
measurement,	   the	  working	   electrode	  was	   polished	  with	   0.05	  
μm	   alumina	   paste	   (Buehler),	   rinsed	   with	   water,	   sonicated	   in	  
distilled	  water	  and	  dried	  with	  a	  tissue.	  The	  reference	  electrode	  
was	  an	  Ag/AgNO3	  electrode;	  a	  silver	  wire	  immersed	  in	  0.10	  M	  
Bu4NPF6/	   0.01	   M	   silver	   nitrate/acetonitrile	   at	   room	  
temperature	   (nonisothermal	   operation).	   The	   reference	  
electrode	   was	   separated	   from	   the	   test	   solution	   by	   a	   porous	  
Vycor	   frit	   from	   Bioanalytical	   Systems.	   The	   potential	   of	   the	  
reference	  electrode	  was	  periodically	  measured	  with	  respect	  to	  
the	   reversible	   ferrocenium/ferrocene	   couple,	   and	   was	   found	  
to	  be	  171	  mV	  in	  Bu4NPF6	  0.1	  M/THF.	  All	  potentials	  reported	  in	  
this	   work	   are	   referred	   to	   the	   Fc+/Fc	   couple	   unless	   otherwise	  
stated.	   An	   Autolab	   PGSTAT	   302	   potentiostat-‐galvanostat	  was	  
used	  for	  the	  cyclic	  voltammetry	  experiments.	  
	  
Digital	   Simulations.	   Simulations	   were	   performed	   using	  
DigiElch	   4F,	   a	   software	   for	   digital	   simulation	   of	   common	  
electrochemical	   experiments (http://www.digielch.de).74 
When	   matching	   simulations	   to	   the	   experimental	  
voltammograms,	   the	   objective	   was	   to	   find	   the	   single	   set	   of	  
parameter	  values	   that	  provided	   the	  best	  average	   fit	  between	  
simulation	   and	   experiment	   for	   the	   entire	   range	   of	  
concentrations	   and	   scan	   rates	   employed.	   This	   means	   that	   a	  
simulation	   at	   a	   given	   scan	   rate	   might	   be	   improved	   by	   some	  
variation	   of	   one	   or	   more	   parameter	   values,	   but	   this	   could	  
lower	   the	   average	   goodness-‐of-‐fit	   for	   the	   entire	   set	   of	  
voltammograms.	   The	   total	   uncompensated	   resistance	   in	  

Bu4NPF6	  0.1	  M/THF	  at	  −5	  °C	  (Ru	  =	  3500 Ω)	  was	  determined	  as	  
previously	  described.	  75	  
	  
ECL	   experiments.	   An	   electrochemical	   cell	   of	   airtight	   design	  
with	  high-‐vacuum	  glass	  (or	  Teflon)	  stopcocks	  fitted	  with	  Viton	  
O-‐rings	   was	   used,	   spherical	   joints	   with	   O-‐rings	   served	   as	  
connections	  between	  the	  cell	  and	  the	  vacuum	  line	  or	  Schlenk	  
flask	   that	   contains	   the	   solvent.76	   The	   working	   electrode	  
consisted	   of	   a	   platinum	   side	   oriented	   2	   mm	   diameter	   disk	  
sealed	   in	   glass	   while	   the	   counter	   electrode	   was	   a	   platinum	  
spiral	  and	  the	  reference	  electrode	  was	  a	  quasi-‐reference	  silver	  
wire.	   THF	   was	   distilled	   into	   the	   cell	   by	   a	   trap-‐to-‐trap	  
procedure;	   the	   pressure	   measured	   in	   the	   cell	   prior	   to	   the	  
distillation	   was	   around	   10-‐5	   mbar.	   Bu4NPF6	   was	   used	   as	  
supporting	  electrolyte,	   and	   the	  experiments	  were	   carried	  out	  
at	  room	  temperature.	  In	  a	  given	  solution,	  two	  or	  three	  records	  
were	   made	   to	   check	   the	   temporal	   stability	   of	   the	   system	  
investigated.	   The	   annihilation	   reaction	   was	   performed	   by	  
pulsing	  the	  working	  electrode	  between	  the	  first	  oxidation	  and	  
the	  first	  reduction	  peak	  potential	  of	  the	  complex	  with	  a	  pulse	  
width	  of	  0.1	   s.	  When	  co-‐reactant	  was	  used	   the	  potential	  was	  
stepped	   form	   0	   V	   to	   a	   negative	   value	   where	   both	   porphyrin	  
and	  BPO	  are	  reduced.	  The	  ECL	  signal	  generated	  by	  performing	  
the	   potential	   step	   program	   was	   measured	   with	   a	  
photomultiplier	  tube	  (PMT,	  Hamamatsu	  R4220p)	  placed	  a	  few	  
millimetres	   from	   the	   cell,	   and	   in	   front	   of	   the	   working	  
electrode,	   inside	  a	  darkbox.	  A	  voltage	   in	   the	  range	  250-‐750	  V	  
was	   supplied	   to	   the	   PMT.	   The	   light/current/voltages	   curves	  
were	   recorded	   by	   collecting	   the	   preamplified	   PMT	   output	  
signal	   (by	   a	   ultra-‐low	   noise	   Acton	   Research	  model	   181)	   with	  
the	  second	  input	  channel	  of	  the	  ADC	  module	  of	  the	  AUTOLAB	  
instrument.	  
ECL	  spectra	  were	  recorded	  by	  inserting	  the	  same	  PMT	  in	  a	  dual	  
exit	  monochromator	  (Acton	  Research	  model	  Spectra	  Pro2300i)	  
and	   collecting	   the	   signal	   as	   described	   above.	   Photocurrent	  
detected	   at	   the	   PMT	   was	   accumulated	   for	   1-‐3	   seconds,	  
depending	  on	  the	  emission	  intensity,	  for	  each	  monochromator	  
wavelength	   step	   (usually	   1	   nm).	   Entrance	   and	   exit	   slits	   were	  
fixed	  to	  the	  maximum	  value	  of	  3	  mm.	  
The	   ECL	   yield	   is	   defined	   as	   the	   photons	   emitted	   per	   redox	  
event,	  which	  is	  related	  to	  the	  total	  electrical	  charge	  involved	  in	  
the	  generation	  of	  the	  reactants.	  Thus,	  the	  ECL	  efficiency	  can	  be	  
rigorously	  estimated	  by	  the	  annihilation	  method	  and	  obtained	  
by	  chronoamperometric	  experiment	  using	  equation	  2.49	  

!!"# =   !!"#!    !"!

!!!
 	  	  	  	  	  	  	  	  	  	  	  (2) 

Where	  !!"#! 	   is	   the	   ECL	   efficiency	   of	   the	   standard	   under	   the	  
same	  experimental	  conditions,	   I	  and	   I°	  are	  the	   integrated	  ECL	  
intensity	   of	   the	   species	   and	   the	   standard	   systems,	  Q	   and	  Q°	  
the	  faradaic	  charges	  (in	  Coulombs)	  passed	  for	  the	  investigated	  
species	   and	   the	   standard	   species,	   respectively.	   It	   has	   been	  
estimated	  that	  the	  ECL	  efficiency	  can	  be	  confidently	  given	  with	  
an	   error	   of	   ±15%.	   In	   order	   to	   obtain	   the	   ECL	   yields,	  
measurements	   of	   a	   standard	   ECL	   system	   were	   performed	  
under	   similar	   experimental	   conditions	   as	   those	   used	   for	   the	  
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porphyrins.	   The	   chosen	   standard	   was	   [Ru(bpy)3]
2+	  

(bpy=bipyridine)	   which	   is	   among	   the	   most	   efficient	   ECL	  
systems.77	   The	   ECL	   intensity	   ratio	   (Iporphyrin/I[Ru(bpy)3]2+)	   was	  
determined	  and	  the	  ECL	  yield	  of	  the	  porphyrins	  can	  be	  directly	  
obtained	   considering	   the	   reported	   ECL	   annihilation	   efficiency	  
of	  5%	  for	  [Ru(bpy)3]

2+	  (Fig.	  8S,	  ESI).	  
	  
Spectroelectrochemistry.	  Spectroelectrochemical	  experiments	  
were	   performed	   on	   a	   thin-‐layer	   quartz	   electrochemical	   cell	  
(path	   length	  1	  mm,	  BASi)	  with	  a	  three-‐electrode	  arrangement	  
consisting	   of	   an	   optically	   transparent	   platinum	   minigrid	   as	  
working	   electrode,	   a	   Pt	   wire	   as	   counter	   electrode	   and	  
Ag/AgNO3	  as	   reference.	  The	  cell	  was	  paired	   to	  a	  BASi	  Epsilon	  
potentiostat-‐galvanostat	  and	  the	  spectra	  were	  obtained	  using	  
an	   Agilent	   8453	   UV-‐vis	   spectrophotometer.	   Measurements	  
were	   carried	   out	   on	   deoxygenated	   solutions	   in	   Bu4NPF6	   0.1	  
M/THF	  at	  room	  temperature.	  

Conclusions	  
Two	  A2B2	  porphyrins	  were	  synthesized,	  porphyrin	  9,	  with	  two	  
ethynylcarbazol	  units	  at	   the	  meso	  positions,	  and	  porphyrin	  4,	  
having	   two	   free	   meso	   positions.	   Absorption	   and	   emission	  
bands	   of	   9	   are	   red-‐shifted	   compared	   to	   4;	   also	   the	   lower	  
energy	   Q	   band	   of	   porphyrin	   9	   has	   a	   much	   larger	   extinction	  
coefficient	  than	  any	  of	  the	  Q	  bands	  of	  4.	  Additionally,	  the	  E1/2	  
values	   for	   the	   one-‐electron	   oxidation	   and	   reduction	   waves	  
show	  that	   the	   formation	  of	   the	   radical	   ions	  of	  9	   requires	   less	  
energy	  than	  for	  porphyrin	  4.	  These	  observations	  demonstrate	  
that	   the	  ethyne	  group	  connecting	   the	  carbazol	  and	  porphyrin	  
units	  allows	  for	  an	  effective	  increase	  on	  the	  conjugation	  of	  the	  
porphyrin	  ring.	  	  
Extending	  the	  conjugation	  of	  the	  porphyrin	  ring	  also	  improves	  
the	  stability	  of	   the	  radical	   ions.	  Digital	  simulation	  reveals	   that	  
the	   radical	   cation	   and	   the	   radical	   anion	   of	   porphyrin	   9	   are	  
more	   stable	   than	   those	   of	  4.	   On	   the	   other	   hand,	   the	   lack	   of	  
substituents	   at	   the	   meso	   positions	   leads	   to	   a	   dimerization	  
reaction	  of	  the	  radical	  cation	  that	  is	  most	  likely	  followed	  by	  the	  
formation	   of	   a	   polymer	   or	   oligomer,	   as	   shown	   by	   the	   higher	  
concentration	  electrolysis	  experiments.	  
Electrochemiluminescence	  of	  the	  porphyrins	  was	  achieved	  via	  
the	  radical	  ion	  annihilation	  mechanism	  by	  pulsing	  the	  potential	  
between	  the	  first	  oxidation	  and	  first	   reduction	  values,	  as	  well	  
as	   through	   the	   coreactant	   BPO.	   Both	   porphyrins	   show	  
asymmetric	  ECL	  transients,	  for	  porphyrin	  4	  these	  observations	  
were	  correlated	  with	   the	   formation	  of	  oligomers	  or	  polymers	  
following	  the	  initial	  dimerization	  step;	  spectroelectrochemistry	  
investigations,	   together	  with	   controlled	   potential	   electrolysis,	  
support	   these	   findings.	   Porphyrin	   9	   displays	   very	   similar	  
intensity	  ECL	  transients	  compared	  to	  4,	   this	  unexpectedly	   low	  
ECL	  emission	  can	  be	  rationalized	  by	  the	  self-‐absorption	  of	  the	  
intense	   Q	   band	   and	   also	   by	   the	   intense	   absorption	   band	  
observed	  during	  the	  one-‐electron	  reduction	  of	  9	  that	  matches	  
with	  the	  emission	  of	  the	  porphyrin.	  
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