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Abstract:	
   A	
   series	
   of	
   Boron-­‐dipyrromethene	
   (Bodipy)	
   dyes	
   were	
   used	
   as	
   photosensitizers	
   for	
  

photochemical	
   hydrogen	
   production	
   in	
   conjunction	
   with	
   [CoIII(dmgH)2pyCl]	
   (where	
   dmgH	
   =	
  

dimethylglyoximate,	
  py	
  =	
  pyridine)	
  as	
  the	
  catalyst	
  and	
  triethanolamine	
  (TEOA)	
  as	
  the	
  sacrificial	
  electron	
  

donor.	
   The	
   Bodipy	
   dyes	
   are	
   fully	
   characterized	
   by	
   electrochemistry,	
   x-­‐ray	
   crystallography,	
   quantum	
  

chemistry	
  calculations,	
  femtosecond	
  transient	
  absorption	
  and	
  time-­‐resolved	
  fluorescence,	
  as	
  well	
  as	
  in	
  

long-­‐term	
  hydrogen	
  production	
   assays.	
   Consistent	
  with	
   other	
   recent	
   reports,	
   only	
   systems	
   containing	
  

halogenated	
   chromophores	
   were	
   active	
   for	
   hydrogen	
   production,	
   as	
   the	
   long-­‐lived	
   triplet	
   state	
   is	
  

necessary	
   for	
   efficient	
   bimolecular	
   electron	
   transfer.	
   Here,	
   it	
   is	
   shown	
   that	
   the	
   photostability	
   of	
   the	
  

system	
  improves	
  with	
  Bodipy	
  dyes	
  containing	
  a	
  mesityl	
  group	
  versus	
  a	
  phenyl	
  group,	
  which	
  is	
  attributed	
  

to	
   increased	
   electron	
   donating	
   character	
   of	
   the	
   mesityl	
   substituent.	
   	
   Unlike	
   previous	
   reports,	
   the	
  

optimal	
   ratio	
   of	
   chromophore	
   to	
   catalyst	
   is	
   established	
   and	
   shown	
   to	
   be	
   20:1,	
   at	
   which	
   point	
   this	
  

bimolecular	
  dye/catalyst	
  system	
  performs	
  3-­‐4	
  times	
  better	
  than	
  similar	
  chemically	
  linked	
  systems.	
  	
  We	
  

also	
   show	
   that	
   the	
   hydrogen	
   production	
   drops	
   dramatically	
   with	
   excess	
   catalyst	
   concentration.	
   The	
  

maximum	
   turnover	
   number	
   of	
   ~700	
   (with	
   respect	
   to	
   chromophore)	
   is	
   obtained	
   under	
   the	
   following	
  

conditions:	
  	
  1.0	
  ×	
  10-­‐4	
  M	
  [Co(dmgH)2pyCl],	
  5.0	
  ×	
  10
-­‐6	
  M	
  Bodipy	
  dye	
  with	
  iodine	
  and	
  mesityl	
  substituents,	
  

1:1	
  v:v	
  (10%	
  aqueous	
  TEOA):MeCN	
  (adjusted	
  to	
  pH	
  7),	
  and	
  irradiation	
  by	
  light	
  with	
  	
  λ	
  >	
  410	
  nm	
  	
  for	
  30	
  h.	
  

This	
  system,	
  containing	
  discrete	
  chromophore	
  and	
  catalyst,	
   is	
  more	
  active	
  than	
  similar	
   linked	
  Bodipy	
  –	
  

Co(dmg)2	
  dyads	
  recently	
  published,	
  which,	
   in	
  conjunction	
  with	
  our	
  other	
  measurements,	
  suggests	
  that	
  

the	
  nominal	
  dyads	
  actually	
  function	
  bimolecularly.	
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2	
  
	
  

Introduction	
  

	
   The	
   growth	
   of	
   alternative,	
   carbon-­‐neutral	
   energy	
   sources	
   represents	
   a	
   means	
   to	
   meet	
   the	
  

continually	
   rising	
   demand	
   for	
   energy	
   while	
   minimizing	
   environmental	
   change.1	
   The	
   controlled	
  

combustion	
   of	
   hydrogen	
  with	
   oxygen	
   is	
   particularly	
   suited	
   for	
   this	
   goal,	
   as	
   the	
   only	
   byproduct	
   of	
   the	
  

reaction	
   is	
  water.	
   To	
  generate	
   the	
  necessary	
  hydrogen	
   fuel,	
  water	
   can	
  be	
   split	
  using	
  a	
  photochemical	
  

cycle	
  modeled	
  after	
  photosynthesis,	
  whereby	
  the	
  reduction	
  of	
  aqueous	
  protons	
  to	
  H2	
  and	
  the	
  oxidation	
  

of	
   water	
   to	
   O2	
   comprise	
   the	
   two	
   half	
   reactions.	
   Both	
   reactions	
   include	
   a	
   chromophore,	
   in	
   order	
   to	
  

absorb	
   light,	
   and	
   a	
   catalyst,	
   in	
   order	
   to	
   catalyze	
   the	
   reaction.	
   When	
   studying	
   only	
   the	
   reductive	
  

production	
   of	
   hydrogen,	
   a	
   source	
   of	
   electrons	
   is	
   also	
   needed	
   and	
   is	
   supplied	
   by	
   a	
   sacrificial	
   electron	
  

donor.	
  

	
   For	
  hydrogen	
  production,	
   a	
  deep	
  understanding	
  of	
   the	
   chromophore	
  and	
   catalyst	
   is	
   crucial	
   in	
  

building	
   an	
   efficient	
   system.	
   Boron-­‐dipyrromethene	
   (Bodipy)	
   dyes	
   have	
   been	
   well	
   studied	
   as	
  

photosensitizers	
  (PS)	
  in	
  the	
  literature,	
  due	
  to	
  high	
  molar	
  absorptivities,	
  tunable	
  absorption	
  and	
  emission	
  

energies,	
  and	
  high	
  fluorescence	
  quantum	
  yields.2-­‐4	
  A	
  typical	
  Bodipy	
  structure	
  is	
  shown	
  below.	
  

	
  

Upon	
  halogenation	
  (X	
  =	
  Br,	
  I),	
  the	
  increased	
  spin-­‐orbit	
  coupling	
  enables	
  intersystem	
  crossing	
  to	
  compete	
  

with	
  other	
  modes	
  of	
  decay,	
  generating	
  the	
  long-­‐lived	
  triplet	
  state.	
  This	
  state	
  has	
  been	
  proven	
  useful	
  in	
  

systems	
  where	
  bimolecular	
  electron	
  transfer	
  is	
  needed.5	
  The	
  rigidity	
  of	
  the	
  system	
  can	
  also	
  be	
  tuned	
  by	
  

choosing	
   bulkier	
   aryl	
   groups,	
   which	
   has	
   been	
   shown	
   to	
   increase	
   the	
   fluorescence	
   quantum	
   yield,	
  

presumably	
  by	
  preventing	
  facile	
  torsion,	
  thereby	
  inhibiting	
  the	
  nonradiative	
  rate	
  of	
  internal	
  conversion.6	
  

	
   	
   Cobalt	
  dimethylglyoxime	
  (Co(dmg)2)	
  complexes	
  represent	
  a	
  class	
  of	
  established	
  catalysts	
  

used	
   in	
  a	
  variety	
  of	
   systems	
   for	
   the	
  photoproduction	
  of	
  hydrogen.7-­‐12	
  Recently,	
   several	
  groups	
  

have	
   published	
   articles	
   featuring	
   dyads,	
   in	
   which	
   Bodipy	
   chromophores	
   have	
   been	
   covalently	
  

bound	
   to	
   Co(dmg)2	
   catalysts	
   for	
   application	
   in	
   solar	
   energy	
   conversion.13-17 In	
   these	
   cases,	
   the	
  

Bodipy	
   contains	
  a	
  pyridine	
  aryl	
   group,	
  which	
   coordinates	
   to	
  Co(III)	
   as	
   a	
   ligand	
  on	
   the	
   catalyst.	
  	
  

The	
  system	
  was	
  found	
  to	
  be	
  more	
  stable	
  when	
  electron	
  donating	
  substituents	
  made	
  the	
  pyridine	
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3	
  
	
  

more	
  basic,13	
  allowing	
  more	
   robust	
  hydrogen	
  production.16	
  While	
   some	
  evidence	
  supports	
   the	
  

improvement	
  of	
  H2	
  production	
  upon	
  complexation	
  of	
  Bodipy	
  with	
  Co,16	
  other	
  results	
  suggest	
  the	
  

system	
  may	
  actually	
  be	
   functioning	
  bimolecularly.	
   Luo	
  et	
  al.	
   very	
   recently	
  published	
  an	
  article	
  

describing	
  discrete	
  Bodipy	
  chromophores	
  and	
  Co(dmg)2	
  catalysts	
  (among	
  other	
  systems	
  for	
  solar	
  

energy	
   conversion),	
   where	
   only	
   systems	
   containing	
   halogenated	
   Bodipy	
   chromophores	
   were	
  

active	
  for	
  H2	
  production.
18	
  The	
  TONs	
  with	
  respect	
  to	
  chromophore	
  reported18	
  were	
  greater	
  than	
  

those	
   reported	
   for	
   the	
   earlier	
   dyads.15,16	
   Here,	
   we	
   present	
   the	
   results	
   of	
   a	
   series	
   of	
   discrete	
  

Bodipy	
  chromophores	
  and	
   the	
  Co(dmg)2	
   catalyst,	
   in	
  which	
   the	
  effects	
  of	
  halogenation,	
   sterics,	
  

and	
  component	
  concentrations	
  are	
  examined.	
  By	
  optimizing	
   the	
  relative	
  concentrations	
  of	
   the	
  

dye	
   and	
   catalyst	
   we	
   show	
   that	
   the	
   system	
   is	
   strongly	
   inhibited	
   under	
   conditions	
   of	
   excess	
  

catalyst,	
   as	
  was	
  used	
   in	
  prior	
   studies.	
   	
   The	
  difference	
  between	
   the	
  activity	
  of	
   this	
   system	
  and	
  

previously	
  studied	
  dyads	
  is	
  also	
  discussed.	
  

	
  

Experimental	
  

Fluorescence	
   Quantum	
   Yield	
   Measurements.	
   	
   Absorption	
   spectra	
   were	
   measured	
   using	
   a	
  

Hitachi	
  U2000	
  scanning	
  spectrophotometer.	
  	
  Emission	
  spectra	
  were	
  measured	
  using	
  a	
  Spex	
  Fluoromax-­‐P	
  

fluorometer.	
  	
  Based	
  on	
  spectral	
  overlap	
  considerations,	
  fluorescein	
  in	
  0.1	
  M	
  NaOH(aq)	
  was	
  used	
  as	
  the	
  

quantum	
   yield	
   standard	
   for	
   compounds	
   2a	
   and	
   3a,	
   while	
   eosin-­‐Y	
   in	
   ethanol	
   was	
   used	
   for	
   the	
  

halogenated	
  compounds	
  2b-­‐c	
  and	
  3b-­‐c.	
   	
  Acetonitrile	
  was	
  used	
  as	
  the	
  solvent	
  for	
  all	
  dye	
  samples.	
   	
  The	
  

absorbance	
  for	
  each	
  dye	
  and	
  its	
  corresponding	
  standard	
  were	
  set	
  to	
  ~0.1	
  and	
  recorded	
  at	
  the	
  excitation	
  

wavelength.	
  	
  After	
  excitation	
  at	
  this	
  wavelength,	
  the	
  integration	
  of	
  the	
  fluorescence	
  was	
  measured	
  for	
  

both	
  the	
  dye	
  and	
  its	
  standard.	
  

Electrochemistry.	
   Cyclic	
   voltammetry	
   experiments	
   were	
   conducted	
   on	
   an	
   EG&G	
   PAR	
   263A	
  

potentiostat/galvanostat	
   using	
   a	
   three-­‐electrode	
   cell	
   comprising	
   a	
   Pt	
   working	
   electrode,	
   a	
   Pt	
   wire	
  

auxiliary	
  electrode,	
  and	
  a	
  Ag	
  wire	
  reference	
  electrode.	
  	
  For	
  all	
  measurements,	
  samples	
  were	
  purged	
  by	
  

bubbling	
   nitrogen	
   through	
   the	
   solution	
   for	
   15	
   min.	
   	
   Tetrabutylammonium	
   hexafluorophosphate	
   was	
  

used	
  as	
  the	
  supporting	
  electrolyte	
  (0.1	
  M)	
  and	
  ferrocene	
  was	
  added	
  as	
  an	
  internal	
  redox	
  reference.	
  	
  All	
  

redox	
  potentials	
  were	
  measured	
  relative	
  to	
  the	
  ferrocenium/ferrocene	
  (Fe+	
  /	
  Fe)	
  couple	
  (0.64	
  V	
  vs.	
  NHE)	
  

used	
  as	
  an	
  internal	
  standard	
  and	
  then	
  adjusted	
  to	
  NHE.19	
   	
  Scans	
  were	
  performed	
  at	
  a	
  scan	
  rate	
  of	
  100	
  

mV	
  s-­‐1.	
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Crystal	
   Growth	
   and	
   X-­‐ray	
   Structure	
   Determination.	
   	
   Each	
   compound	
  was	
   dissolved	
   in	
   a	
  minimal	
  

amount	
  of	
  CH2Cl2	
  in	
  a	
  vial.	
  	
  After	
  carefully	
  adding	
  a	
  layer	
  of	
  hexanes	
  to	
  the	
  vial,	
  the	
  solvent	
  was	
  allowed	
  

to	
  slowly	
  mix	
  and	
  evaporate	
  over	
  a	
  period	
  of	
  a	
  week,	
  yielding	
  suitable	
  crystals.	
  	
  	
  

Crystals	
  were	
  placed	
  onto	
  the	
  tip	
  of	
  glass	
  optical	
  fibers	
  and	
  mounted	
  on	
  a	
  Bruker	
  SMART	
  APEX	
  II	
  CCD	
  

Platform	
  diffractometer	
   for	
   data	
   collection	
   at	
   100.0(1)	
   K.20	
   	
   For	
   each	
   crystal,	
   a	
   preliminary	
   set	
   of	
   cell	
  

constants	
  and	
  an	
  orientation	
  matrix	
  were	
  calculated	
  from	
  reflections	
  harvested	
  from	
  three	
  orthogonal	
  

wedges	
  of	
  reciprocal	
  space.	
  	
  The	
  full	
  data	
  collections	
  were	
  carried	
  out	
  using	
  MoKα	
  radiation	
  (0.71073	
  Å,	
  

graphite	
  monochromator)	
  with	
  frame	
  times	
  ranging	
  from	
  15	
  to	
  45	
  seconds	
  and	
  a	
  detector	
  distance	
  of	
  

approximately	
  4	
  cm.	
   	
  Randomly	
  oriented	
  regions	
  of	
   reciprocal	
   space	
  were	
  surveyed:	
   	
   five	
  or	
  six	
  major	
  

sections	
  of	
  frames	
  were	
  collected	
  with	
  0.50o	
  steps	
  in	
  ω	
  at	
  different	
  φ	
  settings	
  and	
  a	
  detector	
  position	
  of	
  	
  

-­‐38º	
  in	
  2θ.	
  	
  The	
  intensity	
  data	
  were	
  corrected	
  for	
  absorption.21	
  

Structures	
  were	
  solved	
  using	
  SHELXS-­‐9722	
  (2c)	
  or	
  SIR97	
  (2a,	
  2b,	
  3c)23	
  and	
  refined	
  using	
  SHELXL-­‐97.22	
  	
  

Space	
   groups	
   were	
   determined	
   based	
   solely	
   on	
   systematic	
   absences	
   (2a-­‐2c)	
   or	
   a	
   combination	
   of	
  

systematic	
   absences	
   and	
   intensity	
   statistics	
   (3c).	
   Direct-­‐methods	
   solutions	
   were	
   calculated	
   which	
  

provided	
   most	
   non-­‐hydrogen	
   atoms	
   from	
   the	
   E-­‐map.	
   	
   Full-­‐matrix	
   least	
   squares	
   /	
   difference	
   Fourier	
  

cycles	
   were	
   performed	
   which	
   located	
   the	
   remaining	
   non-­‐hydrogen	
   atoms.	
   	
   All	
   non-­‐hydrogen	
   atoms	
  

were	
   refined	
   with	
   anisotropic	
   displacement	
   parameters.	
   	
   All	
   hydrogen	
   atoms	
   were	
   placed	
   in	
   ideal	
  

positions	
  and	
  refined	
  as	
  riding	
  atoms	
  with	
  relative	
  isotropic	
  displacement	
  parameters.	
  	
  Full	
  matrix	
  least	
  

squares	
  refinements	
  on	
  F2	
  were	
  run	
  to	
  convergence.	
  Final	
  cell	
  constants	
  were	
  calculated	
   from	
  the	
  xyz	
  

centroids;	
   the	
  number	
  of	
   strong	
   reflections	
  are	
  given	
   in	
   table	
  S2	
   from	
   the	
  actual	
  data	
   collection	
  after	
  

integration.24	
  	
  See	
  Table	
  S1	
  for	
  additional	
  crystal	
  and	
  refinement	
  information.	
  	
  

The	
   angles	
   between	
   the	
   pendant	
   phenyl	
   rings	
   and	
   the	
   fused	
   ring	
   portions	
   are	
   80.36(3),	
   89.14(5),	
  

81.47(3),	
   and	
   85.63(5)	
   degrees,	
   respectively,	
   for	
   structures	
   2a,	
   2b,	
   2c,	
   and	
   3c.	
   	
   There	
   are	
   halogen-­‐

halogen	
  close	
  contacts	
  in	
  two	
  of	
  four	
  structures.25,26	
  In	
  2b	
  the	
  Br…F	
  intermolecular	
  distance	
  of	
  2.951(1)	
  Å	
  

is	
  0.37	
  Å	
  shorter	
  than	
  the	
  sum	
  of	
  the	
  van	
  der	
  Waals	
  radii	
  and	
  in	
  2c	
  the	
  I…F	
  distance	
  of	
  3.2464(8)	
  Å	
  is	
  0.20	
  

Å	
  shorter	
  than	
  the	
  sum	
  of	
  the	
  van	
  der	
  Waals	
  radii.	
  	
  Despite	
  having	
  both	
  fluorine	
  and	
  iodine,	
  there	
  are	
  no	
  

halogen-­‐halogen	
  close	
  contacts	
  in	
  3c.	
  

Time-­‐correlated	
  Single	
  Photon	
  Counting.	
  The	
  sample,	
  housed	
  in	
  a	
  1	
  cm	
  cuvette,	
  was	
  pumped	
  by	
  a	
  

Fianium	
   fiber	
   laser,	
   with	
   488-­‐nm	
   light	
   selected	
   by	
   an	
   acousto-­‐optic	
   tunable	
   filter.	
   Fluorescence	
   was	
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5	
  
	
  

detected	
  by	
  an	
  avalanche	
  photodiode	
   (Micro	
  Photon	
  Devices)	
   coupled	
   to	
  a	
  PicoHarp	
  300	
   (PicoQuant)	
  

time	
  analyzer,	
  using	
  SymPhoTime	
  software	
  (PicoQuant).	
  

Transient	
   Absorption	
   Spectroscopy.	
   This	
   setup	
   has	
   been	
   described	
   previously.27	
   Briefly,	
  

femtosecond	
   pulses	
   were	
   produced	
   by	
   a	
   regeneratively	
   amplified	
   titantium:sapphire	
   laser	
   (Spectra-­‐

Physics	
   Spitfire)	
   with	
   a	
   1	
   kHz	
   repetition	
   rate.	
   The	
   actinic	
   pump	
   was	
   generated	
   from	
   a	
   home-­‐built	
  

noncollinear	
  optical	
  parametric	
  amplifier.	
  The	
  probe	
  was	
  created	
  by	
  focusing	
  an	
  800-­‐nm	
  beam	
  through	
  a	
  

calcium	
  fluoride	
  crystal,	
  generating	
  a	
  white	
   light	
  continuum	
  between	
  325	
  –	
  650	
  nm.	
  A	
  blue	
  color	
  filter	
  

(Schott	
  BG40)	
  was	
  used	
  to	
  eliminate	
  the	
  residual	
  800	
  nm	
  beam	
  before	
  the	
  detector.	
  The	
  actinic	
  pump,	
  ~	
  

530	
  nm,	
  was	
  kept	
  near	
  70	
  nJ/pulse,	
  with	
  beam	
  diameters	
  of	
  ~	
  70	
  µm	
  and	
  time	
  resolution	
  of	
  ~200	
  fs.	
  The	
  

time	
   delay	
   was	
   adjusted	
   by	
   optically	
   delaying	
   the	
   pump	
   pulse,	
   with	
   time	
   steps	
   increasing	
  

logarithmically.28	
  Every	
  other	
  pump	
  pulse	
  was	
  blocked	
  by	
  a	
  chopper,	
  with	
  each	
  probe	
  pulse	
  measured	
  by	
  

a	
  CCD	
  (Princeton	
  Instruments,	
  Pixis,	
  100BR)	
  after	
  being	
  dispersed	
  by	
  a	
  grating	
  spectrograph	
  (Acton,	
  150	
  

gr/mm).	
   Samples	
   were	
   held	
   in	
   a	
   1-­‐mm	
   cuvette	
   and	
   translated	
   to	
   ensure	
   replenishment	
   of	
   the	
  

illuminated	
  volume.	
  The	
  software	
  program	
  Igor	
  Pro	
  (Wavemetrics)	
  was	
  used	
  to	
  fit	
  the	
  kinetic	
  traces	
  to	
  

the	
   convolution	
   of	
   the	
   Gaussian	
   instrument	
   response	
   and	
   an	
   exponential.	
   Stated	
   errors	
   in	
   the	
   fit	
  

parameters	
  are	
  1σ.	
  

Hydrogen	
   Evolution	
   Experiments.	
   	
   Photolysis	
   experiments	
   were	
   run	
   with	
   broad	
   band	
   irradiation	
  

using	
  a	
  200	
  W	
  Xe/Hg	
  lamp	
  equipped	
  with	
  a	
  cutoff	
  filter	
  (λ	
  >	
  410	
  nm).	
  Samples	
  were	
  prepared	
  in	
  16	
  mL	
  

test	
   tubes.	
   	
   The	
   catalyst	
   and	
   dye	
  were	
   dissolved	
   in	
   a	
   total	
   of	
   4	
  mL	
   of	
   acetonitrile/H2O	
   1:1	
  with	
   5	
   %	
  

TEOAaq.	
  	
  The	
  TEOAaq	
  solution	
  was	
  adjusted	
  to	
  pH	
  7	
  by	
  addition	
  of	
  conc.	
  HCl.	
  	
  Test	
  tubes	
  were	
  sealed	
  with	
  

septa	
  and	
  copper	
  wire	
  and	
  purged	
  with	
  N2	
   for	
  10	
  min.	
   	
  After	
   removing	
  1	
  mL	
  of	
   the	
  N2	
  atmosphere	
  at	
  

ambient	
   pressure,	
   1	
  mL	
   of	
  methane	
   at	
   ca.	
   1	
   atm	
  was	
   added,	
   for	
   use	
   as	
   an	
   internal	
   standard	
   for	
   GC	
  

measurements.	
   	
   The	
   samples	
   were	
   placed	
   on	
   a	
   rotating	
   6-­‐test	
   tube	
   apparatus	
   and	
   irradiated	
   while	
  

stirring.	
   	
   The	
   intensity	
   of	
   the	
   bulb	
   at	
   the	
   distance	
   of	
   the	
   test	
   tube	
   sample	
   was	
   determined	
   to	
   be	
  

approximately	
  930	
  W/m2.	
  	
  Hydrogen	
  production	
  was	
  monitored	
  by	
  gas	
  chromatography	
  (Shimadzu	
  GC-­‐

17A)	
  with	
  a	
  TCD	
  detector	
  on	
  a	
  30	
  m	
  molecular	
  sieve	
  column	
  using	
  an	
  N2	
  carrier	
  gas.	
  

Computations.	
   	
   Calculations	
   were	
   run	
   using	
   Gaussian	
   09.29	
   Optimized	
   geometries	
   were	
   obtained	
  

using	
   DFT,	
   with	
   the	
   hybrid	
   functional	
   B3LYP.30	
   The	
   basis	
   set	
   6-­‐31++G(d,p)31,32	
   was	
   used	
   for	
   all	
   atoms	
  

except	
   iodine,	
   for	
  which	
   3-­‐21G33	
  was	
   used.	
   The	
   solvent	
   acetonitrile	
  was	
  modeled	
   using	
   a	
   polarizable	
  

continuum	
  model.34	
  TD-­‐DFT	
  was	
  used	
  to	
  calculate	
  excitation	
  energies.35	
  The	
  Molden	
  software	
  package	
  

was	
  used	
  to	
  display	
  the	
  frontier	
  orbitals.36	
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Results	
  

The	
  catalyst	
  (1)	
  and	
  photosensitizers	
  (series	
  2	
  and	
  3)	
  examined	
  in	
  this	
  study,	
  shown	
  in	
  Figure	
  1,	
  

were	
  synthesized	
   following	
  general	
  procedures	
   from	
  the	
   literature.4	
  Briefly,	
   the	
  parent	
  compounds	
  2a	
  

and	
   3a	
  were	
   synthesized	
   by	
   condensation	
   of	
   2,4-­‐dimethylpyrrole	
   and	
   the	
   appropriate	
   aryl	
   aldehyde	
  

(benzaldehyde	
   or	
   mesitaldehyde)	
   in	
   a	
   2:1	
   ratio,	
   followed	
   by	
   oxidation	
   employing	
   2,3-­‐dichloro-­‐5,6-­‐

dicyanobenzoquinone	
   (DDQ)	
   and	
   reaction	
   with	
   base	
   and	
   BF3-­‐OEt2.
37	
   For	
   bromination	
   reactions,	
   the	
  

precursor	
   (2a	
   or	
   3a),	
   N-­‐bromosuccinimide	
   (NBS),	
   and	
   azobisisobutyronitrile	
   (AIBN)	
   were	
   dissolved	
   in	
  

benzene	
   and	
   heated	
   at	
   reflux	
   for	
   40	
   min.	
   Iodination	
   reactions	
   were	
   carried	
   out	
   by	
   dissolving	
   the	
  

precursor,	
   I2,	
   and	
   HIO3(aq)	
   in	
   ethanol	
   and	
   heating	
   at	
   60	
   °C	
   for	
   20	
   min.38	
   These	
   compounds	
   were	
  

characterized	
  by	
  NMR,	
  UV-­‐Vis	
  and	
  emission	
  spectroscopies,	
  elemental	
  analyses,	
  cyclic	
  voltammetry,	
  X-­‐

ray	
   crystallography,	
   time-­‐correlated	
   single	
   photon	
   counting	
   and	
   femtosecond	
   transient	
   absorption	
  

spectroscopy.	
  

	
   	
  

	
  

Figure	
  1:	
  Structures	
  of	
  the	
  catalyst	
  and	
  chromophores	
  used	
  in	
  this	
  study.	
  

	
  

As	
  shown,	
  replacement	
  of	
  the	
  phenyl	
  substituent	
  of	
  series	
  2	
  with	
  a	
  mesityl	
  substituent	
  (as	
  in	
  series	
  

3)	
   does	
   not	
   significantly	
   alter	
   the	
   absorption	
   and	
   emission	
   maxima	
   of	
   the	
   dyes.	
   It	
   does,	
   however,	
  

increase	
   both	
   their	
   fluorescence	
   quantum	
   yields	
   and	
  molar	
   absorptivities.	
   The	
   addition	
   of	
   a	
   halogen	
  

(where	
  X	
  =	
  Br,	
  I)	
  results	
  in	
  absorption	
  and	
  emission	
  energies	
  that	
  are	
  shifted	
  to	
  lower	
  energy,	
  and	
  both	
  

the	
   fluorescent	
   lifetimes	
   and	
   quantum	
   yields	
   decrease.	
   Figure	
   2	
   shows	
   the	
   absorption	
   and	
   emission	
  

spectra	
  for	
  2a-­‐c.	
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Table	
  1.	
  	
  Photophysical	
  data	
  for	
  six	
  BODIPY	
  photosensitizers	
  in	
  acetonitrile.	
  

Chromophore	
   λabs,max	
  (nm)	
   λem,max	
  (nm)	
   Φfl	
   τ 	
  (ps)	
   ε	
  (M-­‐1cm-­‐1)	
  

2a	
   497	
   507	
   0.60a	
   3550(10)c	
   58,800	
  

2b	
   522	
   538	
   0.158b	
   1465(2)c	
   67,900	
  

2c	
   528	
   546	
   0.018b	
   124(4)d	
   68,500	
  

3a	
   498	
   508	
   0.939a	
   6010(50)c	
   82,400	
  

3b	
   524	
   538	
   0.213b	
   1550(10)c	
   72,600	
  

3c	
   530	
   547	
   0.021b	
   132(3)d	
   77,400	
  

	
  	
  a	
  Calculated	
  based	
  on	
  fluorescein	
  reference	
  (Φfl	
  =	
  0.95	
  in	
  0.1	
  M	
  NaOHaq).	
  	
  
b	
  Calculated	
  based	
  on	
  Eosin-­‐Y	
  reference	
  

(Φfl	
   =	
   0.45	
   in	
   ethanol).	
   	
  
cObtained	
   from	
   time-­‐correlated	
   single	
   photon	
   counting.	
   d	
   Obtained	
   from	
   transient	
  

absorption	
  spectroscopy.	
  

	
  

	
  

Figure	
  2:	
  Normalized	
  absorption	
  (solid)	
  and	
  emission	
  (dashed)	
  spectra	
  of	
  series	
  2	
  photosensitizers.	
  

	
  

	
   The	
   oxidation	
   and	
   reduction	
   potentials	
   of	
   the	
   photosensitizers	
   were	
   determined	
   via	
   cyclic	
  

voltammetry	
   and	
   are	
   displayed	
   in	
   Table	
   2.	
   As	
   observed	
   with	
   other	
   Bodipy	
   chromophores,16	
   all	
  

compounds	
  exhibit	
  irreversible	
  oxidations	
  and	
  reversible	
  reductions.	
  The	
  redox	
  potentials	
  for	
  the	
  phenyl	
  

derivatives	
   of	
   series	
   2	
   are	
   almost	
   identical	
   to	
   those	
   of	
   their	
   mesityl	
   counterparts.	
   The	
   oxidation	
  

potentials	
   of	
   the	
   halogenated	
   derivatives	
   are	
   more	
   positive	
   than	
   the	
   parent	
   compounds,	
   while	
   the	
  

reduction	
  potentials	
  of	
   the	
  halogenated	
  derivatives	
  are	
   less	
  negative	
   than	
   the	
  parent	
  compound.	
  This	
  

correlates	
   with	
   the	
   electron	
   withdrawing	
   effect	
   of	
   the	
   halogen	
   substituents,	
   as	
   the	
   electronegative	
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halogens	
  make	
  the	
  Bodipy	
  core	
  more	
  electron	
  deficient,	
  resulting	
  in	
  more	
  positive	
  oxidation	
  potentials	
  

and	
  less	
  negative	
  reduction	
  potentials.	
  

Table	
  2.	
  	
  Electrochemical	
  data	
  for	
  photosensitizers	
  2a-­‐c	
  and	
  3a-­‐c.	
  

Chromophore	
   Oxidationa	
  E	
  (V)	
   Reductionb	
  E1/2	
  (V)	
  

2a	
   1.42	
   -­‐0.92	
  
2b	
   1.58	
   -­‐0.64	
  
2c	
   1.53	
   -­‐0.66	
  

3a	
   1.42	
   -­‐0.93	
  
3b	
   1.61	
   -­‐0.64	
  
3c   1.52   -­‐0.67  

a	
  irreversible	
  oxidation	
  peak	
  estimated	
  vs.	
  NHE	
  in	
  MeCN	
  using	
  Fc+/0	
  as	
  an	
  internal	
  standard;	
  b	
  reversible	
  reduction	
  
potential	
  vs.	
  NHE	
   in	
  MeCN	
  using	
  Fe+/0	
  as	
  an	
   internal	
   standard.	
  ΔEp	
  ~	
  80	
  mV	
  for	
  Fc+/0	
  and	
  between	
  80-­‐90	
  mV	
  for	
  
reductions	
  of	
  Bodipy	
  chromophores	
  

	
  

The	
  solid-­‐state	
  structures	
  of	
  2a-­‐c	
  and	
  3c	
  were	
  determined	
  using	
  single-­‐crystal	
  X-­‐ray	
  crystallography.	
  	
  

ORTEP	
  diagrams	
  are	
  shown	
  in	
  Figure	
  S1.	
  Crystal	
  structure,	
  data	
  collection,	
  and	
  structure	
  refinement	
  data	
  

are	
  given	
  in	
  Table	
  S1.	
  Selected	
  bond	
  lengths,	
  angles	
  and	
  torsions	
  are	
  given	
  in	
  Table	
  S2.	
  Comparing	
  2a	
  to	
  

its	
  halogenated	
  analogues,	
  2b	
  and	
  2c,	
  only	
  a	
  minimal	
  change	
  in	
  the	
  BODIPY	
  structure	
  is	
  observed,	
  with	
  

the	
  dipyrrole	
  rings	
  nearly	
  planar.	
  For	
  the	
  structures	
  of	
  2a-­‐c	
  the	
  dihedral	
  angle	
  between	
  the	
  phenyl	
  ring	
  

and	
  the	
  dipyrrole	
  ring	
  ranges	
  from	
  82-­‐90°.	
  A	
  comparison	
  of	
  the	
  structures	
  of	
  2c	
  and	
  3c	
  reveals	
  that	
  the	
  

mesityl-­‐substituent	
   does	
   not	
   greatly	
   alter	
   the	
   solid	
   state	
   structure.	
   The	
   torsion	
   angle	
   between	
   the	
  

pyrrole	
  rings	
  and	
  the	
  phenyl	
  substituent	
  for	
  2c	
  is	
  97.9(1)	
  o	
  while	
  in	
  3c	
  it	
  is	
  93.3(2)	
  o.	
  

Based	
  on	
  DFT	
  calculations,	
  the	
  optimized	
  geometries	
  of	
  compounds	
  2a-­‐c	
  are	
  shown	
  in	
  Figure	
  3,	
  as	
  

well	
   as	
   diagrams	
   of	
   the	
   HOMO	
   and	
   LUMO	
   for	
   each.	
   As	
   in	
   the	
   crystal	
   structures,	
   the	
   addition	
   of	
   the	
  

halogens	
   in	
  2b	
  and	
  2c	
  do	
  not	
  significantly	
  alter	
   the	
  optimized	
  geometry.	
  The	
  majority	
  of	
   the	
  HOMO	
  π	
  

orbitals	
  and	
  the	
  LUMO	
  π*orbitals	
   lie	
  on	
  the	
  conjugated	
  Bodipy	
  core,	
  consistent	
  with	
  similar	
  dyes.5	
  The	
  

energy	
  level	
  of	
  the	
  HOMO	
  and	
  LUMO	
  are	
  stabilized	
  by	
  halogenation,	
  more	
  in	
  Br-­‐substituted	
  2b	
  than	
  in	
  I-­‐

substituted	
   2c.	
   Based	
   on	
   time-­‐dependent	
   density	
   functional	
   calculations	
   (TD-­‐DFT)	
   the	
   lowest	
   energy	
  

singlet	
  transition	
  for	
  2a	
   is	
  431	
  nm	
  (2.88	
  eV)	
  while	
  2b	
  and	
  2c	
  are	
  at	
  lower	
  energies	
  of	
  453	
  nm	
  (2.73	
  eV)	
  

and	
  463	
  nm	
  (2.68	
  eV),	
  obtained	
  with	
  a	
  polarizable	
  continuum	
  model	
  of	
  acetonitrile.	
  The	
  overestimation	
  

of	
   the	
   calculated	
   transition	
   energies	
   is	
   common	
   for	
   DFT	
   studies	
   of	
   Bodipy	
   dyes.5,39	
   As	
   with	
   a	
   similar	
  

series,5	
   the	
   trend	
   found	
   for	
   the	
   calculated	
   lowest	
   energy	
   singlet	
   transitions	
   upon	
   halogenation	
   is	
  

consistent	
  with	
  what	
  is	
  observed	
  experimentally.	
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Figure	
  3:	
  HOMO	
  and	
  LUMO	
  energy	
  levels	
  for	
  2a-­‐c	
  molecular	
  orbital	
  diagrams.	
  

In	
  order	
  to	
  test	
  the	
  ability	
  of	
  series	
  2	
  and	
  3	
  to	
  act	
  as	
  photosensitizers	
  for	
  hydrogen	
  production,	
  a	
  

series	
  of	
  photolysis	
  experiments	
  were	
  performed.	
  Initially,	
  irradiation	
  (λ	
  >	
  455	
  nm)	
  for	
  50	
  hours	
  of	
  4	
  mL	
  

solutions	
  in	
  1:1	
  MeCN:(H2O/TEOA,	
  9:1:	
  v/v)	
  containing	
  5.0	
  ×	
  10
-­‐5	
  M	
  2a	
  or	
  3a,	
  and	
  1.0	
  ×	
  10-­‐4	
  1	
  catalyst	
  did	
  

not	
  lead	
  to	
  the	
  detection	
  of	
  H2.	
  	
  	
  However,	
  both	
  the	
  brominated	
  and	
  iodinated	
  derivatives	
  2b,	
  2c	
  and	
  3b,	
  

3c,	
  were	
  found	
  to	
  function	
  as	
  photosensitizers	
  for	
  the	
  photoreduction	
  of	
  water.	
  	
  In	
  order	
  to	
  compare	
  the	
  

phenyl-­‐	
   and	
  mesityl-­‐substituted	
  photosensitizers	
   for	
  hydrogen	
  production,	
   all	
   four	
  of	
   the	
  halogenated	
  

derivatives	
   were	
   irradiated	
   (λ	
   >	
   410	
   nm)	
   under	
   identical	
   conditions	
   (Figure	
   4).	
   The	
   results	
   show	
  

negligible	
   differences	
   in	
   H2	
   production	
   between	
   2b	
   and	
   2c,	
   but	
   a	
   significant	
   difference	
   was	
   seen	
   in	
  

hydrogen	
   production	
   between	
  3b	
   and	
  3c.	
  With	
  2b	
   or	
  2c	
   as	
   the	
   photosensitizer,	
   the	
   system	
   bleaches	
  

after	
   5	
   h	
   and	
   ceases	
   hydrogen	
   production.	
   While	
   the	
   initial	
   rates	
   of	
   H2	
   production	
   for	
   the	
   mesityl-­‐

substituted	
   PSs	
   3b	
   and	
   3c	
   are	
   similar	
   to	
   those	
   seen	
   for	
   2b	
   and	
   2c,	
   they	
   eventually	
   produce	
   more	
  

hydrogen	
  than	
  do	
  the	
  phenyl-­‐substituted	
  PSs	
  as	
  a	
  result	
  of	
  greater	
  system	
  longevity.	
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Figure	
   4:	
   Hydrogen	
   production	
   results	
   for	
  2b-­‐c	
   and	
   3b-­‐c	
   with	
   dye	
   concentration	
   of	
   5.0	
   x	
   10-­‐5	
  M	
   and	
  

catalyst	
   concentration	
  of	
  1.0	
  x	
  10-­‐4	
  M	
   in	
  1:1	
  MeCN:10%	
  TEOA(aq)	
   irradiated	
  by	
  λ>410	
  nm	
   light.	
  Turn-­‐

over	
  number	
  (TON)	
  represents	
  moles	
  of	
  hydrogen	
  produced	
  versus	
  moles	
  of	
  photosensitizer.	
  

As	
  shown	
  in	
  Figure	
  5,	
  both	
  the	
  concentration	
  of	
  dye	
  and	
  catalyst	
  were	
  varied	
   in	
  order	
  to	
  optimize	
  

the	
  system.	
  At	
   lower	
  catalyst	
  concentrations	
  in	
  Fig.	
  5a,	
  the	
  system	
  becomes	
  catalyst	
  turn-­‐over	
   limited,	
  

and	
  hydrogen	
  production	
  does	
  not	
  occur	
  as	
  efficiently.	
   	
  Additionally,	
   lower	
  catalyst	
  concentrations	
  are	
  

associated	
  with	
  faster	
  photosensitizer	
  bleaching	
  because	
  of	
  the	
  longer	
   lifetimes	
  of	
  the	
  radical	
  anion	
  of	
  

the	
   photosensitizer,	
   PS•-­‐,	
   prior	
   to	
   electron	
   transfer	
   to	
   the	
   catalyst.11	
   At	
   high	
   catalyst	
   concentrations,	
  

induction	
   periods	
   occur	
   before	
   hydrogen	
   production	
   commences.	
   	
   As	
   we	
   have	
   described	
   previously,	
  

during	
   the	
   induction	
   period	
   all	
   of	
   the	
   Co[III]	
   catalyst	
   is	
   converted	
   to	
   Co[II]	
   catalyst,	
   at	
   which	
   point	
  

hydrogen	
   production	
   can	
   commence	
   with	
   subsequent	
   photoinduced	
   electron	
   transfer	
   events.9,40	
  

Interestingly,	
   the	
   catalyst	
   concentration	
   dependence	
   shows	
   a	
   sharp	
   peak,	
   indicating	
   that	
   the	
   catalyst	
  

concentration	
   needs	
   to	
   be	
   carefully	
   tuned	
   to	
   the	
   given	
   illumination	
   intensity	
   and	
   PS	
   concentration.	
  	
  

When	
  the	
  concentration	
  of	
  catalyst	
   is	
  too	
  low,	
  the	
  slower	
  bimolecular	
  kinetics	
  of	
  the	
  electron	
  transfer	
  

from	
  PS•-­‐	
  to	
  the	
  catalyst	
  cause	
  enhanced	
  photodegradation	
  of	
  PS•-­‐.	
  	
  At	
  higher	
  catalyst	
  concentrations,	
  

the	
   induction	
   period	
   limits	
   the	
   time	
   they	
   system	
   spends	
   in	
   the	
   productive	
   phase	
   of	
   hydrogen	
  

production.	
  

When	
   varying	
   the	
   PS	
   concentration	
   in	
   Fig.	
   5b,	
   H2	
   production	
   increased	
   with	
   increasing	
   PS	
  

concentration	
   but	
   plateaued	
   at	
   ~1.4	
  ml	
   (58	
  micromoles)	
   at	
   [PS]	
   greater	
   than	
   ~60	
  microM,	
   i.e.	
   at	
   PS	
  

concentrations	
   greater	
   than	
  approximately	
  half	
   the	
   catalyst	
   concentration.	
  However,	
   the	
  highest	
   TON	
  

with	
  respect	
  to	
  chromophore	
  of	
  670	
  was	
  obtained	
  with	
  concentrations	
  of	
  5x10-­‐6	
  M	
  for	
  3c	
  and	
  1.0	
  ×	
  10-­‐4	
  

M	
   for	
  1,	
   i.e.	
   a	
  20-­‐fold	
  excess	
  of	
   catalyst	
  over	
   sensitizer.	
   Low	
  concentrations	
  of	
  photosensitizers	
   cause	
  

inefficent	
   absorption	
   of	
   light	
   leading	
   to	
   lower	
   yields	
   of	
   hydrogen.	
   While	
   increasing	
   the	
   amount	
   of	
  

0
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chromophore	
  does	
  lead	
  to	
  the	
  generation	
  of	
  a	
  greater	
  amount	
  of	
  hydrogen,	
  the	
  actual	
  TON	
  with	
  respect	
  

to	
   photosensitizer	
   decreases,	
   due	
   to	
   the	
   smaller	
   penetration	
   depth	
   of	
   light	
   into	
   the	
   vial	
   and	
   the	
  

increased	
  likelihood	
  of	
  photobleaching	
  of	
  the	
  PS•-­‐	
  species	
  formed	
  by	
  photo-­‐reduction	
  of	
  PS	
  by	
  TEOA.	
  	
  In	
  

other	
  words,	
  when	
  the	
  ratio	
  of	
  catalyst	
  to	
  PS	
  is	
  quite	
  large,	
  there	
  is	
  a	
  lower	
  probability	
  that	
  the	
  PS	
  will	
  

degrade	
  while	
  in	
  the	
  PS•-­‐	
  state	
  because	
  of	
  the	
  faster	
  kinetics	
  of	
  the	
  PS•-­‐	
  +	
  Co[n]PS	
  +	
  Co[n-­‐1]	
  reaction.	
  	
  

	
  

Figure	
  5:	
  The	
  total	
  amount	
  of	
  evolved	
  hydrogen	
  for	
  (a)	
  varying	
  concentrations	
  of	
  catalyst	
  1	
  with	
  a	
  fixed	
  

concentration	
  of	
  photosensitizer	
  3c	
  (8.0	
  ×	
  10-­‐5	
  M),	
  and	
  for	
  (b)	
  varying	
  concentrations	
  of	
  photosensitizer	
  

3c	
  with	
   a	
   fixed	
   concentration	
  of	
   catalyst	
   1	
   (1.0	
   ×	
   10-­‐4	
  M).	
   	
   In	
   each	
   case,	
   TON	
   is	
   calculated	
   relative	
   to	
  

photosensitizer	
  concentration.	
   	
  Hence,	
   in	
  (a)	
  the	
  two	
  vertical	
  axes,	
  ml	
  H2	
  and	
  TON,	
  are	
  proportional	
  to	
  

each	
  other,	
  whereas	
  in	
  (b)	
  the	
  varying	
  concentrations	
  of	
  photosensitizer	
  produce	
  a	
  TON	
  (red,	
  right	
  hand	
  

axis)	
  dependence	
  that	
  is	
  very	
  different	
  than	
  the	
  total	
  ml	
  H2	
  produced	
  (blue,	
  left	
  hand	
  axis).	
  	
  

	
  

Discussion	
  

	
   Effect	
   of	
   Halogenation.	
   	
   As	
   in	
   previous	
   studies,	
   bromination	
   and	
   iodination	
   of	
   Bodipy	
  

chromophores	
   increases	
   the	
   rate	
   of	
   intersystem	
   crossing	
   from	
   the	
   initially	
   excited	
   1ππ*	
   state,	
   thus	
  

generating	
   greater	
   amounts	
   of	
   3ππ*	
   state.5	
   The	
   triplet	
   excited	
   state	
   is	
   much	
   longer-­‐lived	
   than	
   the	
  

corresponding	
   singlet	
   state,	
   thereby	
   allowing	
   diffusion-­‐controlled	
   bimolecular	
   interactions	
   to	
   occur	
  

more	
  substantially.	
  The	
  absorption	
  and	
  emission	
  spectra	
  both	
  shift	
  to	
  lower	
  energy	
  upon	
  halogenation,	
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reflecting	
   changes	
   in	
   the	
   relative	
   energies	
   of	
   the	
   LUMO	
   and	
   HOMO	
   that	
   was	
   evidenced	
   via	
  

electrochemistry.	
  The	
  DFT	
  calculations	
  are	
  also	
  consistent	
  with	
  the	
  electrochemistry,	
  showing	
  that	
  both	
  

frontier	
   orbitals	
   decrease	
   in	
   energy	
   upon	
   halogenation,	
   presumably	
   stabilized	
   by	
   the	
   electron	
  

withdrawing	
  nature	
  of	
  the	
  halogens.	
  In	
  terms	
  of	
  hydrogen	
  production,	
  only	
  halogenated	
  dyes	
  are	
  active,	
  

owing	
   to	
   their	
   long-­‐lived	
   excited	
   triplet	
   states.	
   This	
   is	
   consistent	
  with	
   previous	
   studies	
   of	
   bimolecular	
  

electron	
  transfer.5	
  

	
   Effect	
   of	
   Phenyl	
   vs	
   Mesityl.	
   	
   The	
   phenyl	
   and	
   mesityl	
   derivatives	
   display	
   mostly	
   similar	
  

characteristics,	
   including	
   absorption	
   and	
   emission	
   energies,	
   redox	
   potentials,	
   and	
   nature	
   of	
   frontier	
  

orbitals.	
  The	
  molar	
  absorptivities	
  are	
  consistently	
  higher	
  with	
  the	
  mesityl	
  derivatives,	
  but	
  only	
  by	
  5-­‐20%.	
  

The	
  differences	
  between	
  the	
  quantum	
  yields	
  and	
  lifetimes	
  of	
  2a	
  and	
  3a	
  are	
  more	
  significant,	
  from	
  0.60	
  

to	
   0.939	
   and	
   3550	
   ps	
   to	
   6010	
   ps,	
   respectively.	
   These	
   changes	
   correlate	
   with	
   the	
   steric	
   hindrance	
  

imposed	
  by	
   the	
  mesityl	
   group,	
  where	
   the	
   two	
  ortho-­‐substituted	
  methyl	
   groups	
   inhibit	
   rotation	
   about	
  

the	
  Bodipy	
   core.	
  By	
   restricting	
   this	
   torsional	
  motion,	
   the	
   rate	
  of	
   internal	
   conversion	
  corresponding	
   to	
  

non-­‐radiative	
  decay	
  decreases,	
  prolonging	
  the	
  excited	
  state	
  lifetime	
  of	
  3a	
  relative	
  to	
  2a,	
  and	
  increasing	
  

its	
   fluorescence	
   quantum	
   yield.	
   	
   In	
   theory,	
   this	
   should	
  make	
  3a	
   superior	
   to	
  2a	
   in	
   terms	
   of	
   hydrogen	
  

production,	
  as	
  the	
  excited	
  state	
  of	
  3a	
  lives	
  longer	
  and	
  can	
  thus	
  interact	
  with	
  another	
  species.	
  In	
  practice,	
  

however,	
   the	
  singlet	
  states	
  of	
  both	
  dyes	
  decay	
  faster	
  than	
  the	
  rate	
  of	
  bimolecular	
  electron	
  transfer	
   in	
  

the	
  system,	
  and	
  no	
  hydrogen	
  is	
  produced.	
  

	
   Hydrogen	
  production	
   is	
  observed	
   in	
   systems	
  containing	
   the	
  halogenated	
  Bodipy	
  dyes,	
  with	
  no	
  

real	
  difference	
  in	
  the	
  initial	
  rates	
  of	
  H2	
  production	
  between	
  systems	
  having	
  dyes	
  with	
  phenyl	
  and	
  mesityl	
  

substituents.	
  Unlike	
   the	
   parent	
   compounds,	
   the	
   fluorescence	
   lifetimes	
   of	
   the	
   brominated	
   phenyl	
   and	
  

mesityl	
  dyes	
  are	
  very	
  similar	
  (1465	
  ps	
  to	
  1550	
  ps,	
  respectively),	
  as	
  are	
  the	
  iodinated	
  phenyl	
  and	
  mesityl	
  

dyes	
   (124	
  ps	
   to	
  132	
  ps).	
   Rather	
   than	
   revealing	
   information	
  about	
   the	
   rate	
  of	
   internal	
   conversion,	
   the	
  

time	
  constants	
  associated	
  with	
  these	
  dyes	
  reveal	
  the	
  rate	
  of	
   intersystem	
  crossing,	
  which	
   is	
  dependent	
  

on	
   spin-­‐orbit	
   coupling	
  and	
  vibrational	
  overlap,	
  but	
  not	
   the	
   torsional	
  motion	
  of	
   the	
   chromophore.	
  The	
  

difference	
  in	
  facility	
  of	
  torsional	
  motion	
  between	
  phenyl	
  and	
  mesityl	
  therefore	
  has	
  no	
  effect	
  on	
  the	
  rate	
  

of	
   intersystem	
  crossing	
  from	
  the	
  singlet	
  to	
  triplet	
  manifold.	
   In	
  that	
  same	
  sense,	
  the	
  triplet	
   lifetimes	
  of	
  	
  	
  

the	
  phenyl	
  and	
  mesityl	
  dyes	
  should	
  not	
  differ	
  significantly,	
  resulting	
  in	
  similar	
  initial	
  rates	
  of	
  activity	
  for	
  

the	
  photogeneration	
  of	
  H2.	
  	
  

The	
  total	
  amount	
  of	
  H2	
  produced,	
  however,	
   is	
   influenced	
  by	
  the	
  choice	
  of	
  substituent.	
   In	
  both	
  

the	
  brominated	
  and	
  iodinated	
  dyes,	
  the	
  systems	
  containing	
  the	
  mesityl	
  derivatives	
  remain	
  active	
  longer	
  

Page 12 of 27

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13	
  
	
  

than	
   systems	
   containing	
   the	
   phenyl	
   derivatives.	
   Similar	
   effects	
   have	
   been	
   observed	
   for	
   Bodipy	
   –	
  

cobaloxime	
   dyads,	
   where	
   functional	
   groups	
   increasing	
   the	
   basicity	
   of	
   the	
   aryl	
   group	
   have	
   led	
   to	
  

increased	
  stability	
  in	
  the	
  dyads.13,16	
  Due	
  to	
  the	
  donating	
  ability	
  of	
  the	
  methyl	
  groups,	
  the	
  mesityl	
  group	
  is	
  

more	
  basic	
  than	
  the	
  phenyl,	
  and	
  thus	
  systems	
  containing	
  mesityl	
  derivatives	
  are	
  more	
  robust	
  than	
  those	
  

with	
  phenyl	
  derivatives.	
  The	
  effect	
  of	
  mesityl	
  versus	
  phenyl	
  as	
  a	
  Bodipy	
  substituent	
  thus	
  appears	
  to	
  be	
  

electronic	
   in	
   origin	
   rather	
   than	
   steric.	
   	
   Another	
   conclusion	
   based	
   on	
   the	
   rates	
   and	
   duration	
   of	
   H2	
  

production	
  is	
  that	
  the	
  system	
  with	
  3c	
  as	
  PS	
  appears	
  more	
  stable	
  than	
  that	
  with	
  3b,	
  suggesting	
  that	
  the	
  

iodinated	
  dye	
  is	
  also	
  more	
  robust	
  than	
  the	
  corresponding	
  brominated	
  derivative.	
  The	
  enhanced	
  stability	
  

of	
  an	
  iodinated	
  derivative	
  versus	
  a	
  brominated	
  derivative	
  has	
  also	
  been	
  seen	
  in	
  our	
  previous	
  work.5	
  

Note	
   that,	
   during	
   preparation	
   of	
   this	
   manuscript,	
   Luo	
   et	
   al.	
   published	
   a	
   paper	
   exploring	
   the	
  

efficacy	
  of	
  COOH	
  substituted	
  phenyl	
  groups	
  on	
  the	
  Bodipy	
  chromophore.18	
  Luo’s	
  bimolecular	
  system	
  is	
  

also	
   run	
   at	
   a	
   very	
   high	
   chromophore	
   concentration	
   but	
   has	
   TONs	
   of	
   200,	
   lower	
   than	
   our	
   values	
  

presumably	
  due	
  to	
  the	
  large	
  concentration	
  of	
  dye.	
  

	
   Perspective	
   on	
   systems	
   containing	
   unlinked	
   components	
   relative	
   to	
   those	
   having	
   tethered	
  

catalyst-­‐chromophore	
   dyads.	
   	
   In	
   the	
   last	
   year,	
   several	
   articles	
   have	
   been	
   published	
   describing	
   dyads	
  

containing	
  a	
  Bodipy	
  chromophore	
  and	
  the	
  cobaloxime	
  catalyst	
  1	
  or	
  closely	
  related	
  derivatives,	
  as	
  shown	
  

in	
  Figure	
  6.13-­‐17	
  In	
  these	
  systems,	
  the	
  aryl	
  substituent	
  linked	
  to	
  the	
  Bodipy	
  core	
  is	
  a	
  pyridyl	
  group,	
  which	
  

allows	
  facile	
  connection	
  to	
  the	
  cobaloxime	
  catalyst	
  with	
  the	
  derivatized	
  pyridine	
  binding	
  to	
  the	
  Co	
  ion	
  as	
  

the	
  axial	
  ligand.	
  The	
  systems	
  were	
  found	
  to	
  be	
  effective	
  for	
  the	
  light-­‐driven	
  generation	
  of	
  H2	
  only	
  when	
  

the	
  Bodipy	
  dye	
  contains	
  bromine	
  or	
  iodine	
  substituents,	
  indicating	
  the	
  importance	
  of	
  accessing	
  the	
  long-­‐

lived	
   3ππ*	
   state	
   of	
   the	
   dye	
   for	
   photoinduced	
   electron	
   transfer.14,15	
   Studies	
   indicate	
   that	
   a	
   free	
  

cobaloxime	
   catalyst	
   does	
   not	
   quench	
   the	
   fluorescence	
   of	
   the	
   Bodipy,18	
   but	
   that	
   a	
   cobaloxime	
   linked	
  

through	
   the	
   pyridine	
  will,	
   although	
   it	
   will	
   not	
   go	
   on	
   to	
   produce	
   hydrogen	
  without	
   the	
   presence	
   of	
   a	
  

halogenated	
  Bodipy.14	
  	
  

	
   Much	
  discussion	
   in	
  the	
   literature	
  has	
  centered	
  on	
  the	
  effectiveness	
  of	
  chromophore	
  –	
  catalyst	
  

dyad	
  constructs.41-­‐44	
  One	
  benefit	
   is	
  that	
  covalent	
  attachment	
  can	
  increase	
  the	
  rate	
  of	
  electron	
  transfer	
  

to	
  the	
  catalyst,	
  as	
  the	
  process	
   is	
  no	
   longer	
  controlled	
  by	
  diffusion.	
  However,	
  such	
  a	
  construct	
  will	
  also	
  

facilitate	
  back	
  electron	
  transfer	
  so	
  that	
  the	
  benefit	
  of	
  faster	
  forward	
  electron	
  transfer	
  may	
  be	
  negated.	
  

Additionally,	
  attachment	
  of	
  the	
  chromophore	
  to	
  the	
  cobaloxime	
  catalyst	
  via	
  a	
  derivatized	
  pyridine	
  ligand	
  

presents	
  its	
  own	
  problems.	
  Specifically,	
  the	
  lability	
  of	
  ligands	
  on	
  Co	
  when	
  it	
  is	
  reduced	
  to	
  the	
  Co(II)	
  state	
  

is	
  well	
  established	
  in	
  coordination	
  chemistry,	
  and	
  has	
  been	
  shown	
  specifically	
  for	
  systems	
  in	
  which	
  1	
  is	
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used	
  as	
  a	
  catalyst.42	
  In	
  this	
  earlier	
  study,	
  it	
  was	
  demonstrated	
  that	
  the	
  pyridine	
  ligand	
  coordinated	
  to	
  Co	
  

in	
   1	
   readily	
   exchanges	
   with	
   a	
   derivatized	
   pyridine	
   in	
   aqueous	
   acetonitrile	
   upon	
   Co(II)	
   formation.	
  	
  

Moreover,	
   under	
   H2	
   generating	
   conditions,	
   it	
   was	
   determined	
   that	
   the	
   glyoxime	
   ligands	
   of	
   1	
   also	
  

undergo	
   exchange.	
   The	
   consequence	
   of	
   these	
   results	
   is	
   that	
   catalyst	
   1	
   and	
   its	
   derivatives	
   with	
  

functionalized	
  pyridines	
  possess	
  little	
  structural	
  integrity	
  during	
  the	
  course	
  of	
  hydrogen	
  generation	
  with	
  

TEOA	
   as	
   sacrificial	
   donor	
   and	
   a	
   reaction	
  medium	
   containing	
  water.42	
   	
   This	
   has	
   been	
   shown	
   clearly	
   in	
  

previous	
  experiments	
  by	
  Manton	
  et	
  al.14	
  

	
  

Figure	
  6:	
  Example	
  of	
  Bodipy	
  –	
  cobaloxime	
  dyad	
  from	
  Reference	
  16.	
  

	
  

	
   In	
  the	
  2014	
  report	
  using	
  Bodipy-­‐cobaloxime	
  dyads	
  for	
  the	
  photogeneration	
  of	
  H2,
16	
  the	
  activity	
  

of	
  making	
  H2	
  from	
  aqueous	
  protons	
  was	
  said	
  to	
  be	
  a	
  direct	
  consequence	
  of	
  the	
  integrity	
  of	
  the	
  catalyst-­‐

photosensitizer	
  dyad.	
  This	
  assertion	
  was	
  based	
  on	
  a	
  comparison	
  between	
  two	
  systems,	
  one	
  containing	
  

the	
  intact	
  dyad,	
  and	
  the	
  other	
  containing	
  Co	
  catalyst	
  1	
  and	
  a	
  Bodipy	
  dye	
  in	
  which	
  the	
  pyridine	
  moiety	
  in	
  

the	
  meso	
  position	
  of	
  the	
  dye	
  is	
  N-­‐methylated.	
  The	
  latter	
  showed	
  minimal	
  H2	
  generation	
  relative	
  to	
  the	
  

former.	
  	
  While	
  N-­‐methylation	
  of	
  the	
  pyridine	
  does	
  prevent	
  its	
  coordination	
  to	
  the	
  Co	
  ion,	
  thus	
  ensuring	
  

only	
  "bimolecular"	
  electron	
  transfer,	
   it	
   introduces	
  another	
  factor	
  that	
  negates	
  the	
  value	
  of	
  the	
  control	
  

experiment.	
   	
   Specifically,	
  N-­‐alkylated	
   pyridines	
   can	
   serve	
   as	
   electron	
   acceptors,45,46	
   rapidly	
   quenching	
  

the	
   singlet	
   or	
   triplet	
   PS*	
   state	
   intramolecularly	
   and	
   preventing	
   electron	
   transfer	
   to	
   the	
   catalyst.	
   	
   The	
  

control	
   experiment	
   thus	
   introduced	
   an	
   alternative	
   reaction	
   path	
   -­‐	
   forward	
   electron	
   transfer	
   from	
  

Bodipy*	
   to	
   the	
   N-­‐Me	
   pyridinium	
   moiety	
   followed	
   by	
   back	
   electron	
   transfer	
   to	
   ground	
   state	
   -­‐	
   that	
  

prevents	
  hydrogen	
  production.	
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   Recently,	
  Luo	
  et	
  al.	
  described	
  another	
  Bodipy-­‐cobaloxime	
  dyad	
  with	
  a	
  meta-­‐substituted	
  pyridine	
  

on	
   the	
   Bodipy	
   and	
   halogenated	
   thienyl	
   groups	
   at	
   the	
   R1	
   positions	
   (Fig.	
   6).17	
   	
   Luo	
   et	
   al.	
   support	
   the	
  

hypothesis	
   that	
   the	
   system	
   proceeds	
   through	
   reductive	
   quenching	
   from	
   PS*	
   to	
   PS-­‐	
   but	
   also	
   that	
   the	
  

binding	
   of	
   sensitizer	
   and	
   catalyst	
   is	
   critical	
   to	
   system	
   performance.	
   The	
   induction	
   period	
   and	
   pH	
  

dependence	
   observed	
   in	
   their	
   systems	
   is	
   consistent	
   with	
   our	
   previous	
   observations.40	
   	
   The	
   observed	
  

difference	
   in	
   performance	
   between	
   the	
   dyad	
   reported	
   by	
   Luo,	
   at	
   al.,	
   and	
   the	
   analogous	
   system	
  

composed	
  of	
   individual	
  components	
   is	
  quite	
  small	
  given	
  the	
   large	
  variation	
   in	
  productivity	
  of	
  different	
  

Cobaloxime	
   catalysts.40	
   Most	
   importantly,	
   as	
   stated	
   above,	
   the	
   CoCl(pyr)(dmgH)2	
   part	
   of	
   the	
   system	
  

undergoes	
   ligand	
   exchange	
   upon	
   reduction	
   in	
   aqueous	
   acetonitrile,	
   eliminating	
   the	
   possibility	
   for	
  

stability	
  of	
  the	
  dyad.42	
  	
  

	
   One	
   further	
   point	
   regarding	
   the	
   effectiveness	
   of	
   dyads	
   having	
   an	
   organic	
   photosensitizer	
   and	
  

the	
   cobaloxime	
   catalyst	
   exemplified	
  by	
  1	
   needs	
   to	
  be	
  made.10,11,17	
   It	
   is	
   evident	
   that	
   such	
   systems	
   can	
  

(and	
  likely	
  do)	
  function	
  by	
  the	
  reductive	
  quenching	
  of	
  the	
  excited	
  photosensitizer	
  (PS*)	
  by	
  the	
  electron	
  

donor	
   (TEOA)	
   to	
   form	
  PS–	
   rather	
   than	
   by	
   oxidative	
   quenching	
  with	
   electron	
   transfer	
   from	
  PS*	
   to	
   the	
  

catalyst.	
  	
  The	
  concentrations	
  of	
  sacrificial	
  donor	
  in	
  these	
  systems	
  is	
  generally	
  103-­‐104	
  times	
  greater	
  than	
  

that	
   of	
   the	
   catalyst,	
   making	
   the	
   reductive	
   quenching	
   path	
   that	
   which	
   is	
   followed	
   if	
   oxidative	
   and	
  

reductive	
   quenching	
   rate	
   constants	
   do	
   not	
   differ	
   by	
   more	
   than	
   a	
   factor	
   of	
   102.	
   	
   Making	
   structurally	
  

stable	
   dyads	
   represents	
   an	
   effort	
   to	
   bias	
   systems	
   containing	
   them	
   to	
   oxidative	
   quenching	
   by	
  

photoinduced	
   electron	
   transfer	
   to	
   the	
   catalyst.	
   However,	
   the	
   stability	
   of	
   the	
   hypothesized	
  

photogenerated	
   charge-­‐separated	
   state,	
   i.e.	
   CoII-­‐Bodipy(+),	
   on	
   the	
   time	
   scale	
   of	
   the	
   reaction	
  with	
   the	
  

sacrificial	
  donor	
  has	
  not	
  been	
  demonstrated.	
  	
  Most	
  importantly,	
  cycling	
  of	
  the	
  catalyst	
  through	
  several	
  

oxidation	
  states,	
  of	
  which	
  one	
  or	
  more	
  may	
  be	
  labile,	
  proves	
  problematic	
  in	
  this	
  approach.	
  	
  	
  

Conclusion	
  

	
   A	
   series	
   of	
   Bodipy	
   chromophores	
   were	
   used	
   as	
   light	
   harvesters	
   in	
   a	
   system	
   containing	
   the	
  

Co(dmg)	
   catalyst	
   1	
   and	
   TEOA	
   as	
   the	
   sacrificial	
   electron	
   donor	
   in	
   aqueous	
   organic	
   media.	
   Both	
   the	
  	
  

bromine	
   and	
   iodine	
   substituents	
   on	
   Bodipy	
   are	
   effective	
   for	
   light-­‐driven	
   H2	
   production	
   by	
   facilitating	
  

intersystem	
  crossing	
   to	
   the	
   long-­‐lived	
   3ππ*	
  state	
   for	
  photoinduced	
  electron	
   transfer.	
   	
  A	
  mesityl	
  group	
  

was	
  found	
  to	
  be	
  preferable	
  to	
  a	
  phenyl	
  group	
  on	
  the	
  Bodipy	
  meso	
  position	
   in	
  terms	
  of	
   increasing	
  dye	
  

stability	
  and	
  system	
  durability	
  for	
  hydrogen	
  generation.	
  The	
  maximum	
  turnover	
  number	
  of	
  ~700	
  relative	
  

to	
  photosensitizer	
  is	
  obtained	
  under	
  optimal	
  conditions	
  over	
  30	
  h.	
  The	
  activity	
  of	
  this	
  system	
  is	
  greater	
  

than	
  that	
  of	
  similar	
  Bodipy	
  –	
  Co(dmg)	
  dyads	
  recently	
  published,	
  indicating	
  that	
  these	
  nominal	
  dyads	
  do	
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not	
   remain	
   intact	
   upon	
   photolysis.	
   The	
   present	
   results,	
   along	
   with	
   related	
   reports,	
   underscore	
   the	
  

importance	
  of	
  knowing	
  the	
  primary	
  photochemical	
  step	
  and	
  subsequent	
  electron	
  and	
  proton	
  transfers	
  

in	
   the	
  construction	
  of	
  active	
  and	
  durable	
  systems	
   for	
   the	
  photogeneration	
  of	
  hydrogen	
   from	
  aqueous	
  

protons.	
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Figure 1: Structures of the catalyst and chromophores used in this study.  
574x317mm (72 x 72 DPI)  
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Figure 2: Normalized absorption (solid) and emission (dashed) spectra of series 2 photosensitizers.  
375x250mm (72 x 72 DPI)  
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Figure 3: HOMO and LUMO energy levels for 2a-c molecular orbital diagrams.  
76x68mm (220 x 220 DPI)  
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Figure 4: Hydrogen production results for 2b-c and 3b-c with dye concentration of 5.0 x 10^-5 M and 
catalyst concentration of 1.0 x 10^-4 M in 1:1 MeCN:10% TEOA(aq) irradiated by λ>410 nm light. Turn-

over number (TON) represents moles of hydrogen produced versus moles of photosensitizer.  

413x294mm (72 x 72 DPI)  
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Figure 5: The total amount of evolved hydrogen for (a) varying concentrations of catalyst 1 with a fixed 
concentration of photosensitizer 3c (8.0 × 10^-5 M), and for (b) varying concentrations of photosensitizer 
3c with a fixed concentration of catalyst 1 (1.0 × 10^-4 M).  In each case, TON is calculated relative to 

photosensitizer concentration.  Hence, in (a) the two vertical axes, ml H2 and TON, are proportional to each 
other, whereas in (b) the varying concentrations of photosensitizer produce a TON (red, right hand axis) 

dependence that is very different than the total ml H2 produced (blue, left hand axis).  
172x184mm (144 x 144 DPI)  

 

 

Page 25 of 27

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 6: Example of Bodipy – cobaloxime dyad from Reference 16.  
252x273mm (72 x 72 DPI)  
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