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Temperature	
  dependence	
  of	
  photophysical	
  properties	
  of	
  a	
  
dinuclear	
  C^N-­‐cyclometalated	
  Pt(II)	
  complex	
  with	
  an	
  intimate	
  Pt-­‐
Pt	
  contact.	
  Zero-­‐field	
  splitting	
  and	
  sub-­‐state	
  decay	
  rates	
  of	
  the	
  
lowest	
  triplet.	
  	
  
Joseph	
   C.	
   Deaton,a	
   Arnab	
   Chakraborty,a	
   Rafal	
   Czerwieniec,b	
   Hartmut	
   Yersin,b	
   and	
   Felix	
   N.	
  
Castellanoa*	
  

The	
  temperature	
  dependence	
  (1.7	
  K	
  <	
  T	
  <	
  100	
  K)	
  of	
  emission	
  decay	
  is	
  reported	
  for	
  the	
  first	
  time	
  for	
  a	
  type	
  of	
  di-­‐nuclear	
  Pt	
  
complex	
  featuring	
  a	
  metal–metal-­‐to-­‐ligand	
  charge	
  transfer	
  (MMLCT)	
  lowest	
  energy	
  transition	
  that	
  arises	
  from	
  a	
  strong	
  Pt–
Pt	
  interaction.	
  	
  The	
  effect	
  of	
  local	
  variation	
  of	
  the	
  host/guest	
  cage	
  in	
  a	
  polymer	
  matrix	
  upon	
  the	
  phosphorescence	
  decay	
  
time	
  constants	
  is	
  characterized	
  by	
  the	
  Kohlrausch-­‐Williams-­‐Watts	
  function.	
  	
  The	
  temperature	
  dependence	
  of	
  the	
  average	
  
decay	
   time	
   constants	
   is	
   fit	
   by	
   a	
   Boltzmann-­‐type	
   expression	
   to	
   obtain	
   the	
   average	
   zero-­‐field	
   splittings	
   and	
   individual	
  
sublevel	
  decay	
  rates	
  of	
  the	
  photoluminescent	
  triplet	
  excited	
  state.	
  

Introduction	
  
Luminescent	
  Pt(II)	
  complexes	
  have	
  emerged	
  in	
  many	
  notable	
  
applications,	
  including	
  organic	
  light-­‐emitting	
  diodes	
  (OLEDs),1-­‐8	
  
luminescent	
  chemical	
  sensors,9-­‐20	
  dye-­‐sensitized	
  solar	
  cells,21,22	
  
photo-­‐nanowires,22	
  photon	
  upconversion24,	
  25	
  photocatalysis,26-­‐32	
  
biological	
  imaging,33-­‐35	
  and	
  photodynamic	
  therapy.36	
  	
  	
  Photophysical	
  
properties	
  including	
  emission	
  energy,	
  vibrational	
  structure,	
  and	
  
excited	
  state	
  lifetime	
  afforded	
  by	
  Pt(II)	
  complexes	
  are	
  highly	
  varied	
  
dependent	
  upon	
  the	
  nature	
  of	
  their	
  electronic	
  structure	
  and	
  
bonding.37	
  

One	
  major	
  class	
  of	
  phosphorescent	
  Pt(II)	
  complexes	
  are	
  the	
  
mononuclear	
  cyclometalates.38,	
  39	
  As	
  a	
  result	
  of	
  numerous	
  detailed	
  
studies	
  of	
  their	
  spectroscopic	
  and	
  photophysical	
  properties,	
  the	
  
emissive	
  state	
  in	
  these	
  complexes	
  have	
  been	
  assigned	
  as	
  
dominantly	
  ligand-­‐centered	
  (LC)	
  π-­‐π*	
  having	
  varied	
  fractions	
  of	
  
metal-­‐to-­‐ligand	
  charge	
  transfer	
  (MLCT)	
  character.	
  38-­‐44	
  In	
  cases	
  of	
  
heteroleptic	
  structures,	
  the	
  emissive	
  state	
  may	
  have	
  additional	
  
admixture	
  of	
  ligand-­‐to-­‐ligand	
  charge	
  transfer	
  (LLCT)	
  character.	
  Due	
  
to	
  the	
  strongly	
  σ-­‐donating	
  Pt–C	
  bond,	
  the	
  cyclometalates	
  typically	
  
exhibit	
  more	
  MLCT	
  character,	
  shorter	
  radiative	
  lifetimes,	
  and	
  
superior	
  photoluminescence	
  quantum	
  yields	
  compared	
  to	
  
analogous	
  Pt(II)	
  di-­‐	
  and	
  tri-­‐immine	
  complexes;	
  notable	
  exceptions	
  

are	
  when	
  the	
  latter	
  contain	
  ancillary	
  carbon-­‐donor	
  ligands	
  such	
  as	
  
arylacetylides	
  to	
  supply	
  additional	
  electron	
  density	
  to	
  the	
  Pt	
  
center.45-­‐52	
  

Di-­‐nuclear	
  complexes	
  composed	
  of	
  two	
  d8	
  ions	
  where	
  there	
  is	
  a	
  
strong	
  interaction	
  between	
  the	
  filled	
  dz2	
  orbitals	
  and	
  between	
  the	
  
empty	
  pz	
  orbitals	
  from	
  the	
  two	
  metal	
  atoms	
  often	
  exhibit	
  strong	
  
photoluminescence	
  emission	
  from	
  state(s)	
  resulting	
  from	
  low	
  
energy	
  σ*	
  (dz2)	
  →	
  σ	
  (pz)	
  excitation.	
  	
  The	
  prototype	
  of	
  this	
  class	
  of	
  
emitters	
  is	
  [Pt2(µ-­‐P2O5H2)4]

4–,	
  abbreviated	
  Pt(pop).53-­‐65	
  A	
  highly	
  
unusual	
  feature	
  of	
  this	
  high	
  symmetry	
  (C4h	
  or	
  approximate	
  D4h)	
  
complex	
  is	
  that	
  both	
  fluorescent	
  and	
  phosphorescent	
  emission	
  is	
  
observed.	
  	
  A	
  derivative	
  of	
  the	
  prototype	
  that	
  was	
  structurally	
  
rigidized	
  by	
  BF2	
  groups	
  linking	
  the	
  diphosphonato	
  ligands,	
  [Pt2(µ-­‐
P2O5(BF2)2)4]

4–,	
  abbreviated	
  Pt(pop-­‐BF2),	
  exhibits	
  the	
  most	
  
outstanding	
  photophysical	
  properties	
  of	
  this	
  genre	
  with	
  a	
  combined	
  
fluorescence	
  and	
  phosphorescence	
  quantum	
  yield	
  approaching	
  
100%.66-­‐68	
  	
  The	
  lowest	
  energy	
  transition	
  in	
  these	
  complexes	
  involves	
  
a	
  change	
  in	
  bond	
  order,	
  and	
  indeed	
  a	
  shortening	
  of	
  the	
  Pt–Pt	
  
distance	
  in	
  the	
  excited	
  state	
  has	
  been	
  detected	
  by	
  time-­‐resolved	
  X-­‐
ray	
  techniques.69,	
  70	
  

The	
  subject	
  of	
  this	
  contribution	
  highlights	
  a	
  distinctly	
  different	
  class	
  
represented	
  by	
  a	
  phosphorescent	
  di-­‐nuclear	
  Pt(II)	
  complex	
  that	
  
comprises	
  a	
  chromophoric	
  C^N-­‐cyclometalating	
  ligand	
  on	
  each	
  
Pt(II)	
  atom	
  that	
  are	
  bridged	
  by	
  bidentate	
  ligands	
  that	
  secure	
  the	
  Pt	
  
atoms	
  in	
  position	
  to	
  interact	
  through	
  their	
  dz2	
  orbitals	
  to	
  form	
  σ*	
  
and	
  σ	
  levels	
  (Fig.	
  1).71-­‐85	
  	
  Through	
  structural	
  variation	
  of	
  the	
  bridging	
  
ligands,	
  the	
  nature	
  of	
  the	
  photoluminescent	
  state	
  can	
  be	
  varied	
  
from	
  predominantly	
  LC	
  in	
  nature	
  with	
  some	
  admixture	
  of	
  MLCT	
  
character,	
  to	
  strongly	
  metal–metal-­‐to-­‐ligand	
  charge	
  transfer	
  
(MMLCT)	
  in	
  character	
  wherein	
  the	
  originating	
  orbital	
  of	
  the	
  
transition	
  arises	
  from	
  the	
  dσ*	
  interaction	
  between	
  the	
  Pt	
  atoms.71,	
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72	
  	
  These	
  assignments	
  were	
  supported	
  by	
  correlations	
  of	
  trends	
  in	
  
electrochemical	
  oxidation	
  potentials,	
  spectral	
  features,	
  and	
  
photophysical	
  properties,	
  with	
  the	
  strength	
  of	
  the	
  Pt–Pt	
  
interaction.71-­‐73	
  The	
  assignment	
  of	
  MMLCT	
  character	
  in	
  the	
  emissive	
  
state	
  of	
  the	
  complexes	
  having	
  the	
  shorter	
  Pt–Pt	
  distances	
  was	
  
additionally	
  supported	
  by	
  TD-­‐DFT	
  calculations.73	
  	
  A	
  contraction	
  of	
  
the	
  Pt–Pt	
  distance	
  in	
  the	
  excited	
  state	
  has	
  been	
  detected	
  by	
  time-­‐
resolved	
  X-­‐ray	
  techniques	
  for	
  the	
  latter	
  complexes.86,	
  87	
  	
  Vibrational	
  
coherence	
  has	
  been	
  observed	
  during	
  the	
  early	
  time	
  evolution	
  of	
  the	
  
excited	
  state.88	
  

	
  

	
  

	
  

Figure	
  1.	
  Left:	
  chemical	
  structure	
  diagram	
  of	
  1.	
  	
  Right:	
  qualitative	
  
MO	
  diagram	
  illustrating	
  the	
  correlation	
  from	
  a	
  mononuclear	
  to	
  a	
  
dinuclear	
  cyclometalated	
  complex	
  having	
  a	
  strong	
  Pt–Pt	
  interaction.	
  	
  

The	
  particular	
  subject	
  for	
  the	
  present	
  investigation,	
  anti-­‐[Pt(ppy)(m-­‐
(MepyO)]2,	
  (MepyO	
  	
  =	
  6-­‐methyl-­‐2-­‐hydroxopyridine),	
  1,	
  was	
  selected	
  
because	
  it	
  has	
  one	
  of	
  the	
  shortest	
  Pt-­‐Pt	
  distances	
  (2.82	
  Å)	
  yet	
  found	
  
for	
  this	
  class	
  of	
  chromophores,	
  with	
  only	
  the	
  benzoquinoline	
  analog	
  
having	
  a	
  slightly	
  shorter	
  distance.73	
  	
  	
  Pt-­‐Pt	
  distances	
  may	
  range	
  up	
  
to	
  	
  3.5	
  A	
  or	
  more,	
  indicating	
  progressively	
  weaker	
  metal-­‐metal	
  
interaction	
  with	
  increasing	
  separation.71-­‐85	
  Importantly,	
  1	
  was	
  
isolated	
  in	
  high	
  purity	
  of	
  a	
  single	
  geometrical	
  isomer	
  (Fig	
  1).73	
  	
  
Compound	
  1	
  was	
  also	
  chosen	
  for	
  this	
  investigation	
  because	
  it	
  
contains	
  the	
  prototype	
  cyclometalating	
  ligand,	
  C-­‐deprotonated	
  2-­‐
phenylpyridine	
  (ppy),73	
  	
  to	
  enable	
  direct	
  comparison	
  to	
  benchmark	
  
compounds	
  having	
  the	
  same	
  ligand.	
  Mononuclear	
  complexes	
  
featuring	
  this	
  chromophoric	
  ligand,	
  such	
  as	
  Pt(ppy)2

38,	
  89	
  and	
  
Pt(ppy)(acac),39,	
  90	
  	
  typically	
  emit	
  green	
  light	
  that	
  is	
  highly	
  structured	
  
consistent	
  with	
  their	
  classification	
  as	
  LC	
  transitions	
  with	
  modest	
  
admixture	
  of	
  MLCT	
  character.	
  	
  Relative	
  to	
  the	
  green	
  
photoluminescence	
  of	
  these	
  mononuclear	
  Pt(II)	
  	
  complexes	
  
comprising	
  the	
  ppy	
  ligand,	
  the	
  emission	
  spectrum	
  of	
  1	
  was	
  
dramatically	
  red-­‐shifted	
  (λmax	
  726	
  nm	
  in	
  THF	
  at	
  295	
  K,	
  and	
  685	
  nm	
  
in	
  2-­‐methyl-­‐THF	
  glass	
  at	
  77	
  K),	
  and	
  was	
  broad	
  and	
  featureless	
  in	
  
accord	
  with	
  the	
  assignment	
  of	
  MMLCT	
  character	
  (Fig.	
  2).73	
  The	
  
broad	
  S0	
  to	
  S1	
  absorption	
  at	
  508	
  nm	
  (Fig.	
  2)	
  was	
  previously	
  assigned	
  
as	
  being	
  MMLCT	
  in	
  nature.73	
  

Intricate	
  details	
  of	
  the	
  emissive	
  triplet	
  state	
  from	
  metal	
  complexes	
  
have	
  been	
  elucidated	
  through	
  photophysical	
  measurements	
  at	
  

temperatures	
  down	
  to	
  T	
  =	
  1.7	
  K.6,	
  40-­‐43,	
  55-­‐61,	
  67,	
  89,	
  90	
  	
  The	
  zero-­‐field	
  
splitting	
  among	
  the	
  three	
  sublevels	
  of	
  the	
  triplet	
  state	
  and	
  their	
  
individual	
  decay	
  rates	
  depend	
  upon	
  the	
  strength	
  of	
  the	
  spin-­‐orbit	
  
coupling	
  (SOC)	
  interaction.	
  	
  The	
  SOC	
  in	
  turn	
  is	
  dependent	
  upon	
  the	
  
degree	
  of	
  metal	
  orbital	
  character	
  involved	
  in	
  the	
  transition	
  (e.g.	
  
MLCT	
  character)	
  because	
  the	
  SOC	
  constants	
  for	
  heavy	
  atoms	
  such	
  
as	
  3rd	
  row	
  transition	
  metals	
  (ζ(Pt)	
  =	
  4481	
  cm–1;	
  	
  ζ(Ir)	
  =	
  3909	
  cm–

1)91	
  are	
  so	
  much	
  larger	
  than	
  those	
  of	
  lighter	
  elements	
  present	
  in	
  the	
  
ligands.	
  	
  Yersin	
  and	
  co-­‐workers	
  have	
  developed	
  a	
  classification	
  
scheme	
  of	
  the	
  nature	
  of	
  the	
  emissive	
  state	
  (i.e.,	
  proportion	
  of	
  LC	
  vs	
  
MLCT	
  character)	
  based	
  on	
  its	
  ZFS	
  for	
  a	
  large	
  number	
  of	
  
mononuclear	
  complexes	
  of	
  second-­‐	
  and	
  third-­‐row	
  d6	
  and	
  d8	
  metal	
  
ions.42,92-­‐94	
  	
  

These	
  characteristics	
  of	
  the	
  emissive	
  triplet	
  state	
  have	
  not	
  
previously	
  been	
  reported	
  for	
  the	
  intriguing	
  class	
  of	
  dinuclear	
  Pt(II)	
  
complexes	
  represented	
  by	
  1;	
  these	
  molecules	
  exhibit	
  spectral	
  
features	
  and	
  electronic	
  structures	
  that	
  are	
  completely	
  distinct	
  from	
  
both	
  the	
  mononuclear	
  Pt(II)	
  complexes	
  and	
  dinuclear	
  Pt(pop)	
  and	
  
Pt(pop-­‐BF2).	
  	
  We	
  have	
  therefore	
  undertaken	
  an	
  examination	
  of	
  the	
  
photophysical	
  properties	
  of	
  1	
  at	
  low	
  temperatures	
  (1.7	
  to	
  100	
  K)	
  in	
  
order	
  to	
  determine	
  the	
  ZFS	
  and	
  associated	
  triplet	
  sublevel	
  decay	
  
rates.	
  

Figure	
  2.	
  Absorption	
  (blue)	
  and	
  photoluminescence	
  emission	
  
spectra	
  (red)	
  of	
  1	
  in	
  deaerated	
  THF.	
  

Experimental	
  
The	
  complex	
  anti-­‐[Pt(ppy)(m-­‐(MepyO)]2,	
  1,	
  was	
  synthesized	
  and	
  
structurally	
  characterized	
  according	
  to	
  the	
  published	
  procedure.73	
  	
  
The	
  complex	
  was	
  doped	
  into	
  PMMA	
  by	
  first	
  dissolving	
  2	
  mg	
  of	
  1	
  in	
  4	
  
mL	
  methylene	
  chloride	
  in	
  a	
  nitrogen-­‐filled	
  glovebox,	
  and	
  then	
  
slowly	
  adding	
  400	
  mg	
  of	
  PMMA	
  to	
  make	
  the	
  concentration	
  of	
  the	
  
phosphor	
  to	
  0.5%	
  by	
  weight	
  with	
  respect	
  to	
  the	
  PMMA.	
  The	
  	
  
viscous	
  solution	
  of	
  1	
  and	
  PMMA	
  was	
  transferred	
  to	
  polyethylene	
  
molds	
  placed	
  in	
  a	
  Schlenk	
  apparatus	
  with	
  entry	
  and	
  exit	
  stopcocks	
  
attached,	
  and	
  a	
  steady	
  stream	
  of	
  nitrogen	
  was	
  passed	
  through	
  the	
  
apparatus	
  to	
  dry	
  the	
  samples	
  followed	
  by	
  further	
  drying	
  under	
  
vacuum.	
  For	
  emission	
  measurements	
  in	
  the	
  temperature	
  range	
  of	
  
1.7	
  to	
  100	
  K,	
  a	
  liquid	
  helium	
  helium	
  cryostat	
  (Cryovac	
  Konti	
  Cryostat	
  
IT)	
  was	
  used	
  in	
  conjunction	
  with	
  a	
  Horiba	
  Jobin	
  Yvon	
  Fluorolog	
  3	
  
steady-­‐state	
  fluorescence	
  fluorimeter	
  that	
  was	
  modified	
  to	
  
additionally	
  enable	
  measurements	
  of	
  emission	
  decay	
  times.	
  As	
  
excitation	
  source	
  with	
  the	
  liquid	
  helium	
  cryostat,	
  a	
  PicoQuant	
  LDH-­‐
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P-­‐C-­‐375	
  pulsed	
  diode	
  laser	
  (λexc=	
  372	
  nm,	
  pulse	
  width	
  100	
  ps)	
  was	
  
used.	
  The	
  emission	
  signal	
  was	
  detected	
  with	
  a	
  cooled	
  
photomultiplier	
  attached	
  to	
  a	
  FAST	
  ComTec	
  multichannel	
  scalar	
  PCI	
  
card	
  with	
  a	
  time	
  resolution	
  of	
  250	
  ps.	
  Absolute	
  photoluminescence	
  
quantum	
  yield	
  was	
  measured	
  at	
  77	
  K	
  with	
  a	
  Hamamatsu	
  C9920-­‐02	
  
system	
  equipped	
  with	
  a	
  Spectralon®	
  integrating	
  sphere.	
  The	
  values	
  
for	
  the	
  other	
  temperatures	
  were	
  determined	
  by	
  measuring	
  relative	
  
emission	
  intensities	
  and	
  set	
  in	
  relation	
  to	
  the	
  quantum	
  yield	
  value	
  
at	
  77	
  K.	
  	
  

	
  

	
  

Figure	
  3.	
  Top:	
  normalized	
  emission	
  spectra	
  of	
  1	
  in	
  PMMA	
  (0.5	
  wt	
  %)	
  
at	
  1.7	
  K	
  and	
  20	
  K,	
  450	
  nm	
  excitation.	
  	
  Bottom:	
  temperature	
  
dependence	
  of	
  quantum	
  yield	
  of	
  1	
  in	
  PMMA	
  host.	
  

Results	
  and	
  Discussion	
  
Mononuclear,	
  square	
  planar	
  Pt(II)	
  complexes	
  are	
  well-­‐suited	
  to	
  
incorporate	
  into	
  Shpol'skii	
  matrices,	
  usually	
  frozen	
  n-­‐octane	
  or	
  n-­‐
nonane.6,	
  40-­‐43,	
  89,	
  90	
  	
  These	
  host/guest	
  systems	
  often	
  afford	
  sharp-­‐
line	
  emission	
  and	
  excitation	
  spectra	
  at	
  low	
  temperature	
  (<	
  20	
  K)	
  
because	
  the	
  inhomogeneous	
  broadening	
  is	
  extremely	
  small	
  
(approximately	
  1	
  to	
  3	
  cm–1)	
  in	
  the	
  polycrystalline	
  lattice.	
  	
  In	
  many	
  
cases,	
  the	
  ZFS	
  can	
  be	
  directly	
  observed	
  in	
  the	
  origin	
  region	
  and	
  
vibrational	
  satellites	
  can	
  usually	
  be	
  resolved	
  as	
  well.	
  	
  However,	
  the	
  
geometry	
  of	
  1	
  makes	
  it	
  unlikely	
  to	
  be	
  amenable	
  to	
  the	
  Shpol'skii	
  
technique.	
  	
  Therefore,	
  for	
  this	
  investigation,	
  1	
  was	
  doped	
  dilutely	
  
(0.5	
  wt%)	
  into	
  the	
  polymer	
  host,	
  polymethylmethacrylate	
  (PMMA),	
  
that	
  has	
  often	
  been	
  used	
  in	
  low-­‐temperature	
  studies	
  of	
  metal	
  
complexes.95,	
  96	
  The	
  normalized	
  emission	
  spectra	
  measured	
  at	
  1.7	
  K	
  
and	
  20	
  K	
  and	
  the	
  quantum	
  yields	
  determined	
  from	
  1.7	
  to	
  100	
  K	
  are	
  
presented	
  in	
  Fig.	
  3.	
  Emission	
  spectra	
  for	
  select	
  additional	
  

temperatures	
  are	
  shown	
  in	
  Fig.	
  S1.	
  These	
  spectra	
  are	
  broad	
  due	
  to	
  
inhomogeneous	
  broadening	
  in	
  the	
  non-­‐crystalline	
  host	
  matrix97-­‐99	
  
and,	
  as	
  expected	
  for	
  the	
  MMLCT	
  character,	
  coupling	
  to	
  low	
  
frequency	
  local	
  phonon	
  modes,	
  M-­‐L	
  vibrations	
  (typically	
  <	
  600	
  cm–

1)92,	
  93,	
  97	
  and	
  Pt–Pt	
  vibrations	
  of	
  the	
  complex.	
  Although	
  the	
  ZFS	
  
cannot	
  be	
  directly	
  resolved	
  in	
  such	
  amorphous	
  hosts	
  because	
  of	
  the	
  
inhomogeneous	
  broadening,	
  the	
  ZFS	
  and	
  decay	
  rates	
  of	
  individual	
  
sublevels	
  of	
  the	
  emissive	
  triplet	
  state	
  may	
  be	
  obtained	
  by	
  fitting	
  the	
  
Boltzmann-­‐type	
  expression	
  (Eq.	
  1)	
  to	
  the	
  temperature	
  dependence	
  
of	
  the	
  observed	
  decay	
  rate	
  at	
  low	
  temperatures	
  (1.7	
  <	
  T	
  <	
  100	
  K).	
  
This	
  approach	
  echoes	
  the	
  pioneering	
  work	
  of	
  Crosby	
  and	
  co-­‐
workers	
  on	
  Ru(bpy)3

2+,95	
  where	
  kB	
  is	
  the	
  Boltzmann	
  constant,	
  kI,	
  kII,	
  
and	
  kIII	
  are	
  the	
  decay	
  rates	
  of	
  the	
  three	
  individual	
  triplet	
  sublevels,	
  
and	
  EII	
  and	
  EIII	
  are	
  the	
  zero-­‐field	
  splitting	
  (ZFS)	
  energies	
  of	
  the	
  
second	
  and	
  third	
  sublevel,	
  respectively,	
  measured	
  relative	
  to	
  the	
  
lowest	
  sublevel.	
  

1
𝜏!"#

= 𝑘!"# =
𝑘! + 𝑘!!𝑒𝑥𝑝

−𝐸!!
𝑘!𝑇

+ 𝑘!!!𝑒𝑥𝑝
−𝐸!!!
𝑘!𝑇

1 +   𝑒𝑥𝑝 −𝐸!!
𝑘!𝑇

+ 𝑒𝑥𝑝 −𝐸!!!
𝑘!𝑇

          (1)	
  

The	
  observed	
  photoluminescence	
  intensity	
  decays	
  have	
  usually	
  
been	
  approximated	
  by	
  a	
  fit	
  of	
  each	
  decay	
  curve	
  to	
  a	
  single-­‐
exponential	
  function.	
  However,	
  a	
  consequence	
  of	
  the	
  molecule	
  
being	
  doped	
  into	
  the	
  PMMA	
  amorphous	
  host	
  is	
  that	
  the	
  cage	
  
environment	
  varies	
  locally,	
  resulting	
  in	
  the	
  inhomogeneous	
  
broadening	
  of	
  spectra	
  with	
  a	
  concomitant	
  distribution	
  of	
  intensity	
  
decay	
  time	
  constants.96-­‐100	
  	
  	
  	
  The	
  approach	
  taken	
  here	
  approximates	
  
the	
  distribution	
  of	
  decays	
  for	
  1	
  at	
  each	
  temperature	
  by	
  fitting	
  the	
  
Kohlrausch-­‐Williams-­‐Watts	
  function,	
  101-­‐106	
  	
  	
  Eq.	
  2,	
  also	
  referred	
  to	
  
as	
  a	
  stretched	
  exponential,	
  to	
  each	
  decay.	
  	
  The	
  parameter	
  τ	
  in	
  Eq.	
  2	
  
is	
  the	
  decay	
  time	
  corresponding	
  to	
  the	
  maximum	
  amplitude	
  within	
  
the	
  distribution	
  of	
  decay	
  times.	
  	
  Values	
  of	
  the	
  parameter	
  β	
  in	
  Eq.	
  2	
  
less	
  than	
  1	
  characterize	
  a	
  Lévy	
  distribution	
  of	
  decay	
  rates.	
  When	
  the	
  
parameter	
  β	
  	
  is	
  equal	
  to	
  1,	
  Eq.	
  2	
  reduces	
  to	
  the	
  familiar	
  single	
  
exponential	
  decay.	
  	
  The	
  average	
  decay	
  time	
  (τave)	
  is	
  calculated	
  using	
  
Eq.	
  3;	
  	
  here,	
  the	
  values	
  of	
  the	
  gamma	
  function,	
  Γ(1/β),	
  can	
  be	
  
readily	
  obtained.107	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  I	
  =	
  I0	
  exp(-­‐t/τ)
β              (2) ( (	
  

         τave	
  =	
  (τ/β)Γ(1/β)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (3)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  kobs,	
  ave	
  =	
  1/τave	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (4) 	
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Figure	
  4.	
  Logarithmic	
  plot	
  of	
  emission	
  decay	
  of	
  1	
  in	
  PMMA	
  (0.5	
  wt	
  
%)	
  at	
  32	
  K.	
  

	
  

The	
  photoluminescence	
  intensity	
  decays	
  of	
  1	
  recorded	
  over	
  at	
  least	
  
five	
  lifetimes	
  at	
  each	
  temperature	
  from	
  100	
  K	
  down	
  to	
  32	
  K	
  were	
  
characterized	
  by	
  values	
  of	
  the	
  parameter	
  β	
  being	
  very	
  close	
  to	
  1	
  
(0.95	
  to	
  0.98),	
  indicating	
  that	
  the	
  emission	
  decay	
  rate	
  from	
  
compound	
  1	
  was	
  not	
  highly	
  sensitive	
  to	
  local	
  variations	
  in	
  
host/guest	
  cage	
  in	
  the	
  PMMA	
  host,	
  although	
  fits	
  to	
  a	
  single	
  
exponential	
  were	
  found	
  to	
  be	
  inadequate.	
  By	
  visual	
  inspection	
  of	
  
the	
  intensity	
  decay	
  at	
  32	
  K	
  plotted	
  on	
  a	
  logarithmic	
  scale	
  (Fig.	
  4),	
  it	
  
is	
  clear	
  that	
  the	
  intensity	
  decay	
  was	
  not	
  far	
  from	
  single	
  exponential.	
  	
  
As	
  temperature	
  was	
  lowered	
  below	
  28	
  K,	
  a	
  distinct	
  short	
  time	
  
component	
  became	
  increasingly	
  evident	
  and	
  over	
  this	
  temperature	
  
range	
  the	
  overall	
  decay	
  time	
  became	
  increasingly	
  long.	
  	
  The	
  
intensity	
  decay	
  at	
  1.7	
  K	
  is	
  plotted	
  on	
  a	
  logarithmic	
  scale	
  in	
  Fig.	
  5.	
  	
  
The	
  distinct	
  non-­‐exponential	
  decay	
  at	
  early	
  times	
  arises	
  from	
  
something	
  more	
  than	
  simple	
  local	
  variations	
  in	
  the	
  host/guest	
  cage.	
  	
  
Possible	
  causes	
  could	
  include	
  spin-­‐lattice	
  relaxation	
  effects,	
  
aggregation,	
  or	
  quenching	
  mechanisms.	
  	
  Non-­‐exponential	
  behavior	
  
was	
  also	
  reported	
  for	
  Pt(pop)	
  in	
  a	
  frozen	
  glass	
  below	
  9	
  K	
  in	
  which	
  
the	
  ZFS	
  between	
  one	
  non-­‐degenerate	
  and	
  one	
  doubly	
  degenerate	
  
triplet	
  sublevel	
  was	
  found	
  to	
  be	
  49	
  cm–1.55	
  	
  To	
  obtain	
  the	
  
thermalized	
  decay	
  time	
  at	
  these	
  lower	
  temperatures,	
  a	
  visual	
  
estimate	
  of	
  the	
  short	
  time	
  component	
  was	
  made	
  and	
  Eq.	
  2	
  was	
  fit	
  
to	
  the	
  portion	
  of	
  the	
  decay	
  at	
  longer	
  times.	
  The	
  point	
  on	
  the	
  decay	
  
curve	
  at	
  which	
  the	
  fit	
  to	
  Eq.	
  2	
  was	
  begun	
  was	
  then	
  iterated	
  two	
  or	
  
three	
  times	
  until	
  a	
  value	
  of	
  β	
  (0.91-­‐0.94)	
  was	
  obtained	
  that	
  was	
  
close	
  to	
  the	
  values	
  obtained	
  at	
  the	
  higher	
  temperatures	
  in	
  order	
  to	
  
include	
  as	
  much	
  of	
  the	
  decay	
  curve	
  in	
  the	
  fit	
  as	
  practical	
  yet	
  exclude	
  
most	
  of	
  the	
  impact	
  of	
  the	
  short	
  lifetime	
  component.	
  	
  	
  

Figure	
  5.	
  Logarithmic	
  plot	
  of	
  emission	
  decay	
  of	
  1	
  in	
  PMMA	
  (0.5	
  wt	
  
%)	
  at	
  1.7	
  K.	
  

The	
  resultant	
  average	
  decay	
  rates	
  from	
  Eqs.	
  3	
  and	
  4	
  are	
  shown	
  in	
  
Fig.	
  6.	
  	
  The	
  decay	
  rate	
  at	
  1.7	
  K	
  was	
  extremely	
  slow,	
  corresponding	
  
to	
  a	
  time	
  constant	
  of	
  304	
  ms.	
  	
  This	
  very	
  slow	
  decay	
  was	
  essentially	
  
constant	
  over	
  the	
  temperature	
  range	
  from	
  1.7	
  to	
  6	
  K,	
  above	
  which	
  
the	
  rate	
  sharply	
  increased	
  with	
  temperature	
  (Fig.	
  6).	
  	
  The	
  constant	
  
decay	
  rate	
  from	
  1.7	
  to	
  6	
  K	
  suggests	
  that	
  the	
  upper	
  two	
  sublevels	
  of	
  
the	
  triplet	
  manifold,	
  II	
  and	
  III,	
  are	
  frozen	
  out	
  and	
  only	
  the	
  lowest	
  
sublevel	
  I	
  emits	
  at	
  these	
  temperatures.	
  	
  The	
  extremely	
  slow	
  decay	
  
rate	
  below	
  6	
  K	
  also	
  indicates	
  that	
  emission	
  from	
  I	
  is	
  highly	
  

forbidden.	
  	
  The	
  photoluminescence	
  emission	
  becomes	
  more	
  
allowed	
  at	
  temperatures	
  above	
  6	
  K	
  as	
  the	
  higher	
  sublevels	
  become	
  
populated.	
  The	
  photoluminescence	
  at	
  1.7	
  K	
  also	
  has	
  a	
  lower	
  
quantum	
  yield	
  than	
  that	
  at	
  higher	
  temperatures	
  (Fig.	
  3,	
  bottom).	
  	
  
Evidently,	
  the	
  importance	
  of	
  the	
  non-­‐radiative	
  decay	
  rate	
  becomes	
  
larger	
  relative	
  to	
  the	
  slow	
  radiative	
  rate	
  of	
  the	
  more	
  forbidden	
  
transition.	
  	
  Similar	
  results	
  were	
  observed	
  for	
  [Ru(bpy)3

2+]95	
  and	
  
Ir(ppy)3,

96	
  the	
  archetypal	
  metal-­‐containing	
  triplet	
  emitters.	
  A	
  clue	
  
about	
  the	
  nature	
  of	
  the	
  highly	
  forbidden	
  transition	
  from	
  the	
  lowest	
  
sublevel	
  was	
  revealed	
  by	
  comparing	
  the	
  normalized	
  
photoluminescence	
  spectrum	
  at	
  1.7	
  K,	
  arising	
  only	
  from	
  I,	
  and	
  that	
  
at	
  20	
  K	
  arising	
  from	
  population	
  of	
  the	
  higher	
  lying	
  sublevels	
  (Fig.	
  3).	
  	
  
The	
  emission	
  spectrum	
  at	
  20	
  K	
  was	
  blue-­‐shifted	
  and	
  somewhat	
  
wider	
  in	
  band	
  shape	
  than	
  that	
  measured	
  at	
  2	
  K.	
  	
  Similar	
  
observations	
  have	
  been	
  noted	
  for	
  several	
  Ir(III)	
  complexes	
  in	
  frozen	
  
THF	
  and	
  PMMA,	
  albeit	
  more	
  pronounced.108,	
  109	
  	
  These	
  observations	
  
were	
  interpreted	
  as	
  the	
  level	
  I	
  emission	
  having	
  very	
  little	
  intensity	
  
in	
  the	
  origin,	
  being	
  highly	
  forbidden	
  as	
  an	
  electric	
  dipole	
  transition,	
  
but	
  gaining	
  intensity	
  in	
  vibrational	
  satellites	
  through	
  a	
  higher-­‐order	
  
spin-­‐vibronic	
  coupling;	
  the	
  emission	
  from	
  levels	
  II	
  and	
  III	
  carry	
  
significant	
  intensity	
  in	
  their	
  origins	
  in	
  addition	
  to	
  the	
  satellites	
  of	
  
totally	
  symmetric	
  modes.	
  Evidence	
  for	
  this	
  mechanism	
  was	
  most	
  
clearly	
  observed	
  for	
  mononuclear	
  Pt(II)	
  complexes	
  in	
  Shpol'ski	
  
matrices	
  where	
  the	
  sharp-­‐line	
  emission	
  origin	
  for	
  I	
  had	
  practically	
  
no	
  intensity	
  and	
  the	
  energy	
  shifts	
  of	
  the	
  vibrational	
  satellites	
  
matched	
  certain	
  vibrational	
  frequencies	
  of	
  the	
  complexes,	
  while	
  
emission	
  at	
  higher	
  temperatures	
  exhibited	
  origins	
  for	
  levels	
  II	
  and	
  III	
  
plus	
  the	
  vibrational	
  satellites	
  in	
  the	
  totally	
  symmetric	
  modes.40-­‐43	
  	
  
There	
  seems	
  to	
  be	
  at	
  least	
  some	
  involvement	
  of	
  the	
  spin-­‐vibronic	
  
coupling	
  in	
  the	
  intensity-­‐gaining	
  mechanism	
  for	
  the	
  transition	
  from	
  
the	
  lowest	
  sublevel	
  of	
  1	
  as	
  well.	
  	
  	
  

	
  

Figure	
  6.	
  Temperature	
  dependence	
  of	
  average	
  observed	
  decay	
  
rates	
  obtained	
  from	
  fits	
  to	
  the	
  Kohlrausch-­‐Williams-­‐Watts	
  function	
  
(Eqs.	
  2-­‐4)	
  and	
  the	
  resultant	
  fit	
  (blue	
  solid	
  curve)	
  of	
  the	
  Boltzmann-­‐
type	
  expression	
  of	
  Eq.	
  1.	
  

The	
  decay	
  temperature	
  dependence	
  data	
  presented	
  in	
  Fig.	
  6	
  was	
  
first	
  analyzed	
  according	
  to	
  Eq.	
  1.	
  	
  Note	
  that	
  Eq.	
  1	
  applies	
  whether	
  
the	
  MMLCT	
  triplet	
  excited	
  state	
  is	
  delocalized	
  over	
  both	
  halves	
  of	
  
the	
  complex,	
  or	
  localized	
  onto	
  one	
  of	
  the	
  ppy	
  ligands.	
  	
  Later,	
  the	
  
possibility	
  will	
  be	
  discussed	
  (vide	
  infra)	
  whether	
  local	
  variations	
  in	
  
the	
  host/guest	
  cage	
  might	
  be	
  large	
  enough	
  to	
  result	
  in	
  the	
  triplet	
  
state	
  being	
  localized	
  on	
  one	
  ppy	
  ligand	
  of	
  the	
  dimer	
  having	
  an	
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energy	
  that	
  is	
  significantly	
  different	
  from	
  that	
  when	
  the	
  triplet	
  is	
  
localized	
  on	
  the	
  other	
  ppy	
  ligand	
  such	
  that	
  a	
  population	
  distribution	
  
over	
  two	
  triplets	
  having	
  different	
  energies	
  would	
  need	
  to	
  be	
  
appropriately	
  modeled.	
  	
  

The	
  value	
  of	
  kI	
  was	
  taken	
  as	
  the	
  decay	
  rate	
  measured	
  at	
  1.7	
  K	
  
(1/304	
  µs	
  =	
  3.3	
  ±	
  0.1	
  x	
  103	
  s–1)	
  and	
  used	
  as	
  a	
  fixed	
  parameter	
  in	
  Eq.	
  
1.	
  	
  The	
  remaining	
  parameters	
  were	
  then	
  obtained	
  through	
  the	
  fit	
  of	
  
Eq.	
  1	
  to	
  the	
  experimental	
  data	
  (Fig.	
  6).	
  The	
  ZFS	
  thus	
  obtained	
  were	
  
EII	
  =	
  43	
  ±	
  1	
  cm

–1	
  and	
  EIII	
  =	
  150	
  ±	
  11	
  cm
–1,	
  while	
  kII	
  was	
  5.0	
  ±	
  0.1	
  x	
  10

5	
  
s–1	
  and	
  kIII	
  was	
  5.0	
  ±	
  0.2	
  x	
  10

5	
  s-­‐1.	
  The	
  value	
  of	
  the	
  radiative	
  decay	
  
rate	
  for	
  I,	
  kr,I,	
  can	
  be	
  calculated	
  directly	
  from	
  the	
  product	
  of	
  the	
  
quantum	
  yield	
  and	
  observed	
  total	
  decay	
  rate	
  at	
  1.7	
  K.	
  	
  The	
  values	
  
for	
  kr,II	
  and	
  kr,III	
  were	
  then	
  estimated	
  from	
  a	
  fit	
  of	
  the	
  expression	
  in	
  
Eq.	
  5	
  to	
  the	
  quantum	
  yield	
  temperature	
  dependence	
  data:96	
  

𝜙 =   
!!,!!!!,!! !"# ! !!!

!!!
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!!!!!! !"# ! !!!
!!!

!!!!! !"# !!!!!!!!

	
  	
  	
  	
  	
  (5)	
  

Here,	
  the	
  experimentally	
  determined	
  values	
  for	
  kI	
  and	
  kr,I	
  ,	
  and	
  the	
  
values	
  of	
  	
  kII,	
  kIII,	
  EII,	
  and	
  EIII	
  that	
  were	
  obtained	
  from	
  the	
  fit	
  of	
  Eq.	
  1	
  
to	
  the	
  experimental	
  data	
  in	
  Fig.	
  6	
  were	
  substituted	
  in	
  	
  Eq.	
  5.	
  	
  	
  The	
  
resultant	
  values	
  of	
  kr,I,	
  kr,II	
  and	
  kr,III	
  thus	
  obtained	
  were	
  6.5	
  ±	
  0.1	
  x	
  
102,	
  1.9	
  ±	
  0.1	
  x	
  105	
  and	
  3.1	
  ±	
  0.2	
  x	
  105	
  s–1,	
  respectively.	
  	
  With	
  the	
  
respective	
  radiative	
  and	
  observed	
  rates	
  for	
  each	
  sublevel,	
  the	
  
quantum	
  yields	
  were	
  calculated	
  as	
  37	
  ±	
  2%	
  and	
  64	
  ±	
  3%	
  for	
  II	
  and	
  III	
  
respectively,	
  while	
  the	
  quantum	
  yield	
  of	
  sublevel	
  I	
  already	
  
measured	
  as	
  shown	
  in	
  Fig.	
  3	
  (bottom)	
  was	
  20	
  ±	
  1%.	
  The	
  values	
  of	
  
the	
  photophysical	
  parameters	
  associated	
  with	
  the	
  three	
  triplet	
  
sublevels	
  thus	
  obtained	
  are	
  collected	
  in	
  Table	
  1.	
  

Table	
  1.	
  Values	
  of	
  Ei,	
  ki,	
  kr,i	
  and	
  fi	
  for	
  the	
  ith	
  triplet	
  sublevel	
  of	
  1	
  
obtained	
  from	
  application	
  of	
  Eqs.	
  1-­‐5.	
  	
  	
  

ith	
  
sublevel	
  

Ei	
  (cm
–1)	
   ki	
  (s

–1)	
   kr,i	
  (s
–1)	
   φ i	
  (%)	
  

I	
   0	
   3.3	
  ±	
  0.1	
  x	
  103	
   6.5	
  ±	
  0.1	
  x	
  102	
   20	
  ±	
  1	
  

II	
   43	
  ±	
  1	
   5.0	
  ±	
  0.1	
  x	
  105	
   1.9	
  ±	
  0.1	
  x	
  105	
   37	
  ±	
  2	
  

III	
   150	
  ±	
  11	
   5.0	
  ±	
  0.2	
  x	
  105	
   3.1	
  ±	
  0.2	
  x	
  105	
   64	
  ±	
  3	
  

	
  

Using	
  a	
  Boltzmann-­‐type	
  expression	
  for	
  the	
  thermal	
  average	
  decay	
  
rate,	
  krad,	
  analogous	
  to	
  Eq.	
  1	
  and	
  inserting	
  the	
  ZFS	
  and	
  sublevel	
  
radiative	
  rates,	
  a	
  value	
  for	
  krad	
  at	
  295	
  K	
  was	
  calculated,	
  the	
  
reciprocal	
  of	
  which	
  gave	
  the	
  radiative	
  decay	
  time	
  constant	
  as	
  7.58	
  
ms.	
  	
  This	
  value	
  is	
  in	
  good	
  agreement	
  with	
  the	
  value	
  of	
  6.47	
  ms	
  
determined	
  by	
  using	
  the	
  observed	
  decay	
  rate	
  and	
  the	
  quantum	
  
yield	
  at	
  295	
  K	
  in	
  PMMA,	
  and	
  with	
  the	
  previously	
  determined	
  value	
  
of	
  8.3	
  ms,73	
  albeit	
  in	
  a	
  different	
  environment	
  in	
  solution.	
  

Next,	
  the	
  possibility	
  was	
  considered	
  that	
  in	
  a	
  model	
  of	
  localized	
  
excited	
  states	
  the	
  inhomogeneous	
  broadening96-­‐99	
  in	
  the	
  PMMA	
  
host	
  was	
  so	
  large	
  that	
  it	
  could	
  result	
  in	
  a	
  large	
  difference	
  in	
  the	
  
energy	
  of	
  sublevel	
  I	
  localized	
  on	
  one	
  ligand	
  of	
  the	
  di-­‐nuclear	
  
complex	
  from	
  that	
  on	
  the	
  other	
  ligand.	
  	
  This	
  implies	
  that	
  a	
  total	
  of	
  
six	
  sublevels	
  having	
  all	
  different	
  energies	
  would	
  be	
  involved	
  in	
  the	
  
Boltzmann	
  thermal	
  population	
  model	
  for	
  the	
  excited	
  state	
  decay	
  
rate.	
  	
  This	
  raises	
  the	
  question	
  of	
  whether	
  the	
  apparent	
  large	
  ZFS	
  

determined	
  above	
  could	
  in	
  reality	
  be	
  comprised	
  of	
  two	
  smaller	
  
triplet	
  ZFS	
  having	
  different	
  relative	
  energies.	
  	
  Making	
  the	
  matter	
  
even	
  more	
  complex,	
  there	
  would	
  be	
  a	
  distribution	
  of	
  the	
  energy	
  
differences	
  between	
  the	
  two	
  localized	
  triplets	
  at	
  differing	
  
host/guest	
  sites	
  across	
  the	
  sample.	
  	
  This	
  situation	
  would	
  necessarily	
  
lead	
  to	
  a	
  broad	
  distribution	
  of	
  decay	
  times	
  if	
  there	
  were	
  a	
  wide	
  
distribution	
  of	
  energy	
  differences	
  between	
  the	
  two	
  triplets	
  at	
  
different	
  sites.	
  	
  However,	
  this	
  is	
  clearly	
  not	
  the	
  case	
  here,	
  because	
  
in	
  the	
  Kohlrausch	
  analysis,	
  the	
  parameter	
  β	
  was	
  found	
  to	
  be	
  very	
  
close	
  to	
  unity	
  at	
  all	
  temperatures,	
  experimentally	
  demonstrating	
  
that	
  the	
  distribution	
  of	
  observed	
  decay	
  time	
  constants	
  was	
  in	
  fact	
  
not	
  very	
  wide.	
  The	
  decay	
  time	
  was	
  essentially	
  constant	
  over	
  the	
  
range	
  1.7	
  to	
  6	
  K,	
  giving	
  no	
  evidence	
  of	
  population	
  of	
  any	
  higher	
  
lying	
  sublevel(s)	
  in	
  the	
  corresponding	
  energy	
  range	
  and	
  therefore	
  
no	
  evidence	
  for	
  smaller	
  EII	
  values.	
  The	
  overall	
  fit	
  of	
  Eq.	
  1	
  (Fig.	
  6)	
  to	
  
the	
  data	
  is	
  quantitatively	
  satisfying.	
  	
  Finally,	
  the	
  radiative	
  decay	
  rate	
  
predicted	
  for	
  295	
  K	
  using	
  the	
  Ei	
  and	
  kr,i	
  	
  values	
  from	
  the	
  low	
  
temperature	
  fits	
  was	
  in	
  good	
  agreement	
  with	
  that	
  found	
  
experimentally.	
  	
  We	
  therefore	
  find	
  no	
  experimental	
  evidence	
  that	
  
local	
  variations	
  in	
  the	
  host/guest	
  cage	
  were	
  strong	
  enough	
  to	
  
induce	
  large	
  differences	
  in	
  the	
  electronic	
  origins	
  between	
  MMLCT	
  
triplets	
  if	
  they	
  were	
  to	
  be	
  localized	
  on	
  one	
  half	
  of	
  the	
  molecule	
  or	
  
the	
  other,	
  at	
  least	
  not	
  for	
  a	
  significant	
  portion	
  of	
  the	
  molecules	
  in	
  
the	
  sample.	
  Therefore	
  we	
  favor	
  a	
  model	
  where	
  the	
  fit	
  of	
  the	
  
observed	
  intensity	
  decay	
  data	
  by	
  Eq.	
  1	
  provides	
  the	
  best	
  measure	
  of	
  
the	
  ZFS	
  and	
  sublevel	
  decay	
  rates	
  for	
  the	
  emissive	
  state	
  of	
  1.	
  

In	
  this	
  regard,	
  it	
  is	
  noted	
  that	
  the	
  temperature	
  dependence	
  of	
  
decay	
  rates	
  for	
  other	
  triplet	
  emitters	
  in	
  amorphous	
  hosts,	
  such	
  as	
  
[Ru(bpy)3]

2+	
  95	
  and	
  Ir(ppy)3,
96,	
  108	
  have	
  similarly	
  been	
  fit	
  by	
  Eq.	
  1.	
  	
  

Moreover,	
  these	
  benchmark	
  triplet	
  emitters	
  have	
  also	
  been	
  
examined	
  in	
  single-­‐crystal	
  and	
  polycrystalline	
  hosts.	
  	
  Some	
  
differences	
  are	
  of	
  course	
  expected	
  from	
  differences	
  in	
  host	
  
environment.	
  	
  Importantly	
  though,	
  the	
  ZFS	
  obtained	
  for	
  amorphous	
  
solid	
  matrices	
  by	
  the	
  application	
  of	
  Eq.	
  1	
  were	
  not	
  very	
  different	
  
from	
  those	
  directly	
  observed	
  in	
  the	
  highly	
  resolved	
  spectra	
  in	
  
crystalline	
  matrices	
  featuring	
  little	
  inhomogeneous	
  broadening.	
  	
  In	
  
the	
  case	
  of	
  [Ru(bpy)3]

2+,	
  the	
  ZFS	
  found	
  in	
  PMMA	
  by	
  fitting	
  Eq.	
  1	
  to	
  
the	
  measured	
  decay	
  rates95	
  was	
  almost	
  the	
  same	
  as	
  was	
  found	
  in	
  
high-­‐resolution,	
  experiments	
  applying	
  crystalline	
  matrices.110,	
  111	
  	
  
We	
  analyzed	
  decays	
  of	
  this	
  archetypal	
  emitter	
  having	
  significant	
  
MLCT	
  character	
  in	
  PMMA	
  (0.5	
  wt	
  %)	
  as	
  a	
  comparison	
  	
  and	
  found	
  
values	
  of	
  the	
  Kohlrausch	
  parameter	
  β	
  between	
  0.95	
  and	
  0.96	
  from	
  
77	
  K	
  to	
  200	
  K,	
  very	
  similar	
  to	
  values	
  reported	
  above	
  for	
  1.	
  	
  For	
  
Ir(ppy)3,	
  EIII	
  was	
  estimated	
  to	
  vary	
  over	
  a	
  range	
  between	
  114	
  to	
  135	
  
cm–1	
  in	
  PMMA	
  by	
  separately	
  fitting	
  short	
  and	
  long	
  time	
  components	
  
of	
  the	
  intensity	
  decays	
  by	
  Eq.	
  1,	
  while	
  the	
  ZFS	
  of	
  the	
  dominant	
  site	
  
in	
  frozen	
  polycrystalline	
  CH2Cl2	
  was	
  found	
  to	
  be	
  170	
  cm

–1	
  in	
  highly	
  
resolved	
  spectra.96	
  	
  The	
  ZFS	
  of	
  Pt(pop)	
  (~41	
  cm-­‐1)	
  showed	
  no	
  
significant	
  differences	
  in	
  a	
  glassy	
  matrix	
  or	
  in	
  various	
  crystalline	
  
forms.56	
  

The	
  total	
  ZFS	
  for	
  1	
  (150	
  cm–1)	
  is	
  significantly	
  larger	
  than	
  those	
  found	
  
for	
  mononuclear	
  Pt(II)	
  cyclometalates	
  involving	
  ppy	
  (32	
  cm–1	
  for	
  
Pt(ppy)2;

89	
  11.5	
  cm–1	
  for	
  Pt(ppy)(acac);90	
  23	
  cm–1	
  for	
  a	
  tetradentate	
  
complex	
  comprising	
  two	
  covalently	
  linked	
  ppy	
  units.7)	
  	
  The	
  emissive	
  
states	
  of	
  the	
  cited	
  literature	
  Pt(II)	
  cyclometalates	
  have	
  been	
  
assigned	
  as	
  mainly	
  LC	
  with	
  a	
  moderate	
  admixture	
  of	
  MLCT	
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character	
  based	
  on	
  the	
  vibronic	
  structure	
  of	
  the	
  respective	
  emission	
  
spectra,	
  the	
  low	
  extinction	
  coefficient	
  of	
  the	
  resolved	
  S0	
  to	
  T1	
  
absorption,	
  and	
  the	
  moderate	
  ZFS.	
  	
  The	
  larger	
  ZFS	
  of	
  1	
  provided	
  
experimental	
  evidence	
  that	
  its	
  emissive	
  state	
  has	
  much	
  more	
  metal	
  
orbital	
  character,	
  consistent	
  with	
  the	
  earlier	
  assignment73	
  as	
  a	
  
MMLCT	
  transition	
  arising	
  from	
  the	
  dz2	
  σ*	
  HOMO.	
  	
  This	
  large	
  ZFS	
  
places	
  1	
  among	
  complexes	
  of	
  other	
  3rd	
  row	
  metals	
  exhibiting	
  the	
  
largest	
  reported	
  values	
  of	
  ZFS.	
  	
  The	
  deep	
  red	
  MLCT	
  emitter	
  
Os(bpy)3

2+	
  exhibited	
  a	
  EIII	
  in	
  single-­‐crystal	
  hosts	
  of	
  211	
  cm
–1.112-­‐114	
  	
  

As	
  already	
  mentioned,	
  Ir(ppy)3	
  was	
  found	
  to	
  have	
  an	
  EIII	
  of	
  170	
  cm
–1	
  

in	
  frozen	
  CH2Cl2,	
  and	
  somewhat	
  smaller	
  values	
  in	
  frozen	
  THF	
  or	
  
PMMA.96	
  	
  ZFS	
  of	
  a	
  large	
  number	
  of	
  other	
  d6	
  and	
  d8	
  metal	
  complexes	
  
have	
  been	
  tabulated.93,	
  94	
  

The	
  high	
  degree	
  of	
  metal	
  orbital	
  participation	
  in	
  the	
  MMLCT	
  excited	
  
state	
  indicated	
  by	
  the	
  large	
  ZFS	
  raises	
  the	
  question	
  whether	
  the	
  
coupling	
  through	
  the	
  σ*	
  (dz2)	
  orbital	
  could	
  be	
  greater	
  than	
  the	
  
localization	
  energy	
  from	
  variations	
  in	
  the	
  host/guest	
  cage,	
  resulting	
  
in	
  the	
  emissive	
  state	
  being	
  delocalized	
  over	
  both	
  halves	
  of	
  the	
  
molecule.	
  	
  The	
  data	
  do	
  not	
  allow	
  us	
  to	
  distinguish	
  whether	
  the	
  
triplet	
  excited	
  state	
  is	
  delocalized	
  over	
  both	
  halves	
  of	
  the	
  molecule,	
  
or	
  localized	
  to	
  one	
  half	
  of	
  the	
  molecule.	
  We	
  note	
  that	
  
corresponding	
  investigations	
  have	
  been	
  carried	
  out	
  for	
  Ru(bpy)3

2+	
  
and	
  Os(bpy)3

2+	
  using	
  heteroleptic	
  compounds	
  with	
  deuterated	
  and	
  
protonated	
  ligands,	
  respectively,	
  to	
  address	
  this	
  question.110,	
  113	
  But	
  
if	
  the	
  localized	
  situation	
  is	
  realized,	
  then	
  according	
  to	
  the	
  preceding	
  
analysis,	
  it	
  may	
  be	
  concluded	
  that,	
  relative	
  to	
  the	
  ZFS,	
  there	
  are	
  not	
  
significant	
  differences	
  in	
  energy	
  of	
  the	
  triplet	
  localized	
  onto	
  the	
  
second	
  half	
  compared	
  to	
  that	
  on	
  the	
  first	
  arising	
  from	
  local	
  
variation	
  in	
  environment.	
  

In	
  Pt(pop)	
  and	
  Pt(pop-­‐BF2),	
  the	
  lowest	
  energy	
  excited	
  states,	
  S1	
  and	
  
T1,	
  have	
  been	
  assigned	
  to	
  σ*	
  (dz2)	
  →	
  σ	
  (pz)	
  transitions	
  within	
  the	
  Pt-­‐
Pt	
  core.	
  	
  In	
  these	
  high-­‐symmetry	
  (approximate	
  D4h)	
  dinuclear	
  
complexes,	
  the	
  lowest	
  triplet	
  splits	
  into	
  a	
  non-­‐degenerate	
  sublevel	
  
and	
  a	
  two-­‐fold	
  degenerate	
  sublevel	
  with	
  ZFS	
  of	
  40	
  to	
  50	
  cm–1.55-­‐57,	
  67	
  	
  	
  
The	
  Boltzmann	
  distribution	
  according	
  to	
  this	
  model	
  having	
  one	
  non-­‐
degenerate	
  and	
  one	
  doubly	
  degenerate	
  sublevel	
  did	
  not	
  provide	
  a	
  
good	
  fit	
  to	
  the	
  experimental	
  decay	
  temperature	
  dependence	
  for	
  1.	
  	
  	
  

The	
  spectral	
  and	
  photophysical	
  properties	
  of	
  1	
  are	
  distinct	
  from	
  
those	
  of	
  Pt(pop)	
  and	
  Pt(pop-­‐BF2)	
  	
  in	
  other	
  ways	
  as	
  well.	
  	
  The	
  most	
  
unusual	
  property	
  of	
  the	
  latter	
  complexes	
  was	
  that	
  the	
  intersystem	
  
crossing	
  rate	
  between	
  S1	
  and	
  T1	
  was	
  extremely	
  slow,	
  resulting	
  in	
  
both	
  fluorescence	
  and	
  phosphorescence.	
  	
  But	
  there	
  was	
  no	
  
indication	
  of	
  such	
  slow	
  ISC	
  in	
  1.	
  	
  The	
  	
  S0	
  →	
  S1	
  and	
  S0	
  →	
  T1	
  absorption	
  
bands	
  of	
  Pt(pop)	
  and	
  Pt(pop-­‐BF2),	
  both	
  of	
  	
  σ*	
  (dz2)	
  →	
  σ(pz)	
  
parentage,	
  were	
  well-­‐separated	
  and	
  the	
  S1-­‐T1	
  energy	
  gap	
  can	
  be	
  
estimated	
  from	
  the	
  respective	
  λmax	
  to	
  be	
  5,124	
  cm

–1	
  for	
  Pt(pop)54	
  
and	
  5,370	
  cm–1	
  for	
  Pt(pop-­‐BF2).

66	
  The	
  corresponding	
  emission	
  bands	
  
were	
  well-­‐separated	
  as	
  well	
  and	
  lead	
  to	
  similar	
  estimates	
  for	
  S1-­‐T1.	
  	
  
In	
  contrast,	
  the	
  S0	
  →	
  T1	
  absorption	
  was	
  not	
  resolved	
  for	
  1	
  (Fig.	
  2).

73	
  
Although	
  this	
  suggests	
  a	
  smaller	
  S1-­‐T1	
  gap,	
  it	
  cannot	
  be	
  directly	
  
estimated.	
  	
  But	
  the	
  apparent	
  Stokes	
  shifts	
  from	
  the	
  S0	
  →	
  S1	
  
absorption	
  λmax	
  to	
  the	
  S0	
  →	
  T1	
  emission	
  λmax	
  may	
  be	
  compared.	
  	
  The	
  
Stokes	
  shift	
  for	
  1	
  in	
  solution73	
  was	
  5911	
  cm–1,	
  whereas	
  it	
  was	
  7,906	
  
cm–1	
  for	
  Pt(pop)54	
  and	
  7866	
  cm–1	
  Pt(pop-­‐BF2).

66	
  	
  These	
  values	
  
suggest	
  that	
  the	
  S1-­‐T1	
  gap	
  was	
  about	
  2,000	
  cm

–1	
  smaller	
  for	
  1	
  than	
  

for	
  the	
  latter	
  two	
  complexes.	
  	
  A	
  small	
  S1-­‐T1	
  gap	
  is	
  consistent	
  with	
  
the	
  assignment	
  as	
  a	
  type	
  of	
  charge	
  transfer	
  transition.115	
  	
  

However,	
  Pt(pop),	
  Pt(pop-­‐BF2),	
  and	
  1	
  do	
  share	
  a	
  striking	
  
commonality	
  in	
  the	
  degree	
  to	
  which	
  emission	
  from	
  sublevel	
  I	
  was	
  
so	
  highly	
  forbidden	
  with	
  radiative	
  decay	
  times	
  estimated	
  as	
  1.5,	
  
1.7,55	
  and	
  8.6	
  ms,67	
  respectively.	
  	
  Among	
  mononuclear	
  Pt(II)	
  and	
  
Ir(III)	
  complexes,	
  only	
  those	
  that	
  were	
  classified	
  as	
  highly	
  LC	
  
exhibited	
  values	
  even	
  close	
  to	
  these	
  long	
  lifetimes.93,	
  94	
  	
  

According	
  to	
  the	
  published	
  empirical	
  correlation	
  between	
  ZFS	
  and	
  
radiative	
  lifetime	
  developed	
  for	
  mononuclear	
  d6	
  and	
  d8	
  emitters	
  of	
  
the	
  LC/MLCT	
  type,92-­‐94	
  a	
  total	
  ZFS	
  splitting	
  as	
  large	
  as	
  150	
  cm–1	
  

would	
  predict	
  a	
  radiative	
  lifetime	
  at	
  300	
  K	
  of	
  about	
  1.5	
  to	
  2	
  ms,	
  
whereas	
  the	
  calculated	
  value	
  for	
  1	
  using	
  the	
  ZFS	
  and	
  decay	
  rates	
  
determined	
  here	
  was	
  about	
  7.6	
  ms.	
  In	
  the	
  case	
  of	
  Pt(pop-­‐BF2),	
  the	
  
total	
  ZFS	
  of	
  40	
  cm–1	
  would	
  lead	
  to	
  a	
  prediction	
  of	
  about	
  2	
  to	
  3	
  ms	
  
for	
  krad	
  at	
  300	
  K,	
  whereas	
  we	
  calculate	
  a	
  value	
  of	
  7.2	
  ms	
  using	
  the	
  
published	
  ZFS	
  and	
  sublevel	
  decay	
  rates.67	
  	
  It	
  must	
  be	
  emphasized,	
  
however,	
  that	
  no	
  analytical	
  expression	
  relates	
  the	
  ZFS	
  to	
  the	
  
radiative	
  decay	
  rate	
  because	
  the	
  later	
  depends	
  only	
  upon	
  SOC	
  to	
  
singlet	
  states,	
  while	
  the	
  former	
  includes	
  SOC	
  and	
  configuration	
  
interaction	
  to	
  higher	
  lying	
  triplet	
  states.93,	
  94,	
  116	
  We	
  believe	
  that	
  the	
  
different	
  relation	
  between	
  ZFS	
  and	
  decay	
  time	
  reported	
  here	
  for	
  1	
  
reflects	
  upon	
  the	
  unique	
  geometry	
  and	
  consequently	
  different	
  
details	
  of	
  electronic	
  structure	
  and	
  SOC	
  pathways	
  in	
  the	
  distinct	
  class	
  
of	
  emitters	
  represented	
  by	
  1.	
  

Conclusions	
  

A	
  representative	
  of	
  a	
  class	
  of	
  dinuclear,	
  cyclometalated	
  Pt	
  
complexes	
  featuring	
  MMLCT	
  emission	
  was	
  examined	
  for	
  the	
  
first	
  time	
  by	
  low	
  temperature	
  emission	
  decay	
  kinetics	
  (1.7	
  K	
  <	
  
T	
  <	
  100	
  K).	
  	
  Analysis	
  of	
  the	
  photoluminescence	
  intensity	
  decays	
  
of	
  the	
  complex	
  doped	
  into	
  a	
  polymer	
  host	
  by	
  the	
  Kohlrausch-­‐
Williams-­‐Watts	
  function	
  revealed	
  small	
  deviations	
  from	
  single-­‐
exponential	
  decay.	
  It	
  was	
  concluded	
  that	
  the	
  polymer	
  induces	
  
only	
  a	
  moderate	
  distribution	
  of	
  emission	
  decay	
  times	
  due	
  to	
  
local	
  variations	
  in	
  the	
  host/guest	
  cage.	
  The	
  temperature	
  
dependence	
  of	
  the	
  average	
  decay	
  times	
  was	
  modeled	
  well	
  by	
  a	
  
Boltzmann-­‐type	
  expression	
  for	
  one	
  emissive	
  triplet	
  state.	
  	
  The	
  
resultant	
  total	
  ZFS	
  was	
  large	
  (150	
  cm–1)	
  due	
  to	
  the	
  high	
  degree	
  
of	
  metal-­‐orbital	
  participation	
  in	
  the	
  transition.	
  
Photoluminescence	
  emission	
  from	
  the	
  lowest	
  triplet	
  sublevel	
  
was	
  unusually	
  strongly	
  forbidden	
  with	
  a	
  radiative	
  decay	
  
constant	
  of	
  approximately	
  1.5	
  ms.	
  The	
  combined	
  data	
  
illustrate	
  the	
  importance	
  of	
  determining	
  these	
  low	
  
temperature	
  photophysical	
  properties	
  and	
  ZFS	
  parameters	
  in	
  
order	
  to	
  reveal	
  the	
  nature	
  and	
  the	
  degree	
  of	
  metal	
  orbital	
  
participation	
  in	
  these	
  excited	
  states.	
  Future	
  experimentation	
  
on	
  related	
  dimeric	
  structures	
  with	
  systematic	
  variation	
  in	
  
geometry	
  (metal-­‐metal	
  angular	
  overlap	
  in	
  particular)	
  and	
  
chromophoric	
  ligand	
  will	
  likely	
  reveal	
  more	
  details	
  regarding	
  
the	
  Pt-­‐Pt	
  and	
  the	
  Pt-­‐ligand	
  interactions	
  that	
  ultimately	
  control	
  
the	
  photophysical	
  and	
  photochemical	
  properties	
  of	
  these	
  
molecules.	
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