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Synthesis	  of	  S-‐Pyr,	  Se-‐Pyr,	  and	  S-‐Th-‐5-‐PO(OEt)2	  

 
Se-‐Pyr:	  
Lithium	  aluminum	  hydride	  (33	  mg,	  0.869	  mmol,	  3.0	  eq)	  was	  added	  to	  a	  stirred	  solution	  of	  Se-‐
xanthone1	   (100mg,	   0.290	   mmol,	   1.0	   eq)	   and	   the	   resulting	   solution	   was	   stirred	   at	   ambient	  
temperature	  for	  12	  h.	  The	  reaction	  was	  quenched	  by	  the	  slow	  addition	  of	  aqueous	  5%	  HPF6	  (2	  
mL)	  and	  the	  resulting	  mixture	  was	  poured	  into	  100	  mL	  of	  aqueous	  10%	  HPF6.	  After	  stirring	  for	  
12	   h,	   the	   precipitate	  was	   collected	   via	   filtration	   and	  washed	  with	  water	   (50	  mL)	   and	   diethyl	  
ether	  (4	  x	  25	  mL).	  	  The	  crude	  product	  was	  recrystallized	  from	  acetonitrile	  to	  give	  90	  mg	  (65%)	  of	  
Se-‐Pyr	  as	  a	  dark	  green	  solid,	  m.p.	  1H	  NMR	  (500	  MHz,	  CD2Cl2:CD3CN)	  δ	  	  8.22	  (s,	  1	  H),	  7.94	  (d,	  1	  H,	  
J	  =	  10.0	  Hz),	  7.24	  (d,	  1	  H,	  J	  =	  2.0	  Hz),	  7.06	  (d	  x	  d,	  1	  H,	  J	  =	  9.0,	  2.0),	  3.29	  (s,	  12	  H);	  HRMS	  (ESI)	  m/z	  

331.0708	   (calcd	   for	  C17H19N2
80Se:	  331.0708);	  λmax	   in	  CH2Cl2	   (ε,	  M

-‐1	   cm-‐1)	  571	  nm	   (1.26	  x	  105),	  

λmax	  in	  MeOH	  (ε,	  M-‐1	  cm-‐1)	  567	  nm	  (9.20	  x	  104),	  mp	  =	  248-‐250	  oC.	  
	  
S-‐Pyr:	  
Lithium	   aluminum	  hydride	   (42	  mg,	   1.01	  mmol,	   3.0	   eq)	  was	   added	   to	   a	   stirred	   solution	   of	   S-‐
xanthone1	   (100	   mg,	   0.335	   mmol,	   1.0	   eq)	   and	   the	   resulting	   solution	   was	   stirred	   at	   ambient	  
temperature	  for	  12	  h.	  The	  reaction	  was	  quenched	  by	  the	  slow	  addition	  of	  aqueous	  5%	  HPF6	  (2	  
mL)	  and	  the	  resulting	  mixture	  was	  poured	  into	  100	  mL	  of	  aqueous	  10%	  HPF6.	  After	  stirring	  for	  
12	   h,	   the	   precipitate	  was	   collected	   via	   filtration	   and	  washed	  with	  water	   (30	  mL)	   and	   diethyl	  
ether	  (4	  x	  25	  mL).	  The	  crude	  dye	  was	  recrystallized	  in	  acetonitrile	  to	  give	  23	  mg	  (16%)	  of	  S-‐Pyr	  
as	  a	  green	  solid,	  m.p.	  1H	  NMR	  (500	  MHz,	  CH2Cl2)	  δ	  8.33	  (s,	  1	  H),	  7.91	  (d,	  2	  H,	  J	  =	  9	  Hz),	  7.13	  (d	  x	  
d,	   2	   H,	   J	   =	   9.5,	   2.5	   Hz),	   7.07	   (s,	   2	   H),	   3.31	   (s,	   12	   H);	   HRMS	   (ESI)	   m/z	   283.1263	   (calcd	   for	  

C17H19N2S
+:	  283.1263);	  λmax	  (CH2Cl2)	  563	  nm	  (ε	  =	  1.24	  x	  105	  M-‐1cm-‐1),	  λmax	  (CH3OH)	  559	  nm	  (ε	  =	  

8.86	  x	  104	  M-‐1cm-‐1),	  mp	  =	  254-‐257	  oC.	  

S-‐Th-‐5-‐PO(OEt)2:	  

The	  literature	  procedure2	  described	  for	  the	  synthesis	  of	  O-‐Th-‐5-‐PO(OEt)2	  and	  Se-‐Th-‐5-‐PO(OEt)2	  	  
was	  followed	  to	  prepare	  S-‐Th-‐5-‐PO(OEt)2.	  n-‐Butyllithium	  (1.55	  M	  in	  hexanes,	  1.48	  mL,	  2.30	  
mmol)	  was	  added	  dropwise	  to	  a	  stirred	  solution	  of	  thiophene	  (0.184	  mL,	  2.30	  mmol)	  and	  
N,N,N’,N’-‐tetramethylethylenediamine	  (0.347	  mL,	  2.30	  mmol)	  in	  50	  mL	  of	  anhydrous	  anhydrous	  
tetrahydrofuran	  (THF)	  at	  –78	  °C.	  	  After	  25	  min,	  the	  resulting	  solution	  was	  transferred	  via	  
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cannula	  to	  a	  solution	  of	  diethyl	  phosphorochloridate	  (0.332	  mL,	  2.30	  mmol)	  dissolved	  in	  5	  mL	  of	  
THF	  at	  ambient	  temperature.	  	  The	  resulting	  mixture	  was	  heated	  at	  50	  °C	  for	  15	  min	  and	  then	  
cooled	  again	  to	  –78	  °C.	  	  A	  solution	  of	  LDA	  prepared	  from	  diisopropylamine	  (0.357	  mL,	  2.53	  
mmol)	  and	  n-‐butyllithium	  (1.55	  M	  in	  hexanes,	  1.48	  mL,	  2.30	  mmol)	  in	  5	  mL	  of	  anhydrous	  THF	  
was	  added.	  	  The	  resulting	  mixture	  was	  stirred	  5	  min	  at	  –78	  °C	  before	  the	  mixture	  was	  
transferred	  via	  cannula	  to	  a	  stirred	  solution	  of	  S-‐xanthone1	  (229	  mg,	  0.767	  mmol)	  dissolved	  in	  5	  
mL	  of	  anhydrous	  THF	  at	  ambient	  temperature.	  The	  resulting	  mixture	  was	  heated	  at	  50	  °C	  for	  30	  
min.	  	  Acetic	  acid	  (1	  mL)	  was	  added,	  and	  the	  resulting	  mixture	  was	  poured	  into	  a	  10%	  v/v	  
solution	  of	  stirred,	  cold,	  aqueous	  HPF6	  (50	  mL).	  After	  1	  h,	  the	  precipitate	  was	  collected	  and	  
washed	  with	  water	  (5	  mL)	  and	  diethyl	  ether	  (5	  mL).	  The	  product	  was	  purified	  via	  column	  
chromatography	  (SiO2,	  10%	  diethyl	  ether/CH2Cl2	  followed	  by	  10%	  MeOH/CH2Cl2.	  The	  product-‐
containing	  fractions	  were	  concentrated	  under	  reduced	  pressure	  yielding	  304	  mg	  (61%)	  of	  dark	  
blue	  crystals,	  mp	  227–229	  °C.	  	  1H	  NMR	  (500	  MHz,	  CD3CN)	  δ	  7.77	  (dd,	  1	  H,	  J	  =	  3.5,	  9.0	  Hz),	  7.53	  
(d,	  2	  H,	  J	  =	  10	  Hz),	  7.35	  (t,	  1	  H,	  J	  =	  3.5),	  7.22	  (d,	  2	  H,	  J	  =	  2.5	  Hz),	  7.06	  (dd,	  2	  H,	  J	  =	  2.5,	  10	  Hz),	  4.19	  
(m,	  4	  H),	  3.24	  (s,	  12	  H),	  1.34	  (t,	  6	  H,	  J	  =	  7.5	  Hz);	  13C	  NMR	  (125.7	  MHz,	  CD3CN)	  δ	  154.6,	  145.9,	  
144.7,	  138.3,	  137.4	  (d,	  J	  =	  10.4	  Hz),	  136.4,	  133.0	  (d,	  J	  =	  17.3	  Hz),	  120.3,	  116.8,	  110.1,	  106.7,	  64.0	  

(d,	  J	  =	  5.8	  Hz),	  16.7	  (d,	  J	  =	  5.8	  Hz);	  	  λmax	  (CH2CN)	  618	  nm	  (�	  =	  6.1	  ×	  104	  M-‐1	  cm-‐1);	  HRMS	  (EI)	  m/z	  
501.1430	  (calcd	  for	  C29H27O3N2PS2

+:	  501.1430).	  

	  

Further	  details	  on	  the	  synthesis	  of	  O/S/Se-‐Th-‐5-‐CO2H:	  

An	  error	  in	  publication	  eliminated	  some	  important	  structures	  in	  ref.	  35	  in	  the	  main	  text	  (Gannon	  

and	  Detty,	  J.Org.	  Chem.	  2007,	  72,	  2647.).	  	  The	  synthetic	  details	  in	  Reference	  35	  refer	  to	  the	  following	  
structures	  for	  the	  xanthones	  and	  dyes	  O-‐Th-‐5-‐CO2H,	  S-‐Th-‐5-‐CO2H,	  and	  Se-‐Th-‐5-‐CO2H:	  
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Figure	  S1:	  Plots	  of	  area	  of	  fluorescence	  intensity	  versus	  absorption	  at	  wavelength	  of	  excitation	  for	  O-‐Ph	  

and	  standard	  Rhodamine	  6G.	  The	  other	  quantum	  yield	  values	  were	  measured	  in	  the	  same	  way	  against	  

their	  respective	  standards.	  
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Figure	  S2:	  (a)	  Absorption	  spectra	  of	  O-‐Pyr,	  O-‐Ph,	  and	  O-‐Th	  in	  MeCN	  and	  CH2Cl2 .	  (b)	  Absorption	  spectra	  

of	   S-‐Pyr,	   S-‐Ph,	   and	   S-‐Th	   in	  MeCN	   and	   CH2Cl2 .	   (c)	   Absorption	   spectra	   of	   Se-‐Pyr,	   Se-‐Ph,	   and	   Se-‐Th	   in	  

MeCN	  and	  CH2Cl2 .	  

	  

Crystallography	  

	   Crystal	   structures	   for	   dyes	  O-‐Ph	   and	  O-‐Th	   were	   obtained	   in	   this	   work.	   Structures	   have	   been	  

deposited	   in	   the	  Cambridge	  Crystallographic	  Data	  Centre,	  CCDC	  1446523-‐1446524.	   	   In	  structure	  O-‐Ph,	  

the	  asymmetric	  unit	  contains	  one	  cation	  and	  one	  anion	  in	  general	  positions.	  The	  pendant	  phenyl	  ring	  is	  

modeled	   as	   disordered	   over	   two	   positions	   (0.57:0.43).	   Off-‐center	   parallel	   pi-‐stacking	   motifs	   link	  

molecules	  in	  columns	  throughout	  the	  crystal	  with	  alternating	  planar	  distances	  of	  approximately	  3.3	  and	  

3.4	  Å.	   The	  angle	  between	   the	  plane	  of	   the	   fused	   rings	   and	   that	  of	   the	  pendant	  phenyl	   ring	   is	   59.8(2)	  

degrees.	  In	  structure	  O-‐Th,	  the	  asymmetric	  unit	  contains	  one	  cation	  and	  one	  anion	  in	  general	  positions.	  

The	  pendant	  thiophenyl	  ring	  is	  modeled	  as	  disordered	  over	  two	  positions	  (0.81:0.19).	  Off-‐center	  parallel	  

pi-‐stacking	   links	   alternating	   inverted	   molecules	   along	   the	   [001]	   direction	   with	   planar	   distances	   of	  
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approximately	  3.5	  Å.	  The	  angle	  between	  the	  plane	  of	  the	  fused	  rings	  and	  that	  of	  the	  major	  orientation	  

pendant	  thiophenyl	  ring	  is	  49.3(4)	  degrees.	  In	  structure	  O-‐Th,	  two	  pocket	  volumes	  per	  unit	  cell,	  located	  

at	   crystallographic	   inversion	   centers,	   contained	  highly	   disordered	   solvent	   (likely	  methanol).	   Reflection	  

contributions	  from	  these	  solvent	  volumes	  were	  fixed	  and	  then	  added	  to	  the	  calculated	  structure	  factors	  

using	  the	  Squeeze	  function	  of	  program	  PLATON,3	  which	  determined	  there	  to	  be	  81	  electrons	  in	  263	  Å3	  

accounted	  for.	  	  Because	  the	  exact	  identity	  and	  amount	  of	  solvent	  are	  unknown,	  no	  solvent	  was	  included	  

in	  the	  atom	  list	  or	  the	  molecular	  formula.	  	  Thus	  all	  calculated	  quantities	  that	  derive	  from	  the	  molecular	  

formula	   (e.g.,	   F(000),	   molecular	   weight,	   density,	   etc.)	   are	   known	   to	   be	   incorrect.	   See	   Table	   S1	   for	  

additional	  details.	  

Table	  S1:	  	  Crystal	  data	  summary	  for	  structures	  O-‐Ph	  and	  O-‐Th.	  

	   	   	   	   O-‐Ph	   	   	   	   O-‐Tha	  

Formula	   	   	   C23H23F6N2OP	   	   	   C21H21F6N2OPS
	  

fw	   	   	   	   488.40	   	   	   	   494.43	  

T	  (K)	   	   	   	   100.0(5)	   	   	   100.0(5)	  

cryst	  syst	   	   	   monoclinic	   	   	   monoclinic	  

space	  group	   	   	   P21/c	   	   	   	   P21/c	  

a	  (Å)	   	   	   	   8.1397(9)	   	   	   15.031(2)	  

b	  (Å)	   	   	   	   15.2283(16)	   	   	   21.396(3)	  

c	  (Å)	   	   	   	   18.0213(19)	   	   	   7.4045(11)	  

β	  (deg)	   	   	   	   102.251(2)	   	   	   102.883(3)	  

V	  (Å3)	   	   	   	   2182.9(4)	   	   	   2321.3(6)	  

Z	   	   	   	   4	   	   	   	   4	  

ρcalcd	  (g	  cm
-‐3)	   	   	   1.486	   	   	   	   1.415	  

μ	  (mm-‐1)	   	   	   0.196	   	   	   	   0.272	  

color,	  shape	   	   	   red-‐blue,	  block	   	   	   yellow-‐violet,	  needle	  

reflns	  collected	   	   	   57048	   	   	   	   23326	  

reflns	  independent	   	   11919	   	   	   	   4105	  
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Rint
b	   	   	   	   0.0400	   	   	   	   0.0988	  

reflns	  observed	  	   	   8314	   	   	   	   2636	  

number	  of	  parameters	   	   321	   	   	   	   307	  

GOFc	  on	  F2	   	   	   1.037	   	   	   	   1.014	  

R1	  [I	  >	  2σ(I)]d	   	   	   0.0524	   	   	   	   0.0523	  

wR2e	  (all	  data)	   	   	   0.1622	   	   	   	   0.1289	  

aAn	  unknown	  amount	  of	  solvent	  is	  not	  included	  in	  this	  structure’s	  calculated	  quantities;	  see	  Experimental	  section.	  
bRint	  =	  Σ	  |Fo

2-‐	  <Fo
2>|	  /	  Σ	  Fo

2.	  	  cGOF	  =	  S	  =	  [Σ	  w(Fo
2	  –	  Fc

2)2	  /	  (m	  –	  n)]1/2,	  where	  w	  =	  1	  /	  [σ2(Fo
2)	  +	  (aP)2	  	  +	  bP],	  P	  =	  1/3	  max	  

(0,	  Fo
2)	  +	  2/3Fc

2,	  m	  =	  number	  of	  independent	  reflections,	  and	  n	  =	  number	  of	  parameters.	  	  dR1	  =	  Σ	  ||Fo|	  -‐	  |Fc||	  /	  Σ	  
|Fo|.	  	  

ewR2	  =	  [Σ	  w(Fo
2	  –	  Fc

2)2	  /	  Σ	  wFo
2]1/2.	  

 

	  

	  

Figure	  S3:	  (a)	  Absorption	  spectra	  of	  O-‐Ph-‐p-‐R.	  (b)	  Absorption	  spectra	  of	  O-‐Th-‐5-‐R.	  No	  real	  change	  is	  seen	  

when	  substituting	  out	  a	  carboxylic	  acid	  group	  for	  a	  phosphonate	  ester	  group.	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  __9__	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Sabatini,	  et	  al.	  
	   	   	  

	  
	  

	  
	  
	  

	  

Figure	  S4:	  Cyclic	  voltammograms	  of	  series	  E-‐Ph	  with	  different	  chalcogens.	  

	  

Figure	  S5:	  Cyclic	  voltammograms	  of	  O-‐Ph	  and	  O-‐Ph-‐p-‐PO(OEt)2.	  
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Figure	  S6:	  Cyclic	  voltammogram	  of	  O-‐Ph-‐p-‐PO(OEt)2	  at	  a	  scan	  rate	  of	  1V/s.	  This	  was	  used	  to	  determine	  

the	  half	  wave	  potential	  of	  the	  oxidation.	  

	  

Figure	  S7:	  Cyclic	  voltammograms	  of	  series	  E-‐Th	  with	  different	  chalcogens.	  
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Figure	  S8:	  Cyclic	  voltammograms	  of	  O-‐Th	  and	  O-‐Th-‐5-‐PO(OEt)2.	  

	  

Figure	  S9:	  1st	  and	  2nd	  reduction	  waves	  of	  O-‐Ph,	  O-‐Ph-‐p-‐PO(OEt)2,	  and	  S-‐Ph.	  
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Figure	  S10:	  1st	  and	  2nd	  reduction	  potentials	  of	  O-‐Th,	  O-‐Th-‐5-‐PO(OEt)2,	  and	  S-‐Th.	  

	  

	  	  	  	   	  	  	  	   	  	  	  	   	  

	  

Figure	  S11:	  LUMO	  orbital	  of	  O-‐Th	  with	  different	  held	  thienyl	  –	  xanthylium	  dihedral	  angles.	  90o	  on	  left,	  to	  

60o,	  30o,	  and	  0o	  on	  right.	  
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Figure	  S12:	  (a)	  Transient	  absorption	  spectra	  of	  O-‐Pyr	  in	  MeOH.	  (b)	  EAS	  of	  O-‐Pyr	  in	  MeOH.	  (c)	  Kinetics	  of	  

O-‐Pyr	  in	  MeOH.	  

	  

Figure	  S13:	  EAS	  of	  O-‐Pyr	  in	  MeCN.	  Red	  =	  0.45	  ps,	  Black	  =	  1963	  ps	  
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Figure	  S14:	  EAS	  of	  O-‐Pyr	  in	  CH2Cl2 .	  Red	  =	  0.91	  ps,	  Black	  =	  3610	  ps	  

	  

Figure	  S15:	  EAS	  of	  S-‐Pyr	  in	  MeCN.	  Blue=	  0.45	  ps,	  Black	  =	  2242	  ps,	  Red	  =	  triplet	  state	  (the	  apperance	  of	  SE	  

in	  triplet	  state	  is	  an	  artifact	  of	  low	  signal	  and	  fitting	  long	  time	  constants	  using	  a	  1	  ns	  experiment)	  

	  

Figure	  S16:	  EAS	  of	  S-‐Pyr	  in	  CH2Cl2 .	  Blue	  =	  0.62	  ps,	  Black	  =	  2794	  ps,	  Red	  =	  triplet	  state	  (the	  presence	  of	  SE	  

in	  triplet	  state	  is	  an	  artifact	  of	  fitting	  long	  time	  constants	  using	  a	  1	  ns	  experiment)	  
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Figure	  S17:	  EAS	  of	  O-‐Ph	  in	  MeCN.	  Red	  =	  0.43	  ps,	  Black	  =	  2111	  ps	  

	  

Figure	  S18:	  EAS	  of	  O-‐Ph	  in	  CH2Cl2 .	  Red	  =	  0.96	  ps,	  Black	  =	  3849	  ps	  

	  

Figure	  S19:	  EAS	  of	  S-‐Ph	  in	  MeCN.	  Red	  =	  0.35	  ps,	  Black	  =	  1772	  ps,	  Blue	  =	  triplet	  state	  
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Figure	  S20:	  EAS	  of	  S-‐Ph	  in	  CH2Cl2 .	  Red	  =	  0.47	  ps,	  Black	  =	  2095	  ps,	  Blue	  =	  triplet	  state	  

	  

	  

Figure	  S21:	  EAS	  of	  O-‐Ph-‐o-‐CO2H	  in	  acidified	  MeCN.	  Red	  =	  0.49	  ps,	  Black	  =	  2465	  ps	  

	  

Figure	  S22:	  EAS	  of	  O-‐Ph-‐p-‐CO2H	  in	  acidified	  MeCN.	  Red	  =	  0.36	  ps,	  Black	  =	  1769	  ps	  
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Figure	  S23:	  EAS	  of	  O-‐Ph-‐p-‐PO(OEt)2	  in	  MeCN.	  Red=	  0.35	  ps,	  Black	  =	  2126	  ps	  

	  

Figure	  S24:	  EAS	  of	  O-‐Ph-‐p-‐PO(OEt)2	  in	  CH2Cl2 .	  Red	  =	  0.8	  ps,	  Black	  =	  3494	  ps	  

	  

Figure	  S25:	  EAS	  of	  O-‐Th-‐2-‐CO2H	  in	  acidified	  MeCN.	  Red	  =	  0.53	  ps,	  Black	  =	  2747	  ps	  
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Figure	  S26:	  EAS	  of	  O-‐Th	  in	  MeCN.	  Red	  =	  6.25	  ps,	  Black	  =	  1044	  ps	  

	  

Figure	  S27:	  EAS	  of	  O-‐Th	  in	  CH2Cl2 .	  Red	  =	  6.8	  ps,	  Black	  =	  2674	  ps	  

	  

Figure	  S28:	  EAS	  of	  S-‐Th	  in	  MeCN.	  Black	  =	  38	  ps,	  Red	  =	  105	  ps	  
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Figure	  S29:	  EAS	  of	  S-‐Th	  in	  CH2Cl2 .	  Black	  =	  56	  ps,	  Red	  =	  195	  ps	  

	  

Figure	  S30:	  EAS	  of	  O-‐Th-‐5-‐CO2H	  in	  acidified	  MeCN.	  Black	  =	  7.4	  ps,	  Red	  =	  118	  ps	  

	  

Figure	  S31:	  EAS	  of	  O-‐Th-‐5-‐PO(OEt)2	  in	  MeCN.	  Red	  =	  13.5	  ps,	  Black	  =	  247	  ps	  
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Figure	  S32:	  EAS	  of	  O-‐Th-‐5-‐PO(OEt)2	  in	  CH2Cl2 .	  Black	  =	  13.0	  ps,	  Red	  =	  736	  ps	  

	  

Figure	  S33:	  EAS	  of	  O-‐Th	  in	  1:1	  (v:v)	  methanol	  and	  glycerol	  mixture.	  

	  

	  

Figure	  S34:	  EAS	  of	  Se-‐Pyr	  in	  MeCN.	  Blue	  =	  0.1	  ps,	  Red	  =	  79.5	  ps,	  Black	  =	  triplet	  state	  
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Figure	  S35:	  EAS	  of	  Se-‐Pyr	  in	  CH2Cl2 .	  Blue	  =	  0.2	  ps,	  Red	  =	  51.1	  ps,	  Black	  =	  triplet	  state	  

	  

Figure	  S36:	  EAS	  of	  Se-‐Ph	  in	  MeCN.	  Black	  =	  53	  ps,	  Red	  =	  Triplet	  State	  

	  

Figure	  S37:	  EAS	  of	  Se-‐Ph	  in	  CH2Cl2 .	  Red	  =	  0.5	  ps,	  Black	  =	  35	  ps,	  Blue	  =	  Triplet	  State	  	  
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Figure	  S38:	  EAS	  of	  Se-‐Th	  in	  MeCN.	  Red	  =	  29	  ps,	  Black	  =	  triplet	  state	  

	  

	  

Figure	  S39:	  EAS	  of	  Se-‐Th	  in	  CH2Cl2 .	  Blue	  =	  0.2	  ps,	  Red	  =	  26	  ps,	  Black	  =	  triplet	  state	  

	  

Figure	   S40:	   Spectroelectrochemistry	   of	   O-‐Th.	   The	   spectrum	   of	   the	   ground	   state	   absorption	   was	  
subtracted	  as	  a	  background.	  No	  change	   in	   the	   spectrum	  was	   recorded	  at	  potentials	   less	  positive	   than	  
the	   oxidation	   potential	   (black	   curves).	   A	   positive	   peak	   then	   grows	   in	   to	   the	   red	   of	   the	   ground	   state	  
bleach.	  
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Figure	  S41:	  Linear	  least	  squares	  fit	  of	  calculated	  absorption	  wavelengths	  versus	  experimental	  absorption	  
wavelengths	  (top)	  and	  linear	  fits	  of	  the	  calculated	  versus	  experimental	  transition	  energies	  (bottom).	  In	  
(a),	   the	   coefficient	   of	   determination,	   R2=0.88,	   indicates	   a	   strong	   correlation	   across	   the	   set	   of	  
compounds.	  The	  calculated	  vs	  experimental	  energy	  regressions	  show	  that	  the	  TD-‐DFT	  calculated	  energy	  
is	  consistently	  2877	  ±	  45	  cm-‐1	  above	  the	  observed	  energy	  of	  the	  absorption	  band.	  Note	  that	  there	  is	  a	  
negligible	   improvement	   in	   the	  chi-‐squared	  value	  when	  both	   the	  slope	  and	   intercept	  are	  varied	  versus	  
when	  just	  the	  intercept	  is	  varied.	  	  
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Table	  S2:	  HOMO	  Energies	  and	  Fragment	  Contributions.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
Table	  S3:	  LUMO	  Energies	  and	  Fragment	  Contributions	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	   	   HOMO	  Fragment	  Contributions	  

Dye	  
HOMO	  
Energy	  (eV)	   Chalcogen	  

9	  
position	  

Amino	  
groups	   Aryl	  

Xanthene	  Core	  
(excluding	  C-‐9)	  

O-‐Pyr	   -‐5.96	   	   	   0.42	   N/A	   0.57	  
S-‐Pyr	   -‐5.96	   	   	   0.43	   N/A	   0.57	  
Se-‐Pyr	   -‐5.96	   	   	   0.42	   N/A	   0.57	  
O-‐Ph	   -‐5.96	   	   	   0.43	   	   0.57	  
S-‐Ph	   -‐5.96	   	   	   0.43	   	   0.57	  
Se-‐Ph	   -‐5.96	   	   	   0.42	   	   0.57	  
O-‐Th	   -‐5.96	   	   	   0.43	   	   0.57	  
S-‐Th	   -‐5.98	   	   	   0.43	   	   0.57	  
Se-‐Th	   -‐5.96	   	   	   0.42	   	   0.57	  
O-‐Ph-‐o-‐CO2H	   -‐5.96	   	   	   0.43	   	   0.57	  
O-‐Ph-‐o-‐CO2

-‐	   -‐5.77	   	   	   0.42	   0.01	   0.56	  
O-‐Ph-‐p-‐CO2H	   -‐5.98	   	   	   0.43	   	   0.57	  
O-‐Ph-‐p-‐CO2

-‐	   -‐5.90	   	   	   0.43	   	   0.57	  
O-‐Th-‐2-‐CO2H	   -‐5.97	   	   	   0.43	   	   0.57	  
O-‐Th-‐2-‐CO2

-‐-‐	   -‐5.82	   	   	   0.42	   	   0.57	  
O-‐Th-‐5-‐CO2H	   -‐6.01	   	   	   0.43	   	   0.56	  
O-‐Th-‐5-‐CO2

-‐	   -‐5.90	   	   	   0.43	   	   0.57	  

	   	   LUMO	  Fragment	  Contributions	  

Dye	  
LUMO	  
Energy	  (eV)	   Chalcogen	  

9	  
position	  

Amino	  
groups	   Aryl	  

Xanthene	  Core	  
(excluding	  C-‐9)	  

O-‐Pyr	   -‐3.10	   0.04	   0.29	   0.14	   N/A	   0.53	  
S-‐Pyr	   -‐3.16	   0.09	   0.28	   0.14	   N/A	   0.49	  
Se-‐Pyr	   -‐3.18	   0.09	   0.29	   0.14	   N/A	   0.48	  
O-‐Ph	   -‐3.16	   0.04	   0.27	   0.13	   0.05	   0.51	  
S-‐Ph	   -‐3.21	   0.09	   0.28	   0.13	   0.02	   0.49	  
Se-‐Ph	   -‐3.24	   0.09	   0.28	   0.13	   0.02	   0.48	  
O-‐Th	   -‐3.24	   0.04	   0.26	   0.13	   0.09	   0.49	  
S-‐Th	   -‐3.32	   0.09	   0.27	   0.13	   0.03	   0.48	  
Se-‐Th	   -‐3.35	   0.09	   0.27	   0.13	   0.03	   0.47	  
O-‐Ph-‐o-‐CO2H	   -‐3.16	   0.04	   0.26	   0.13	   0.03	   0.55	  
O-‐Ph-‐o-‐CO2

-‐	   -‐2.80	   0.04	   0.27	   0.12	   0.05	   0.53	  
O-‐Ph-‐p-‐CO2H	   -‐3.29	   0.04	   0.24	   0.12	   0.13	   0.47	  
O-‐Ph-‐p-‐CO2

-‐	   -‐3.10	   0.04	   0.27	   0.13	   0.06	   0.51	  
O-‐Th-‐2-‐CO2H	   -‐3.21	   0.04	   0.26	   0.13	   0.03	   0.54	  
O-‐Th-‐2-‐CO2

-‐-‐	   -‐2.96	   0.04	   0.27	   0.13	   0.03	   0.53	  
O-‐Th-‐5-‐CO2H	   -‐3.45	   0.04	   0.21	   0.11	   0.20	   0.43	  
O-‐Th-‐5-‐CO2

-‐	   -‐3.18	   0.04	   0.26	   0.12	   0.10	   0.48	  
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Table	  S4:	  LUMO	  +	  1	  Energies	  and	  Fragment	  Contributions.	  

	   	   LUMO+1	  Fragment	  Contributions	  

Dye	  

LUMO+1	  
Energy	  
(eV)	   Chalcogen	  

9	  
position	  

Amino	  
groups	   Aryl	  

Xanthene	  Core	  
(excluding	  9	  
position)	  

O-‐Pyr	   -‐1.09	   	   	   0.03	   N/A	   0.96	  
S-‐Pyr	   -‐1.28	   0.01	   	   0.03	   N/A	   0.95	  
Se-‐Py	   -‐1.20	   0.02	   	   0.03	   N/A	   0.94	  
O-‐Ph	   -‐1.14	   	   0.06	   0.02	   0.11	   0.81	  
S-‐Ph	   -‐1.33	   0.01	   	   0.03	   0.12	   0.84	  
Se-‐Ph	   -‐1.28	   0.02	   	   0.03	   0.15	   0.81	  
O-‐Th	   -‐1.25	   	   	   	   0.72	   0.28	  
S-‐Th	   -‐1.31	   0.01	   	   0.05	   	   0.94	  
Se-‐Th	   -‐1.22	   0.02	   	   0.04	   0.01	   0.93	  
O-‐Ph-‐o-‐CO2H	   -‐2.12	   	   	   	   0.99	   0.02	  
O-‐Ph-‐o-‐CO2

-‐	   -‐1.12	   	   	   	   0.80	   0.20	  
O-‐Ph-‐p-‐CO2H	   -‐2.04	   	   0.03	   0.01	   0.85	   0.1	  
O-‐Ph-‐p-‐CO2

-‐	   -‐1.17	   	   	   	   0.82	   0.17	  
O-‐Th-‐2-‐CO2H	   -‐2.30	   	   	   	   0.98	   	  
O-‐Th-‐2-‐CO2

-‐-‐	   -‐1.26	   	   	   	   0.87	   0.12	  
O-‐Th-‐5-‐CO2H	   -‐2.28	   	   0.04	   0.02	   0.80	   0.14	  
O-‐Th-‐5-‐CO2

-‐	   -‐1.39	   	   	   	   0.82	   0.18	  
	  

	  

Table	  S5:	  Hammett	  constants	  of	  Aryl	  Substituents	  

Substituent	   𝝈𝒎 	   𝝈𝒑 	   𝝈𝒑!
	   𝝈𝒑!

	  

C5H6	   	  0.06	  4	   -‐0.01	  4	   -‐0.18	  5	   0.02	  6	  

2-‐thienyl	  

(as	  in	  Th,	  Th-‐5-‐R)	  

	  0.09	  7	   	  0.05	  7	   -‐0.43	  8	   0.19	  7	  

3-‐thienyl	  

(as	  in	  Th-‐2-‐R)	  

	  0.03	  7	   -‐0.02	  7	   -‐0.38	  8	   0.13	  7	  
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Figure	  S42:	  Energy	  level	  diagrams	  suggesting	  an	  explanation	  for	  the	  much	  faster	  fluorescence	  lifetimes	  
of	  S-‐Th	  and	  O-‐Th-‐5-‐CO2H.	  Compared	  to	  O-‐Th,	  S-‐Th	  exhibits	  more	  restriction	  on	  torsion	  about	  the	  thienyl	  
–	  xanthylium	  bond,	  resulting	  in	  steeper	  potential	  wells.	  This	  rapid	  rise	  in	  the	  ground-‐state	  energy	  as	  the	  
aryl	  group	  rotates	  in	  the	  excited	  state	  could	  significantly	  decrease	  the	  S1’-‐S0	  energy	  gap,	   increasing	  the	  
rate	  of	  knr’,	  and	  decreasing	  the	  lifetime	  and	  fluorescence	  quantum	  yield.	  For	  O-‐Th-‐5-‐CO2H,	  the	  electron	  
withdrawing	  group	  on	   the	   thienyl	   likely	   lowers	   the	  energy	  of	   S1’,	   causing	  a	   faster	   rate	  of	  nonradiative	  
decay,	   knr’.	   	   Hence	   for	   S-‐Th	   and	   O-‐Th-‐5-‐CO2H,	   the	   “keq”	   process	   would	   be	   better	   described	   as	   a	  
unidirectional	  relaxation	  to	  S1’	  with	  the	  concomitant	  loss	  of	  fluorescence	  from	  S1.	  	  
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Preliminary	  Hydrogen	  Production	  Experiments	  

	   Preliminary	   photochemical	   experiments	   leading	   to	   H2	   generation	   were	   conducted	   to	  

assess	   the	   acid	   versions	   of	   O-‐Ph-‐p-‐PO(OEt)2	   and	   O-‐Th-‐5-‐PO(OEt)2	   as	   sensitizers.	   Platinized	   titanium	  

dioxide	  (Pt-‐TiO2)	  was	  prepared	  as	  previously	  reported.
9	  10	  mg	  of	  0.5%	  Pt-‐TiO2	  was	  placed	  in	  each	  of	  40	  

mL	  vials.	  From	  a	  1:3	  MeCN:H2O	  stock	  solution	  of	  the	  dye	  with	  an	  absorbance	  of	  0.8	  in	  a	  2-‐mm	  cuvette,	  

2.5	  mL	  was	  placed	  in	  each	  reaction	  vial.	  	  Using	  a	  fixed	  absorbance	  instead	  of	  concentration	  of	  the	  stock	  

dye	   solution	   eliminates	   errors	   in	   calculating	   the	  molar	   absorptivity,	   ε,	   and	   ensures	   that	   the	   samples	  

absorb	  equivalent	  amounts	  of	  light.	  The	  solution	  of	  dye	  (as	  photosensitizer)	  and	  Pt-‐TiO2	  were	  sonicated	  

for	   two	   minutes.	   2.5	   mL	   of	   a	   0.2	   M	   ascorbic	   acid	   solution	   (pH	   =	   4)	   was	   then	   added,	   making	   the	  

𝑝𝐻 = 5.1!
! 	  for	  the	  final	  solution.10	  The	  final	  dye	  solutions	  were	  therefore	  approximately	  25	  µM.	  	  Under	  

these	   conditions,	   strong	   binding	   of	   the	   dye	   onto	   TiO2	   has	   been	   shown	   in	   prior	   studies	   using	   the	  

phosphonic	   acid	   anchor.11	   	   Reaction	   solutions	   were	   then	   transferred	   to	   the	   photolysis	   apparatus	  

(described	   previously11)	   and	   degassed	   at	   15o	   C	   for	   20	  minutes.	   	   Samples	   were	   then	   illuminated	  with	  

white	  LED	  light	  while	  hydrogen	  production	  was	  monitored	  via	  pressure	  transducers	  in	  the	  headspace	  of	  

the	  vials.	  Hydrogen	  production	  was	  corroborated	  by	  GC	  analysis	  of	  the	  headspace	  gas.	  	  

As	  displayed	   in	  Figure	  S43,	   systems	  containing	  O-‐Ph-‐p-‐PO(OEt)2	  or	  O-‐Th-‐5-‐PO(OEt)2	   appear	   to	  

be	  very	  similar	   in	   terms	  of	  activity	  despite	  O-‐Ph-‐p-‐PO(OEt)2	  having	  an	  almost	   ten	  times	   longer	  excited	  

state	  lifetime.	  

	  

Figure	  S43:	  Hydrogen	  production	  of	  O-‐Ph-‐p-‐PO(OH)2	  and	  O-‐Th-‐5-‐PO(OH)2	  using	  1:3	  MeCN:H2O	  with	  0.1	  

M	  ascorbic	  acid	  ( 𝑝𝐻!
! =   5.1)	  and	  0.5%	  Pt-‐TiO2	  as	  catalyst.	  Error	  bars	  are	  shown	  to	  indicate	  uncertainty	  

in	   measurement.	   The	   deviation	   in	   activity	   of	   O-‐Ph-‐p-‐PO(OEt)2	   was	   larger	   than	   for	   O-‐Th-‐5-‐PO(OEt)2,	  

potentially	  due	  to	  poorer	  solubility	  in	  the	  solvent	  mixture	  before	  attachment.	  
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