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Tuning	  Optoelectronic	  Properties	  of	  core-‐Substituted	  
Naphthalene	  Diimides	  by	  the	  Selective	  Conversion	  of	  Imides	  to	  
Monothioimides	  	  
F.	  S.	  Etheridge,a	  R.	  Fernando,a	  J.	  A.	  Golen,b	  A.	  L.	  Rheingold,c	  and	  G.	  Sauvea	  

Selective	  sulfur	  substitution	  of	  the	  distal	  carbonyls	  of	  a	  core-‐substituted	  napthalene	  diimide	  was	  obtained	  when	  a	  
combination	   of	   core	   and	   imide	   substituents	   were	   used.	   The	   substituents	   appear	   to	   inhibit	   thionation	   of	   the	  
proximal	   carbonyl	   by	   steric	   hindrance.	   Each	   thionation	   caused	   a	   50	   nm	   bathochromic	   shift	   of	   the	   visible	  
absorption	   band	   and	   an	   anodic	   shift	   of	   the	   reduction	   potentials.	   The	   dithionated	   compound	  has	   a	  λmax	   in	   the	  
near-‐IR	  at	  733	  nm	  and	  an	  optical	  gap	  of	  1.59	  eV,	  which	  is	  unusually	  low	  for	  this	  type	  of	  molecule.	  Thionation	  of	  
carbonyls	  offers	  a	  useful	  avenue	  for	  tuning	  optoelectronic	  properties	  of	  NDI-‐based	  materials. 

Introduction	  
Naphthalene	   diimides	   (NDI)	   have	   attracted	   attention	   due	   to	  
their	   synthetic	   versatility,	   tunable	   optical	   properties,	   high	  
electron	   affinity,	   π-‐acidic	   aromatic	   properties	   and	   good	  
electron	  transport	  properties.1-‐3	  NDI	  is	  the	  smallest	  member	  of	  
the	  arylenediimide	  family,	  with	  a	  planar	  naphthalene	  aromatic	  
core	  and	  two	  imide	  groups.	  Colorful	  NDI	  dyes	  can	  be	  made	  via	  
core	   substitution	   with	   electron	   donating	   groups	   such	   as	  
alkylamino	   to	   create	   push-‐pull	   systems,	   or	   with	   conjugated	  
moieties	   such	   as	   thiophene	   to	   extend	   the	   conjugation	  
system.1-‐3	  	  	  	  
	   The	  use	  of	  thionating	  reagents	  to	  replace	  the	  oxygen	  atom	  
of	   carbonyls	   with	   sulfur,	   thus	   changing	   them	   into	   their	  
thiocarbonyl	   derivatives,	   is	   common	   for	   biological	  
applications.4	  Thionation	  of	  carbonyls	  in	  aromatic	  molecules	  is	  
known	   to	   cause	   a	   bathochromic	   shift	   of	   the	   absorption	  
spectrum.	  For	  example,	  thionation	  of	  guanine	  results	  in	  a	  red-‐
shift	   of	   the	   absorption	   spectra	   by	   ~	   40	   nm.5	   Thionation	   of	  
carbonyls	  in	  conjugated	  molecules	  for	  use	  as	  liquid	  crystals	  or	  
organic	   semiconductors	   have	   been	   reported,	   including	   for	  
phthalimides,6	  diketopyrrolopyrroles	  and	  thienopyrroledione,7	  
and	  arylene	  diimides.8-‐10	  While	   thiocarbonyl	   compounds	   tend	  
to	  be	  unstable,	  thioimide	  compounds	  are	  stable.6	  	  
	   Thionation	   of	   NDI	   was	   reported	   in	   a	   patent	   by	   Facchetti	  
and	  coworkers.8,	  9	  NDI	  with	  cyclohexyl	  imide	  substituents	  gave	  
a	   mixture	   of	   cis	   and	   trans	   isomers	   of	   dithionated	   NDIs,	  

whereas	   NDI	   with	   2-‐ethylhexyl	   imide	   substituents	   gave	   a	  
mixture	   of	   monothionated,	   cis	   and	   trans	   isomers	   of	   the	  
dithionated	   NDI	   and	   a	   small	   amount	   of	   trithionated	   NDI.	  
Orzeszko	  and	  co-‐workers	   investigated	   the	   thionation	   reaction	  
of	   various	   cyclic	   imides	   using	   the	   Lawesson’s	   reagent.11	   They	  
reported	   that	   steric	   hindrance	   near	   the	   carbonyl	   inhibits	   the	  
replacement	   of	   the	   oxygen	   atom	   by	   sulfur.	   It	   follows	   that	  
selective	   synthesis	   of	   thioimides	   should	   be	   possible	   by	  
selecting	  the	  right	  substituents.	  	  	  
	   2,6-‐Dialkylamino	   core-‐substituted	   NDI	   derivatives	   (Figure	  
1)	   offer	   a	   promising	   substrate	   to	   further	   examine	   thionation	  
chemistry	   of	   NDI-‐based	   molecules.	   These	   molecules	   have	  
strong	   absorption	   in	   the	   visible	   range	   (610	   nm),	   strong	  
emission	   (630	   nm)	   and	   reversible	   reductions	   and	   oxidations.	  
We	   have	   previously	   synthesized	   2,6-‐dialkylamino	   core	  
substituted	   NDI	   derivatives	  with	   various	   core	   alkylamino	   and	  
imide	  substituents	  and	  studied	  their	  structure-‐property	  studies	  
in	  organic	  solar	  cells.12,	  13	  The	  alkylamino	  core	  substituents	  not	  
only	   tune	   the	   optoelectronic	   properties	   of	   NDI	   due	   to	   their	  
electron	  donating	  character,	  but	   they	  also	  offer	  a	  way	  to	  add	  
alkyl	   chains	   to	   increase	   solubility	   in	   organic	   solvents.	   The	  
hydrogen	  on	  the	  secondary	  amine	  group	  also	  hydrogen	  bonds	  
with	   the	   nearby	   carbonyl,	   which	   could	   prevent	   thionation	   of	  
the	  proximal	  carbonyl,	  potentially	  offering	  selective	  thionation	  
of	  the	  distal	  carbonyls.	  	  

 

Figure	  1	  2,6-‐Dialkylamino	  core-‐substituted	  NDI	  
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	   Here,	   we	   show	   the	   selective	   thionation	   of	   N,N′	   -‐
di((thiophene-‐2-‐yl)methyl)-‐2,6-‐bis(N-‐2-‐ethylhexyl)-‐amino-‐
1,4,5,8-‐naphthalenetetracarboxydiimide	   (RF2,	   Scheme	   1)	   to	  
the	   monothioimide	   derivatives.	   	   This	   selective	   thionation	  
allowed	  us	  to	  tune	  the	  optical	  and	  electrochemical	  properties	  
of	   RF2	   systematically,	   and	   obtain	   new	   NDI-‐based	   molecules	  
that	   combine	   absorption	   in	   the	   near-‐IR	   with	   high	   electron	  
affinity.	  

Results	  and	  Discussion	  
	   Thionation	   of	   RF2	   was	   performed	   using	   4	   equivalents	   of	  
Lawesson’s	  reagent	   in	  refluxing	  xylenes	  (Scheme	  1).	  The	  main	  
products	  were	  RF2-‐1S	  and	  RF2-‐2S,	  with	  very	  small	  amounts	  of	  
trithionated	   RF2.	   This	   result	   held	   true	   even	   when	   higher	  
concentrations	  of	  Lawesson’s	  reagent	  or	  longer	  reaction	  times	  
were	   used.	   Due	   to	   difficulties	   in	   separating	   the	   trithionated	  
RF2	  from	  RF2-‐2S,	  we	  limited	  the	  reaction	  time	  to	  2	  h	  to	  avoid	  
trithionated	   products	   and	   ease	   the	   purification	   process.	   The	  
products	   were	   separated	   by	   column	   chromatography	   to	   give	  
RF2-‐2S	  as	  a	  dark	  green	  solid	  (30%	  isolated	  yield)	  and	  RF2-‐1S	  as	  
a	   light	  green	  solid	   (22	  %	   isolated	  yield).	  To	  obtain	  analytically	  
pure	  RF2-‐2S,	  an	  additional	  column	  was	  required.	  	  
	   It	  is	  worth	  noting	  that	  compounds	  RF2-‐1S	  and	  RF2-‐2S	  were	  
air	  and	  light	  stable	  as	  solids	  and	  solutions	  during	  the	  time	  scale	  
of	  our	  synthesis,	  purification,	  and	  analysis.	  This	  is	  in	  contrast	  to	  
thionated	   diketopyrrolopyrroles	   and	   thienopyrroledione,	  
which	  degraded	  within	  hours	  under	  ambient	  light	  and	  required	  
handling	   in	   the	  dark.7	  This	   is	  consistent	  with	  thioimides	  being	  
more	   stable	   than	   other	   types	   of	   thiocarbonyl	   compounds.6	  
However,	  solutions	  of	  RF2-‐1S	  and	  RF2-‐2S	  exposed	  to	  ambient	  
light	   visually	   degraded	   over	   several	   months,	   changing	   from	  
clear	   green	   to	   cloudy	   yellow/blue	   with	   a	   yellow	   film	   on	   the	  
vial.	  Such	  changes	  were	  not	  observed	  if	  the	  vials	  were	  kept	  in	  
the	   dark.	   Long	   term	   quantitative	   stability	   tests	   were	   not	  
performed.	  	  

 

	  

Scheme	  1	  Synthesis	  of	  thioRF2	  derivatives	  using	  Lawesson’s	  reagent	  

	  
	   Figure	   2	   compares	   the	   1H	   NMR	   spectrum	   of	   RF2,	   RF2-‐1S	  
and	  RF2-‐2S	  between	  4.5	  and	  10.5	  ppm.	  The	   spectrum	  of	  RF2	  
shows	   a	   triplet	   at	   9.4	   ppm	   (i)	   due	   to	   the	   amine	   protons,	   a	  
singlet	  at	  8.1	  ppm	  (ii)	  due	  to	  the	  NDI	  core	  protons	  and	  a	  singlet	  
at	   5.5	   ppm	   (iii)	   due	   to	   the	   methylene	   protons	   of	   the	   imide	  
substituents.	   The	   RF2-‐1S	   spectrum	   shows	   a	   second	   set	   of	  
proton	   signals	   shifted	  downfield,	   corresponding	   to	   the	  amine	  

(i),	   core	   (ii)	   and	   methylene	   (iii)	   protons,	   due	   to	   the	   loss	   of	  
symmetry.	   This	   unique	   NMR	   pattern	   suggests	   that	   we	   have	  
only	   one	   isomer	   of	   RF2-‐1S,	   meaning	   that	   one	   of	   the	   two	  
carbonyls	   is	   preferentialy	   thionated.	   The	   RF2-‐2S	   spectrum	  
shows	   only	   one	   set	   of	   proton	   signals,	   which	   are	   shifted	  
downfield	  compared	   to	   those	  of	  RF2.	  This	   indicates	   that	  RF2-‐
2S	   is	   a	   symmetrical	   molecule,	   and	   that	   we	   have	   only	   one	  
isomer.	  	  

 

Figure	  2	  1H	  NMR	  (400	  MHz)	  spectra	  of	  RF2,	  RF2-‐1S	  and	  RF2-‐2S	  in	  CDCl3.	  

	  
	   To	  determine	  which	  carbonyl	  was	  thionated,	  we	  looked	  at	  
the	  gHMBC	  NMR	  of	  RF2	  and	  RF2-‐2S	  (Figures	  3,	  and	  S7,	  8).	  	  For	  
RF2	  (Figure	  3a),	  the	  carbon	  signal	  from	  the	  distal	  carbonyl	  	  (v)	  
at	   163	   ppm	   strongly	   couples	  with	   the	   core	  H	   (ii)	   at	   8.1	   ppm.	  
The	   carbon	   from	   the	   proximal	   carbonyl	   (iv)	   at	   166	   ppm	   also	  
weakly	   couples	   with	   the	   core	   H	   (ii),	   indicating	   strong	   long-‐
range	   W-‐coupling	   in	   these	   planar	   conjugated	   molecules.	   For	  
RF2-‐2S	   (Figure	  3b),	   the	  carbon	  signal	   from	  the	  thiocarbonyl	   is	  
shifted	  downfield	  to	  191	  ppm	  and	  more	  strongly	  couples	  with	  
the	  core	  H	  (ii)	  than	  the	  other	  carbon	  signal	  upfield	  at	  163	  ppm,	  
consistent	  with	  the	  distal	  carbonyl	  being	  thionated.	  To	  further	  
confirm	   the	   location	   of	   the	   thiocarbonyls,	   we	   attempted	   to	  
crystallize	   RF2,	   RF2-‐1S	   and	   RF2-‐2S.	   We	   were	   able	   to	   obtain	  
small	   single	   crystals	   of	   RF2-‐1S	   suitable	   for	   x-‐ray	  
crystallography.	  The	  crystal	   structure	   (Figure	  4)	   indicates	   that	  
the	  distal	  carbonyl	  is	  thionated.	  	  Based	  on	  this	  information,	  we	  
surmise	   that	   RF2-‐2S	   is	   a	   trans	   isomer	  with	   the	   sulfurs	   at	   the	  
distal	  positions,	  as	  drawn	  in	  Scheme	  1.	  This	  result	  is	  consistent	  
with	   thionation	   occurring	   at	   the	   least	   sterically	   hindered	  
carbonyls	  of	   the	  RF2	  molecule.	  This	   is	   reasonable	  considering	  
that	   the	   most	   probable	   thionation	   mechanism	   utilizes	   an	  
oxaphosphetane-‐like	   intermediate	   found	   in	   Wittig	  
mechanisms.11,	  14	  
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Figure	  3	  a)	  Zoomed	  in	  gHMBC	  of	  RF2;	  	  b)	  Zoomed	  in	  gHMBC	  of	  RF2-‐2S;	  R=2-‐
ethylhexyl	  

	  

Figure	  4	  ORTEP	  drawing	  with	  ellipsoids	  drawn	  at	  50	  %	  level	  for	  RF2-‐1S.	  For	  
clarity	  only	  half	  of	   the	  atoms	  were	   labelled;	  second	  half	  of	   the	  molecule	   is	  

generated	   by	   symmetry.	   Sulfur	   S2	   and	   oxygen	   O2	  atoms	   were	   found	   to	  
occupy	  similar	  positions	  at	  50%	  occupancy.	  	  

	  
	   To	   better	   understand	   which	   substituent	   guides	   the	  
thionation	   to	   the	   distal	   carbonyl,	  we	   analyzed	   the	   thionation	  
products	  for	  a	  series	  of	  NDI	  molecules	  with	  different	  core	  and	  
imide	   substitution	   combinations	   (Scheme	   2,	   Table	   1).	   	   The	  
reactions	   were	   performed	   under	   similar	   conditions	   and	   the	  
product	  mixtures	   were	   analyzed	   by	  MALDI-‐TOF	  MS.	   The	   NDI	  
with	  no	  core	  substituents,	  1,	  gave	  a	  mixture	  of	  di-‐,	  with	  some	  
mono-‐	  and	  trithionated	  products.	  NMR	  of	  the	  product	  mixture	  
showed	   that	   several	   isomers	   were	   present	   (cis	   and	   trans),	  
consistent	  with	   lack	  of	  selectivity	  and	  similar	   to	   the	   literature	  
for	   this	  molecule	   (Figure	  S12).8	   The	  NDI	  with	  alkylamino	  core	  
substituents	  and	  no	  imide	  substituents,	  4,	  gave	  mainly	  tri	  and	  
quad	   substitutions.	   The	   high	   amounts	   of	   tri	   and	   quad	  
substitutions	   suggest	   the	   loss	   of	   selectivity	   because	   to	   get	  
more	   than	   two	   substitutions,	   you	   need	   to	   thionate	   proximal	  
carbonyls.	   We	   therefore	   concluded	   that	   a	   combination	   of	  
imide	   and	   core	   substituents	   is	   required	   to	   obtain	   selectivity,	  
most	  likely	  due	  to	  steric	  hindrance	  of	  the	  substituents	  near	  the	  
proximal	   carbonyl.	   Replacing	   the	   alkylamino	   core	   substituent	  
with	  Br	  or	   replacing	   the	   imide	   thienylmethyl	   substituent	  with	  
2-‐ethylhexyl	   also	   resulted	   in	   only	   mono	   or	   dithionated	  
products,	   with	   no	   tri	   or	   quad	   substituted	   products.	   These	  
results	   are	   consistent	   with	   thionation	   selectivity.	   However,	  
selectivity	   could	   not	   be	   confirmed	   by	   NMR.	   Products	   from	   2	  
had	   limited	   solubility	   in	   organic	   solvents	   and	   therefore	   could	  
not	   be	   separated	   and	   analyzed.	   The	   thionated	   products	   of	   3	  
were	   soluble	   but	   could	   not	   be	   easily	   separated	   by	   column	  
chromatography,	  in	  contrast	  to	  the	  thionated	  products	  of	  RF2,	  
which	   could	   be	   separated	   by	   column	   chromatography,	  
pointing	   to	   a	   synthetic	   advantage	   of	   using	   the	   thienylmethyl	  
imide	  substituent.	  
	  

Scheme	   2	   Synthesis	   of	   NDI	   substrates	   with	   various	   core	   and	   imide	  
substituents.	   R=	   2-‐ethylhexyl	   (i)	   Dibromoisocyanuric	   acid	   (DBI),	   sulphuric	  
Acid,	   140	   °C,	   16	  h;	   yield:	   33%;	   (ii)	  Ammonium	  acetate,	   acetic	   acid,	   135	   °C,	  
1.25	  h;	  yield:	  84%;	  (iii)	  2-‐ethylhexylamine,	  140	  °C,	  2	  h,	  N2	  atmosphere;	  yield:	  
60%;	  (iv)	  2-‐ethylhexylamine,	  150	  °C,	  18h,	  N2	  atmosphere;	  yield:	  88%;	  (v)	  2-‐
ethylhexylamine,	  acetic	  acid,	  130	  °C,	  1.5	  h,	  N2	  atmosphere;	  yield:	  55%;	  (vi)	  2-‐
ethylhexylamine,	  140	  °C,	  2	  h,	  N2	  atmosphere;	  yield:	  56%.	  
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Table	  1	  Thionation	  reaction	  products	  monitored	  by	  MALDI-‐TOF	  MS	  	  

Reactant	   Core	   Imide	  	   Major	  
Product	  

Minor	  
Products	  

RF2	   NHR	   TM	   Di,	  Mono	   Tri	  
1	   H	   R	   Di	   Mono,	  Tri	  
2	   Br	   R	   Di	   Mono	  
3	   NHR	   R	   Mono,	  Di	   Starting	  
4	   NHR	   H	   Tri,	  Quad	   Di	  

NHR:	  2-‐ethylhexylamino;	  R:	  2-‐ethylhexyl;	  TM:	  thienylmethyl.	  

	  
	   Figure	  5	  compares	  the	  solution	  absorption	  spectra	  for	  RF2,	  
RF2-‐1S	  and	  RF2-‐2S	  and	  the	  optical	  properties	  are	  summarized	  
in	   Table	   2.	   Each	   thionation	   caused	   a	   50	  nm	   shift	   of	   the	  λmax,	  
consistent	   with	   other	   thionated	   arylene	   diimides.8-‐10	   A	   small	  
increase	  in	  molar	  absorptivity	  is	  also	  observed	  with	  thionation.	  
The	   characteristic	   absorption	  of	   the	   core	  naphthalene	  unit	   at	  
about	   380	   nm	   undergoes	   changes	   in	   energy	   and	   structure,	  
with	  the	  appearance	  of	  a	  peak	  at	  406	  nm	  for	  RF2-‐1S	  and	  at	  461	  
nm	  for	  RF2-‐2S.	  	  The	  new	  compounds	  had	  strong	  absorption	  in	  
the	   red	   to	  near-‐IR	   region	  of	   the	  spectra,	  with	  λmax	  of	  683	  nm	  
and	  733	  nm	   for	  RF2-‐1S	  and	  RF2-‐2S,	   respectively.	   	   The	  optical	  
gaps	  of	   the	   three	  molecules	  were	  estimated	   at	   1.87	  eV,	   1.71	  
eV	  and	  1.59	  eV	  for	  RF2,	  RF2-‐1S	  and	  RF2-‐2S,	  respectively	  (Table	  
2).	   Emission	   could	   not	   be	   detected	   from	   RF2-‐1S	   and	   RF2-‐2S.	  
The	   absence	   of	   fluorescence	   could	   be	   due	   to	   efficient	  
intersystem	   crossing	   to	   the	   triplet	   state,	   which	   has	   been	  
observed	   for	   thionated	   perylene	   diimides.10	   To	   fully	  
understand	   the	   cause,	   transient	   absorption	   spectroscopy	   and	  
quantum	   chemical	   calculations	   are	   required	   and	   are	   beyond	  
the	  scope	  of	  this	  paper.15,	  16	  	  	  

 

Figure	  5	  Molar	  Absorptivity	  plots	  of	  RF2	  (Solid-‐Blue),	  RF2-‐1S	  (Dashed-‐Black)	  
and	  RF2-‐2S	  (Dotted-‐Green)	  in	  chloroform.	  

Table	  2.	  Optical	  and	  electrochemical	  properties	  

	   λmax	  nm	  	  
(M-‐1cm-‐1)	  

λonset	  nm	   ΔEopt	  	  
(eV)	  

E1/2	  ox	  
(Va)	  

E1/2	  red	  
(Va)	  

RF2	   628	  (22.4)	   663	   1.87	   0.61,	  
1.11	  

-‐1.39,	  	  
-‐1.76	  

RF2-‐1S	   683	  (23.0)	  	   725	   1.71	   0.66b	   -‐1.17,	  	  
-‐1.52	  

RF2-‐2S	   733	  (28.3)	   780	   1.59	   0.67,b	  
1.04b	  

-‐1.03,	  	  
-‐1.34	  

a	  V	  vs	  Fc/Fc+;	  b	  Ep,a	  values.	  

	   Figure	  6	  compares	   the	  cyclic	  voltammograms	  of	   the	   three	  
compounds	   in	   solution,	   with	   Fc/Fc+	   as	   the	   internal	   standard.	  
All	   compounds	   have	   two	   reversible	   reductions	   and	   two	  
oxidations.	  	  The	  oxidations	  of	  RF2	  were	  reversible	  while	  those	  
of	   RF2-‐1S	   and	   RF2-‐2S	   were	   not.	   Table	   2	   summarizes	   the	  
electrochemical	   results.	   The	   first	   reduction	   potential	   shifts	  
anodically	  from	  -‐1.39	  V	  for	  RF2	  to	  -‐1.17	  V	  and	  -‐1.03	  V	  for	  RF2-‐
1S,	   and	   RF2-‐2S,	   respectively.	   The	   second	   reduction	   potential	  
also	  shifts	  anodically	  from	  -‐1.76	  V	  for	  RF2	  to	  -‐1.52V	  and	  -‐1.34V	  
for	   RF2-‐S1	   and	   RF2-‐S2,	   respectively.	   Thionation	   had	   a	   much	  
smaller	  effect	  on	  the	  oxidation	  potentials,	  with	  a	  similar	  small	  
cathodic	   shift	   from	   RF2	   to	   RF2-‐1S	   or	   to	   RF2-‐2S.	   	   Thionation	  
therefore	   stabilizes	   the	   anions	   and	   improves	   the	   electron	  
accepting	   properties	   of	   NDI	   but	   does	   not	   significantly	   affect	  
cations	   or	   electron	   donating	   properties	   of	   NDI.	   	   DFT	  
calculations	   (see	   SI)	   show	   that	   the	   LUMO	   energy	   levels	  
decrease	  with	  thionation,	  while	  the	  HOMO	  energy	   levels	  only	  
slightly	   decrease	   with	   thionation,	   consistent	   with	   the	  
electrochemistry	   results	   and	   the	   observed	   red-‐shift	   in	   optical	  
absorption.	  	  

Figure 6 Cyclic voltammetry of RF2 (Solid-Blue), RF2-1S (Dashed-Black) 
and RF2-2S (Dotted-Green) in DCM. 

Conclusions	  
	   In	   conclusion	   we	   have	   demonstrated	   selective	   thionation	  
of	   distal	   carbonyls	   by	   using	   a	   combination	   of	   core	   and	   imide	  
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substituents.	  The	  thienylmethyl	   imide	  substituents	  allowed	  us	  
to	   separate	   the	  monothionated	   and	   dithionated	   products	   by	  
column	  chromatography.	  NMR	  and	  X-‐ray	   confirmed	   that	  only	  
the	   distal	   carbonyls	   were	   thionated,	   yielding	   only	   the	  
monothioimide	   isomer.	   Experiments	   with	   different	   core	   and	  
imide	   substituents	   suggest	   that	   the	   substituents	   inhibit	  
thionation	  of	   the	  proximal	   carbonyl	  by	   steric	  hindrance.	   Each	  
thionation	   caused	   a	   50	   nm	   bathochromic	   shift	   of	   the	   visible	  
absorption	   band	   and	   an	   anodic	   shift	   of	   the	   reduction	  
potentials.	  RF2-‐2S	  has	  a	  λmax	   in	  the	  near-‐IR	  at	  733	  nm	  and	  an	  
optical	   gap	   of	   1.59	   eV,	   which	   is	   very	   low	   for	   this	   type	   of	  
molecule.	   Thionation	   of	   carbonyls	   offers	   a	   useful	   avenue	   for	  
tuning	  NDI-‐based	  materials	  for	  opto-‐electronic	  applications.	  

Experimental	  
Materials	  

	   1,4,5,8-‐Naphthalenetetracarboxylic	   dianhydride	   (NDA)	  
(Aldrich),	   2-‐ethylhexylamine	   (Aldrich),	   Lawesson	   Reagent	  
(Aldrich),	   Sulphuric	   acid	   (Fisher),	   Acetic	   acid	   (Fisher),	  
Ammonium	   acetate	   (Fisher),	   dibromoisocyanuric	   acid	   (DBI)	  
(TCI	   America)	   were	   used	   as	   received.	   All	   other	   reagents	   and	  
solvents	  were	  used	  as	  received	  unless	  otherwise	  specified.	  RF2	  
was	   synthesized	   and	   purified	   according	   to	   the	   literature	  
procedure.12	   Thionation	  was	  performed	   similarly	   to	   literature	  
procedures	  with	   slight	  modifications.11	  Compounds	  1,	  2,	  3,	  4,	  
b,	  and	   c	  were	   synthesized	   according	   to	   literature	   procedures	  
with	  slight	  modifications.12,	  17-‐20	  
	  

Methods	  
1H	   and	   13C	   were	   recorded	   using	   a	   Varian	   400mHz	  
spectrometer.	   A	   600	   MHz	   Varian	   instrument	   was	   used	   for	  
HMQC	  and	  gHMBC	  and	  probed	  at	  8	  Hz	  for	  HMBC.	  MALDI-‐TOF	  
MS	  spectra	  were	  acquired	  in	  reflective	  negative	  ion	  mode	  and	  
were	   sampled	   from	   various	   regions.	   Samples	   were	   prepared	  
from	  chloroform	  solutions	   in	  a	   terthiophene	  matrix	  excluding	  
1,	   where	   an	   isovanillin	   matrix	   was	   used	   because	   of	   signal	  
overlap.	   UV/visible	   absorption	   and	   emission	   spectra	   were	  
collected	   in	   HPLC	   grade	   chloroform	   on	   a	   UV-‐Cary	   50	  
spectrometer	   and	   a	   Cary	   Eclipse	   fluorescence	   spectrometer,	  
respectively.	   Elemental	   analyses	   (C,	   H,	   N	   and	   S)	   were	  
performed	   under	   optimum	   combustion	   conditions	   by	  
Robertson	  Microlit	  Laboratories.	  
	   Cyclic	   voltammetry	   was	   performed	   at	   room	   temperature	  
using	   an	   Auto-‐Lab-‐PGSTAT	   302N,	   Exo	   Chemie	   potentiostat.	  
Dichloromethane	   (DCM)	   was	   dried	   over	   calcium	   hydride	   and	  
stored	  in	  a	  nitrogen	  glove	  box	  prior	  to	  use.	  	  The	  samples	  were	  
prepared	   in	   a	   degassed	   0.1	   M	   solution	   of	   tetra-‐n-‐
butylammonium	   hexafluorophosphate	   (TBAPF6)	   in	   DCM.	  
Ferrocene/ferrocenium	  was	  used	   as	   an	   internal	   standard	   and	  
was	   purified	   prior	   to	   use	   by	   sublimation.	   	   A	   typical	   three-‐
electrode	   configuration	   was	   used,	   with	   a	   glassy	   carbon	  
electrode	   as	   the	   working	   electrode	   and	   two	   platinum	   wires	  
used	  as	  the	  counter	  and	  pseudoreference	  electrodes.	  	  
	   Density	   functional	   theory	   (DFT)	   calculations	  were	   done	   in	  
the	   gas	   phase	   using	   Gaussian	   09	   software	   package	   and	  

visualized	  using	  Gaussview	  software.21,	  22	  The	  B3LYP	  hybrid	  DFT	  
level	  and	  6-‐31G(d,p)	  basis	  set	  were	  used	  for	  the	  entire	  study.23,	  
24	   Optimized	   geometries	  were	   recognized	   as	   local	  minima	   by	  
frequency	  calculations.	  
	  
Crystalography	  	  

	   Crystals	   of	   RF2-‐1S	   suitable	   for	   X-‐ray	   diffraction	   analysis	  
were	   obtained	   by	   slow	   diffusion	   of	   hexanes	   into	   a	  
dichloromethane	   solution.	   A	   thin	   blue	   crystal	   of	   RF2-‐1S	   was	  
mounted	   on	   a	   Cryoloop	   with	   Paratone-‐N	   oil	   and	   data	   was	  
collected	  at	  100	  K	  with	  a	  Bruker	  APEX	  II	  CCD	  using	  Cu	  K	  alpha	  
radiation	   generated	   from	   a	   rotating	   anode	   (60s/frame).	   Data	  
were	   corrected	   for	   absorption	   with	   SADABS	   and	   structure	  
solved	  by	  direct	  methods.	  Carbon	  chains	  C14-‐20	  and	  C33-‐C40	  
were	   disordered	   over	   two	   positions	   (46.72/53.38	   and	  
39.66/60.34)	   and	  were	   refined	   isotropically	  with	  C-‐C	  distance	  
restraints	   of	   1.54(0.001)	   angstroms	   and	   EADP	   contraints.	   All	  
other	  non-‐hydrogen	  atoms	  were	  refined	  anisotropically	  by	  full	  
matrix	  least	  squares	  on	  F2.	  Sulfur	  atoms	  S2	  and	  S4	  were	  found	  
to	  occupy	  identical	  position	  with	  oxygen	  atoms	  O2’	  and	  O4	  and	  
were	  refined	  anisotropically	  at	  half	  occupancy	  using	  EXYZ	  and	  
EADP	   constraints.	   All	   hydrogen	   atoms	   were	   placed	   in	  
calculated	   positions	   with	   appropriate	   riding	   parameters.	  
Integration	   of	   data	   showed	   that	   data	   intensity	   dropping	   off	  
rapidly	  around	  1.2	  angstroms.	  Finally	  refinement	  required	  the	  
use	  of	  large	  number	  of	  least	  squares	  and	  a	  damping	  factor.	  We	  
believe	  that	  the	  lack	  of	  intensity	  and	  multiple	  types	  of	  disorder	  
to	   be	   the	   reasons	   for	   large	   thermal	   parameters	   and	   weight	  
factors.	  
	  
Synthesis	  

	   Synthesis	  of	  RF2-‐1S	  and	  RF2-‐2S:	  A	  solution	  of	  RF2	  (0.150g,	  
0.2	  mmol,	   1	  eq.)	   in	   xylenes	   (40	  mL)	  was	  added	   to	  a	  dry	   flask	  
equipped	  with	  a	  condenser.	  	  The	  Lawesson’s	  Reagent	  (340mg,	  
0.8	  mmol,	  4	  eq.)	  was	  added	  in	  one	  shot	  to	  the	  flask	  and	  placed	  
in	  a	  preheated	  oil	  bath.	  	  The	  reaction	  mixture	  was	  refluxed	  for	  
2	   h	   at	   150	   °C,	   removed	   from	  heat,	   cooled	  under	   running	   tap	  
water	  and	  poured	  into	  100	  mL	  of	  methanol	  and	  concentrated	  
under	   reduced	   pressure	   to	   dryness.	   Methanol	   was	   added	   to	  
the	  dried	  product	  mixture	   and	   the	   solid	   filtered,	   and	  washed	  
with	   methanol	   until	   the	   filtrate	   was	   colorless.	   The	   solid	   was	  
dissolved	  in	  DCM	  and	  passed	  through	  a	  basic	  alumia	  plug	  in	  a	  
Pasteur	   pipet	   until	   the	   green	   solution	   was	   recovered.	   The	  
products	   were	   concentrated	   under	   reduced	   pressure	   and	  
purified	  by	  column	  chromatography	  (silica	  gel,	  50%	  hexanes	  in	  
dichloromethane).	   The	   first	   fraction	  was	  RF2-‐2S	   (0.046g,	   30%	  
(10%	  yield	  for	  analytically	  pure	  RF2-‐2S	  by	  way	  of	  an	  additional	  
column)	  and	  the	  second	  fraction	  was	  RF2-‐1S	  (0.034g,	  22%).	  	  
	   N,N′-‐Di((thiophene-‐2-‐yl)methyl)-‐2,6-‐bis(N-‐2-‐ethylhexyl)-‐
amino-‐1,4,5,8-‐naphthalenetetracarboxydiimide	   (RF2)	   1H	  
NMR	   (600	  MHz,	   CDCl3,	  δ	   ,	   ppm):	   9.37	   (t,	   2H),	   8.08	   (s,	   2H),	  
7.22	  (d,	  4H),	  6.93	  (t,	  2H),	  5.48	  (s,	  4H),	  3.42	  (t,	  4H),	  1.78	  (m,	  2H),	  
1.59−	   1.53	   (m,	   4H),	   1.51−	   1.48	   (m,	   4H),	   1.41−	   1.34	   (m,	   8H),	  
1.01	  (t,	  6H),	  0.94	  (t,	  6H).	   13C	  NMR	  (150	  MHz,	  CDCl3,	  δ	   ,	  ppm):	  
11.19,	   14.28,	   23.26,	   24.79,	   29.06,	   31.83,	   37.98,	   39.40,	   46.50,	  
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101.95,	   118.76,	   121.34,	   125.95,	   126.64,	   128.56,	   138.83,	  
149.70,	  162.96,	  165.81.	  
	   N,N′-‐Di((thiophene-‐2-‐yl)methyl)-‐2,6-‐bis(N-‐2-‐ethylhexyl)-‐
amino-‐1,5,8-‐naphthalenetricarboxy-‐4-‐thiocarboxydiimide	  
(RF2-‐1S)	   1H	  NMR	   (400	  MHz,	  CDCl3):	   9.58	   (t,	   1H),	   9.25	   (t,	   1H),	  
8.46	  (s,	  1H),	  8.02	  (s,	  1H),	  7.31	  (dd,	  2H),	  7.19	  (dd,	  2H),	  6.94	  (m,	  
2H),	  6.11	  (bs,	  2H)	  ,	  5.49	  (bs,	  2H)	  ,	  3.41	  (q,	  4H)	  ,	  1.79	  (m,	  2H)	  ,	  
1.61-‐1.32	  (m,	  16H)	  ,	  1.02	  (td,	  6H)	  ,	  0.95	  (t,	  6H).	  13C	  NMR	  (100	  
MHz,	  CDCl3,	  δ	  ,	  ppm):	  11.41,	  11.55,	  14.40,	  14.48,	  14.52,	  14.60,	  
38.21,	   45.15,	   46.66,	   46.87,	   47.91,	   102.07,	   102.76,	   118.35,	  
118.38,	   120.14,	   121.73,	   124.39,	   125.95,	   126.05,	   138.78,	  
138.96,	   149.79,	   150.32,	   163.14,	   163.37,	   166.00,	   191.63,	  
216.94.	   MALDI-‐TOF-‐MS:	   m/z	   calcd	   for	   C40H48N4O3S3	   728.29,	  
found	  727.31.	   Elem.	  anal.	   calcd:	  C,	   65.90;	  H,	   6.64;	  N,	   7.69;	   S,	  
13.19.	  Found:	  C,	  66.15;	  H,	  6.66;	  N,	  7.45;	  S,	  13.19%.	  
	   N,N′-‐Di((thiophene-‐2-‐yl)methyl)-‐2,6-‐bis(N-‐2-‐ethylhexyl)-‐
amino-‐1,5-‐naphthalenedicarboxy-‐4,8-‐dithiocarboxydiimide	  
(RF2-‐2S)	   1H	  NMR	  (400	  MHz,	  CDCl3):	   	  9.50	  (t,	  2H),	  8.50	  (s,	  2H),	  
7.34	  (dd,	  2H),	  7.17	  (dd,	  2H),	  6.93	  (dd,	  2H),	  6.12	  (bs,	  4H),	  3.43	  
(t,	  4H),	  1.76	   (m,	  2H),	  1.57-‐1.30	   (m,	  16H),	  1.01	   (t,	  6H),	  0.94	   (t,	  
6H).	   13C	  NMR	  (150	  MHz,	  CDCl3,	  δ	   ,	  ppm):	  11.38,	  14.33,	  23.30,	  
24.96,	   29.25,	   31.63,	   45.03,	   46.66,	   102.49,	   120.21,	   123.70,	  
125.89,	   126.16,	   129.47,	   137.90,	   149.50,	   163.18,	   191.35.	  
MALDI-‐TOF-‐MS:	   m/z	   calcd	   for	   C40H48N4O2S4	   744.27,	   found	  
743.26.	  Elem.	  anal.	   calcd:	  C,	  64.48;	  H,	  6.49;	  N,	  7.52;	  S,	  17.21.	  
Found:	  C,	  64.23;	  H,	  6.55;	  N,	  7.30;	  S,	  16.57	  %.	  	  
	   Thionation	   of	   compound	   1:	   A	   solution	   of	   compound	   1	  
(0.050g,	  0.1	  mmol,	  1	  eq.)	  in	  xylenes	  (40	  mL)	  was	  added	  to	  a	  dry	  
flask	   equipped	   with	   a	   condenser.	   	   The	   Lawesson’s	   Reagent	  
(165mg,	  0.4	  mmol,	   4	  eq.)	  was	  added	   in	  one	   shot	   to	   the	   flask	  
and	  placed	  in	  a	  preheated	  oil	  bath.	  	  The	  reaction	  mixture	  was	  
refluxed	   for	  3	  h	   at	   150	   °C,	   removed	   from	  heat,	   cooled	  under	  
running	   tap	  water	   and	   poured	   into	   100	  mL	   of	  methanol	   and	  
concentrated	   under	   reduced	   pressure	   to	   dryness.	   Methanol	  
was	  added	  to	  the	  dried	  product	  mixture	  and	  the	  solid	  filtered,	  
and	  washed	  with	  methanol	  until	  the	  filtrate	  was	  colorless.	  The	  
solid	  was	  collected	  and	  used	  for	  analysis	  directly.	  MALDI-‐TOF-‐
MS:	   m/z	   of	   starting	   material:	   	   490.28;	   found	   505.37,	   521.37	  
and	  537.35.	  
	   Thionation	  of	  compound	  2:	  The	  same	  procedure	  was	  used	  
as	   that	   for	   the	   thionation	   of	   compound	   1.	   The	   solid	   was	  
collected	  and	  used	  for	  analysis	  directly.	  MALDI-‐TOF-‐MS:	  m/z	  of	  
starting	  material:	  	  648.10;	  found	  663.01,	  and	  678.99.	  
	   Thionation	  of	  compound	  3:	  The	  same	  procedure	  was	  used	  
as	   that	   for	   the	   thionation	   of	   compound	   1.	   The	   solid	   was	  
collected	  and	  used	  for	  analysis	  directly.	  MALDI-‐TOF-‐MS:	  m/z	  of	  
starting	  material:	  	  744.56;	  found	  743.38,	  759.35,	  and	  775.32.	  
	   Thionation	  of	  compound	  4:	  The	  same	  procedure	  was	  used	  
as	   that	   for	   the	   thionation	   of	   compound	   1.	   The	   solid	   was	  
collected	  and	  used	  for	  analysis	  directly.	  MALDI-‐TOF-‐MS:	  m/z	  of	  
starting	  material:	  	  520.30;	  found	  567.20,	  and	  583.17.	  
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