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Optical Absorption and Magnetic Circular Dichroism spectra of 
thiouracils: a quantum mechanical study in solution	  	  
L.	  Martinez-‐Fernandez,*a	  T.	  Fahleson,b	  P.	  Norman,	  b	  F.	  Santoro,c	  S.	  Coriani*d	  and	  R.	  Improtaa,e	  

The	  excited	  electronic	  states	  of	  2-‐thiouracil,	  4-‐thiouracil	  and	  2,4-‐dithiouracil,	   the	  analogues	  of	  uracil	  where	  the	  carbonyl	  
oxygens	  are	  substituted	  by	  sulphur	  atoms,	  have	  been	  investigated	  by	  computing	  magnetic	  circular	  dichroism	  (MCD)	  and	  
one-‐photon	  absorption	  (OPA)	  at	  the	  Time-‐Dependent	  Density	  Functional	  Theory	  level.	  Special	  attention	  has	  been	  paid	  to	  
solvent	  effects,	  included	  by	  a	  mixed	  discrete/continuum	  model,	  and	  to	  analyse	  how	  our	  results	  depend	  on	  the	  adopted	  TD	  
functional	   (CAM-‐B3LYP	   and	   B3LYP).	  Whereas	   including	   solvent	   effect	   does	   not	   dramatically	   impact	   the	  MCD	   and	   OPA	  
spectra,	  though	  improving	  the	  agreement	  with	  the	  experimental	  spectra,	  the	  performances	  of	  CAM-‐B3LYP	  and	  B3LYP	  are	  
remarkably	  different.	  CAM-‐B3LYP	  well	  captures	  the	  effect	  of	  thionation	  on	  the	  uracil	  excited	  states	  and	  provides	  spectra	  in	  
good	  agreement	  with	   the	  experiments,	  whereas	  B3LYP	   shows	   some	  deficiency	   in	  describing	  2-‐TU	  and	  2,4-‐DTU	   spectra,	  
though	  being	  more	  accurate	  than	  CAM-‐B3LYP	  for	  4-‐TU.	  

Introduction	  
Even	   though	   the	   use	   of	   light	   with	   therapeutic	   purposes	   is	  
ancient,1	  modern	  photodynamic	   therapy	   of	   cancer	   (PDT)	  was	  
initiated	   in	   1960’s2,	   3	   and	   it	   wasn’t	   until	   19754	   that	   the	   first	  
human	   trial	   was	   performed.5-‐7	   PDT	   is	   a	   two-‐step	   treatment	  
that	   combines	   light	   and	   a	   photosensitizer	   (PS)	   to	   cause	   cell	  
death.	  First,	  the	  patient	  is	  administrated	  with	  the	  PS	  and	  after	  
some	   incubation	  period,	   the	  PS	   is	   activated	  by	  exposure	   to	   a	  
certain	   wavelength	   of	   light.	   Triplet	   excited	   states	   of	   the	   PSs	  
transfer	  energy	  to	  molecular	  oxygen,	  generating	  singlet	  oxygen	  
and	  other	  reactive	  oxygen	  species	   (ROS)	  that	  mediate	  cellular	  
toxicity.	  Despite	  being	  a	  significant	  medical	  advance	  in	  the	  last	  
century,5	  several	  aspects	  of	  PDT	  can	  be	  hugely	   improved,	  and	  
one	   of	   the	   key	   points	   is	   the	   development	   of	   more	   effective	  
PSs.	   Porphyrins,	   the	   most	   used	   PSs	   at	   the	   moment,	   poorly	  
absorb	  light	  and	  suffer	  from	  important	  side	  effects.8,	  9	  
Thio-‐substituted	  DNA	  nucleobases,	  the	  thiobases,	  recently	  emerged	  
as	   very	   promising	   candidates,	   and	   are	   actively	   tested	   against	  
different	  kinds	  of	  cancer.10-‐18	  Their	  strong	  UVA	  absorption	  plus	  very	  
efficient	  triplet	  state	  population	  are	  the	  basis	  for	  their	  use	  as	  PS.19-‐44	  
Besides	  these	  unique	  photosensitizing	  properties,	  thiobases	  present	  
further	   applications	   in	  biomedical	   fields.	   In	  particular,	   4-‐thiouracil,	  
has	   been	   used	   as	   site-‐specific	   photocrosslinking	   agent45-‐49	   to	   tag	  
either	   RNA	   molecules	   or	   proteins.	   In	   this	   important	   structural-‐
biological	   function,	   4-‐thiouracil	   forms	   pyrimidine-‐pyrimidone	  
products	   between	   the	   C=S	   and	   C5=C6	   bonds.50,	   51	   On	   the	   other	  

hand,	   2-‐thiouracil	   is	   instead	   widely	   used	   as	   therapeutic	   agent	   in	  
thyroid	   pathologies52	   and	   its	   ability	   to	   complex	   with	   metal	   ions53	  
has	  been	  exploited	  as	  antidote	  for	  mercury	  poisoning.54	  	  

Most	   of	   these	   biomedical	   applications	   of	   thiobases	   exploit	  
their	   unique	   photophysical	   properties.	   Oxygen-‐by-‐sulphur	  
substitutions	   red-‐shift	   the	   absorption	  maximum	  and	  enhance	  
intersystem	   crossing	   rates	   compared	   to	   canonical	   bases.23,	   24,	  
32-‐34,	   37,	   38,	   55	   Interestingly,	   these	   changes	   depend	   on	   the	  
substitution	  position	  (for	  instance,	  the	  effects	  are	  larger	  for	  4-‐
thiopyrimidines)	  whereas	  double	   thionation	   (i.e.	   in	  position	  2	  
and	   4)	   does	   not	   have	   a	   dramatic	   effect.33,	   34	   The	   therapeutic	  
interest	   of	   thiobases	   has	   also	   motivated	   many	   theoretical	  
studies	  of	  their	  excited	  state	  properties.19,	  20,	  25-‐28,	  31,	  40,	  42,	  44,	  56	  
These	  works	  have	  explained	  that	   it	   is	  the	  presence	  of	  the	  C=S	  
moiety	   that	   leads	   to	   the	  red-‐shift	  of	   the	  absorption	  spectrum	  
and	   to	   the	   enhancement	   of	   the	   spin	   orbit	   couplings.	   These	  
studies	   also	   showed	   that	   dark	   singlet	   minima	   reached	   after	  
internal	   conversion	   (IC)	   from	   the	   spectroscopic	   state,	   are	  
essential	   for	   their	   use	   as	   PS,	   since	   they	   act	   as	   doorway	   for	  
triplet	   population.20,	   28,	   29,	   31	   Despite	   their	   importance,	   the	  
energy	  of	  the	  dark	  states	  at	  the	  Franck-‐Condon	  (FC)	  region	  and	  
how	  it	  is	  affected	  by	  solvent	  is	  often	  overlooked,	  in	  part	  due	  to	  
their	   non	   detectability	   in	   absorption	   spectroscopy.	   However,	  
the	   energy	   gap	   between	   dark	   and	   excited	   states	   at	   the	   FC	  
region	   can	   be	   essential	   since,	   as	   explained	   above,	   the	   IC	  
process	   is	   the	   first	   step	   towards	   triplet	   population.	   Similarly,	  
for	  what	  concerns	  canonical	  nucleobases,	  despite	  many	  recent	  
computational	  efforts,	   in	  several	  cases	  the	  relative	  stability	  of	  
dark	  and	  bright	  excited	  states	  is	  still	  elusive,	   leading	  to	  strong	  
disagreement	   on	   the	   involvement	   of	   the	   former	   in	   the	  
photoactivated	   dynamics.57-‐60	   Actually,	   in	   some	   cases,	   as	   for	  
adenine,	   the	   debate	   even	   involves	   the	   energy	   ordering	   of	  
bright	   excited	   states.61,	   62	  Magnetic	   circular	   dichroism	   (MCD),	  
thanks	   to	   the	   different	   excitation	   mechanism	   and	   its	   signed	  



ARTICLE	   Journal	  Name	  

2 	   	  	  

Please	  do	  not	  adjust	  margins	  

Please	  do	  not	  adjust	  margins	  

nature	  can	  be	  helpful	  to	  shed	  light	  in	  these	  situations,	  as	  in	  our	  
previous	  study	  on	  adenine.	  61	  	  
In	   the	  present	   contribution	  we	   report	  a	  detailed	   study	  of	   the	  
electronic	  excited	  states	  of	  thiouracils,	  paying	  attention	  to	  how	  
different	  thionation	  positions	  and	  solvation	  models	  affect	  their	  
optical	  and	  MCD	  spectra.	  We	  have	  computed	   the	  optical	  and	  
MCD	  spectra	  of	  2-‐thiouracil	  (2-‐TU),	  4-‐thiouracil	  (4-‐TU)	  and	  2,4-‐
dithiouracil	   (2,4-‐DTU)	   in	   vacuo	   and	   in	   water	   using	   the	  
polarizable	   continuum	   model	   (PCM).	   Furthermore,	   explicit	  
water	  molecules	  were	  also	  considered,	   since	  previous	  studies	  
indicated	  that	  their	   inclusion	  is	  fundamental	  to	  reproduce	  the	  
relative	   energy	   of	   bright	   and	   dark	   excited	   states	   in	  
pyrimidines.63	   Our	   analysis	   is	   based	   on	   the	   results	   of	   TD-‐DFT	  
calculations,	   obtained	   exploiting	   two	   commonly	   adopted	  
density	  functionals,	  namely	  CAM-‐B3LYP	  and	  B3LYP.	  	  
	  
Computational	  Details	  
Geometry	  Optimization.	   The	   ground	   state	   of	   2-‐TU,	   4-‐TU	   and	   2,4-‐
DTU	  have	  been	  optimized	  at	  the	  B3LYP64/cc-‐pVTZ65	  level	  of	  theory.	  
All	  geometry	  optimizations	  were	  performed	  with	  Gaussian09.66	  	  

Solvent.	  Solvent	   effects	   have	   been	  modelled	   using	   three	  different	  
approaches:	   (1)	   implicitly,	   by	   using	   the	   Integral	   Equation	  
Formulation	  of	  the	  Polarizable	  Continuum	  Model	  (IEF-‐PCM	  )67-‐75;	  (2)	  
explicitly,	   including	   4�H2O	  molecules	   into	   the	   calculations,	   and	   (3)	  
resorting	  to	  a	  mixed	   implicit/explicit	  scheme	  where	  both	  PCM	  and	  
4�H2O	   are	   considered.	   Non-‐equilibrium	   solvation	   was	   adopted	   in	  
the	   IEF-‐PCM	   calculations.	   The	   number	   of	   water	   molecules	   (four)	  
defining	   the	   first	   solvation	   shell	   was	   selected	   based	   on	  
experimental	   evidences76,	   77	   and	   on	   the	   success	   of	   this	   model	   in	  
previous	  computational	  studies	  of	  uracil	  photophysics.	  78-‐81	  The	  role	  
of	  solvent	  dynamics	  was	  not	  considered	  throughout	  this	  study.	  	  

Figure	   1.	   Schematic	   drawing	   and	   atom	   labelling	   of	   Uracil	   and	   its	  
corresponding	   thio-‐derivatives,	   2-‐thiouracil	   (2-‐TU),	   4-‐thiouracil	   (4-‐TU)	   and	  
2,4-‐dithiouracil	   (2,4-‐DTU).	   See	   2-‐TU	   as	   example	   of	   the	   adopted	  
computational	  model	  for	  the	  systems	  4�H2O.	  	  

	  

	  

	  

	  

	  

	  

One-‐Photon	  Absorption	  and	  Magnetic	  Circular	  Dichroism	  Spectra.	  
The	  one-‐photon	  absorption	  (OPA)	  and	  MCD	  spectra	  were	  computed	  
using	  both	  B3LYP	  and	  CAM−B3LYP82	   functionals,	  adopting	  the	  aug-‐
cc-‐pVDZ83	   basis	   set.	   The	   spectra	   were	   obtained	   directly	   using	   the	  
complex-‐polarization-‐propagator	   (CPP)	   approach,84-‐86	   as	  
implemented	   within	   the	   Dalton87	   program	   package.	   By	   explicitly	  
accounting	  for	  the	  finite	  lifetime	  of	  the	  excited	  states,	  CPP	  allows	  to	  
solve	   possible	   issues	   related	   to	   the	   divergence	   of	   standard	  
quadratic	   response	   calculations	   in	   cases	   of	   quasi	   degeneracies.	   In	  
the	   theory,	   the	   empirical	   parameter	   γ	   represents	   the	   inverse	  
lifetime	   of	   vibronic	   states,	   and	   it	   results	   in	   a	   Lorentzian	   spectral	  
broadening.	   In	   implementations	   of	   the	   theory	   that	   only	   accounts	  

for	  electronic	  responses	  in	  the	  system	  (such	  as	  ours), one	  typically	  
adopts	   numerical	   values	   of γ that	   exceed	   inverse	   singlet	   state	  
lifetimes	  (a	  value	  of	  ~0.1	  eV	  is	  often	  used)	  since,	  in	  this	  manner,	  one	  
can	  mimic	  the	  (vibrational	  and	  solvent)	  spectral	  broadening	  seen	  in	  
the	   experiment.	   Here,	   as	   done	   in	   precedent	  works,	   we	   chose	   the	  
same	  phenomenological	  parameter	   for	   all	   states	  and	  assigned	   it	   a	  
value	  of	  1000	  cm-‐1.	  This	  value	  has	  earlier	  been	  proven	  a	  reasonable	  
choice	  that	  yields	  smooth	  spectra	  (and	  therefore	  robust	  results)	  and	  
intensities	  comparable	  to	  experiment	  (too	  small	  γ	  would	  give	  rise	  to	  
unphysically	   narrow	   and	   intense	   peaks).	   On	   the	   other	   hands	   this	  
choice	  avoids	  linewidths	  so	  large	  to	  prevent	  the	  identification	  of	  the	  
different	   peaks	   corresponding	   to	   different	   states.	   The	   same	  
computational	   strategy	   and	   broadening	   parameter	   were	   already	  
adopted	   in	   our	   previous	   studies	   on	   a	   number	   of	   purine	   and	  
pyrimidine	  nucleobases	  predicting	  OPA	  and	  MCD	  spectra	  in	  general	  
agreement	   with	   experiment.61,	   80	   It	   rests	   assured	   that	   the	  
experimental	   width	   of	   the	   spectra	   is	   primarily	   due	   to	   vibrational	  
and	   solvent	   broadening	  mechanisms,	  which	   could	   be	   theoretically	  
accounted	   for	   [see,	  e.g.,	   refs88-‐91]	   in	  more	   refined	  ways	   than	  done	  
here,	  but	  this	  goes	  beyond	  the	  scope	  of	  the	  present	  work.	  

Computed	  OPA	  and	  MCD	   spectra	  were	   reported	   as	   decadic	  molar	  
extinction	  coefficient,	  ε,	  and	  as	  extinction	  coefficient	  anisotropy	  Δε,	  
respectively,	   in	   the	   standard	   units	   [M-‐1	   cm-‐1]	   and	   [M-‐1	   cm-‐1	   T-‐1].	  
Experimental	  OPA	  and	  MCD	  spectra	  were	  taken	  from	  ref.	  92,	  where	  
OPA	   was	   reported	   as	   molar	   extinction	   coefficient	   ε	   in	   standard	  
units,	  whereas	  MCD	  was	  given	  as	  molar	  ellipticity	   [ϑ]M,	   formally	   in	  
units	  of	  deg	  M-‐1	  m-‐1	  T-‐1.	  To	  convert	   the	  experimental	  MCD	  data	   in	  
ref92	   into	  Δε	   in	  standard	  units	  M-‐1	  cm-‐1	  T-‐1,	   they	  should	  be	  divided	  
by	   3.298	   105,	   yielding	   intensities	   about	   six	   orders	   of	   magnitudes	  
smaller	  than	  the	  computed	  ones.	  As	  thoroughly	  discussed	  in	  the	  SI,	  
we	   have	   robust	   elements	   to	   believe	   that	   the	   MCD	   experimental	  
units	  in	  ref92	  were	  misprinted	  and	  that	  the	  scaling	  factor	  missing	  is	  
exactly	  106.	  Adopting	  a	  prudential	  approach,	  in	  this	  study	  we	  prefer	  
however	   to	   focus	   our	   comparison	   the	   signs,	   relative	   intensity	   and	  
energy	  separations	  of	  the	  different	  peaks.	  We	  therefore	  report	  the	  
experimental	  spectra	  normalized	  so	  to	  have	  the	  most	  intense	  peak	  
(absolute	  values)	  equal	  to	  1.	  A	  comparison	  of	  the	  MCD	  intensities	  is	  
instead	  given	  in	  the	  SI.	  

All	   the	   calculations	   have	   been	   performed	   on	   the	   thio-‐keto	  
tautomers	  of	  thiouracils.	  	  

Results	  
2-‐Thiouracil	  (2-‐TU).	  Below	  6	  eV,	  2-‐TU	  presents	  two	  bright	  and	  three	  
dark	  excited	  states	  (Table	  1).	  At	  the	  CAM-‐B3LYP	  level	  (in	  gas	  phase,	  
GP)	   the	  bright	  πCCπ

*
CS	  and	  πCCπ

*
CC	  excited	  states	  are	  separated	  by	  

~0.4	   eV	   and	   have	   similar	   oscillator	   strengths.	   Both	   excitations	  
involve	   π  and	   π∗  orbitals	   that	   are	   delocalized	   over	   the	   2-‐TU	  
aromatic	  ring,	  but	  exhibit	  important	  contributions	  also	  from	  the	  C=S	  
bond.	   In	  particular,	   the	  LUMO	   is	   reminiscent	  of	   the	  corresponding	  
orbital	  of	  uracil,	  with	  strong	  antibonding	  character	  with	  respect	  to	  
the	   C5	   and	   C6	   double	   bond,	   but	   it	   also	   exhibits	   a	   strong	   anti-‐
bonding	   contribution	   between	   C2	   and	   S	   bond.	   	   The	   three	   dark	  
states	   correspond	   to	   different	   combinations	   of	   the	   possible	  
excitations	  from	  both	  lone	  pairs	  (O	  and	  S)	  to	  the	  two	  lowest	  energy	  
π∗  orbitals.	   S1	   corresponds	   to	   a	   dark	   excited	   state,	   with	   main	  
contribution	  from	  the	  S	  lone	  pair.	  	  
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Inclusion	  of	   solvent	   effects	   has	   a	   very	   small	   impact	   on	   the	   nature	  
and	  the	  relative	  energy	  of	  the	  bright	  excited	  states,	  but	  significantly	  
destabilizes	  the	  dark	  excited	  states	  (by	  0.3∼0.4	  eV),	  in	  analogy	  with	  
what	  happens	  for	  natural	  pyrimidines.57,	  93,	  94	  As	  a	  consequence,	  S1,	  
which	   in	   the	   gas	   phase	   is	   ∼0.8	   eV	   more	   stable	   that	   the	   lowest	  
energy	  bright	  state,	  gets	  much	  closer	  in	  energy	  to	  the	  latter	  (~0.4).	  
The	  computed	  absorption	  spectrum	  is	   in	  good	  agreement	  with	  the	  
experimental	  one	   (Figure	  2d),33,	   92	  which	  shows	  a	  very	  broad	  band	  
with	  maximum	  at	  ~265nm	  (4.68	  eV)	  and	  a	  feature	  at	  ~290nm	  (4.27	  
eV),	  which	  we	  assign	   to	  πCCπ

*
CC	   and	  πCCπ

*
CS,	   except	   for	  a	  uniform	  

blue-‐shift	  of	  <0.4	  eV.	  As	  discussed	  in	  several	  previous	  contributions,	  
this	   blue-‐shift	   may	   be	   partially	   due	   to	   the	   lack	   of	   vibrational	  
contribution	  in	  the	  computed	  spectra.63,	  95	  	  

The	  experimental	  MCD	  spectrum	  of	  2-‐TU	  presents	   two	  bands	  
of	  similar	  intensity	  but	  opposite	  sign:	  Band	  I	  peaked	  at	  4.27	  eV	  
(290	   nm)	   and	   Band	   II	   peaked	   at	   4.67	   eV	   (265	   nm).	   Their	  
maxima	   are	   separated	   by	   ~0.4	   eV	   (Figure	   2a).	  Our	   computed	  
MCD	   spectra	   nicely	   match	   the	   shape	   of	   the	   experimental	  
spectra,	   but	   with	   the	   overall	   blue-‐shift	   commented	   above	   in	  
the	   absorption	   spectra.	   We	   can	   thus	   assign	   the	   two	  
experimental	  peaks	  to	  πCCπ

*
CS	  and	  πCCπ

*
CC	  states,	  respectively.	  

As	   expected,	   the	   band	   positions	   of	   the	   different	   computed	  
MCD	  spectra	  are	  not	  dramatically	  affected	  by	  the	   inclusion	  of	  
solvent	  effect,	  which,	  however,	   improves	  the	  agreement	  with	  
the	  relative	  intensities	  of	  the	  experimental	  peaks.	  While	  in	  the	  
gas	   phase,	   Band	   II	   is	   smaller	   than	   Band	   I,	   in	   water	   the	   two	  
peaks	  have	  similar	  intensity,	  as	  in	  the	  experiment	  (Figure	  2a).	  	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

The	   B3LYP	   functional	   provides	   a	   different	   picture	   than	   the	   one,	  
described	   above,	   provided	   by	   CAM-‐B3LYP.	   The	  main	   effect	   is	   the	  
destabilization	  of	  the	  πCCπ

*
CC	  state,	  which	  does	  not	  correspond	  to	  S3	  

but	   to	   S5,	   increasing	   the	   energy	   gap	   with	   respect	   to	   S2.	  
Furthermore,	  the	  relative	  intensity	  of	  the	  two	  lowest	  bright	  states	  is	  
reversed	   compared	   to	   CAM-‐B3LYP,	   B3LYP	   predicting	   that	   the	  
πCCπ

*
CC	   is	  much	  more	   intense	   than	  S2,	   especially	  when	  PCM	   is	  not	  

included.	  The	  agreement	  with	  the	  experimental	  absorption	  spectra	  
worsens	  (Figure	  3d)	  since	  B3LYP	  predicts	  two	  well-‐separated	  bands	  
with	   different	   intensities,	   instead	   of	   a	   single	   broad	   peak.	   On	   the	  
other	   hand,	   the	   adoption	   of	   a	   slightly	   larger	   value	   for	   the	  
phenomenological	   broadening	   would	   have	   led	   to	   a	   computed	  
spectrum	   in	   qualitative	   agreement	   with	   the	   experiments,	  
potentially	  obscuring	  the	  possible	  inaccuracies	  of	  B3LYP,	  which,	  are	  
instead	  apparent	  when	  computing	  the	  MCD	  spectrum.	  	  

The	   B3LYP	   computed	  MCD	   spectrum	   does	   not	   indeed	   agree	   with	  
the	   experimental	   one	   (Figure	   3a),	   except	   for	   the	   presence	   of	   a	  
negative	   feature	  on	   the	   red-‐wing.	  When	  PCM	   is	   not	   included	  a	  n-‐
Rydberg	  transition	  falls	  close	  in	  energy	  to	  the	  second	  bright-‐excited	  
state,	   leading	   to	   the	   appearance	   of	   negative/positive	   double	  
feature.	   This	   feature	   is	   displaced	   at	   higher	   energy	   by	   PCM.	  
However,	   in	   this	   case,	   a	   vanishingly	   small	   negative	   feature	   is	  
associated	  to	  the	  very	  intense	  πCCπ

*
CC	  transition.	  

	  

4-‐Thiouracil	  (4-‐TU).	  The	  impact	  of	  thio-‐substitution	  in	  position	  4	  on	  
the	   frontier	   orbitals	   of	   uracil	   is	   very	   different	   from	   the	   one	   of	   2-‐
thionation,	   since	   sulphur	   participates	   to	   a	   ‘butadiene’	   like	  
conjugation	   with	   C5=C6	   double	   bond.	   As	   a	   consequence,	   sulphur	  
strongly	  contributes	  to	  both	  the	  π	  HOMO	  and	  the	  π*	  LUMO,	  which	  
are	   involved	   in	   lowest	   energy	   bright	   transition	   (πCCπ

*
CS).	   This	  

transition	   (in	   GP)	   is	   significantly	   more	   intense	   (one	   order	   of	  
magnitude)	   than,	   and	   red-‐shifted	   (4.34	   eV)	   with	   respect	   to,	   the	  
πCSπ

*
CS	   (5.22	   eV)	   and	  πCCπ

*
CC	   (5.59	   eV)	   transitions.	   Compared	  with	  

the	   bright	   states	   appearing	   in	   2-‐TU,	   a	   new	   bright	   state	   (πCSπ
*
CS)	  

appears	   characterized	   by	   a	   participation	   of	   the	   C=S	   bond	   to	   both	  
bonding	  and	  antibonding	  orbitals.	  
Concerning	  the	  dark	  states,	  the	  energy	  gap	  between	  S1	  (LPSπ

*
CS)	  and	  

S2	   (πCCπ
*
CS)	   in	   GP	   is	   significantly	   larger	   than	   in	   2-‐TU,	   whereas	   the	  

separation	   between	   the	   second	   dark	   state	   S5	   (LPSπ
*
CC)	   and	   the	  

closest	  bright	  state	  (S4)	  is	  maintained.	  Another	  difference	  with	  2-‐TU	  
concerns	   LPO,	   which	   does	   not	   participate	   in	   any	   of	   the	   low-‐lying	  
excited	  states	  of	  4-‐TU.	  	  

Water	   strongly	   destabilizes	   the	   S1	   (LPSπ∗
CS)	   dark	   state,	   while	  

increasing	   the	   stability	   (0.2	   eV)	   and	   OPA	   intensity	   of	   S2	   (πCCπ
*
CS)	  

(especially	   when	   PCM	   is	   considered).	   As	   a	   consequence,	   as	   it	  
happens	  for	  2-‐TU,	  these	  two	  states	  are	  much	  closer	  in	  water	  than	  in	  
the	  gas	  phase.	  Solvent	  effect	  on	  S3	  and	  S4	  is	  instead	  much	  smaller.	  	  

The	   computed	   OPA	   CAM-‐B3LYP	   spectrum	   in	   water	   are	   in	   good	  
agreement	   with	   the	   experimental	   one	   (Figure	   2e),33,	   92	   the	   latter	  
exhibiting	  a	  very	  intense	  peak	  at	  ~330nm	  (3.75	  eV)	  which	  we	  assign	  
to	   the	   πCCπ

*
CS	   state,	   and	   a	   broad	   and	   weak	   band	   at	   230-‐270	   nm	  

(maximum	  at	  ~240nm,	  i.e.	  5.16eV),	  which	  we	  assign	  to	  πCSπ
*
CS	  and	  

πCCπ
*
CC,	   though	   our	   calculations	   underestimate	   the	   relative	  

intensity	   of	   this	   peak.	   Also	   in	   this	   case	   the	   computed	   vertical	  

Table	   1.	   2-‐TU	   Vertical	   absorption	   energies	   (ΔE,	   in	   eV)	   and	   oscillator	  
strengths	   (ƒ)	  for	  the	  different	   solvation	  models,	  calculated	  at	  the	  TD-‐CAM-‐
B3LYP/aug-‐cc-‐pVDZ	  and	  TD-‐B3LYP/aug-‐cc-‐pVDZ	  level	  of	  theory.	  	  

2-‐TU	   GP	   PCM	   4�H2O	   PCM	  +	  4�H2O	  

CAM-‐
B3LYP	  

ΔE ƒ ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPSπ
*
CS	  

	  	  	  	  	  LPSπ
*
CC	  

3.86	   	  0.00	   4.09	   	  0.00	   4.03	  	   0.00	   4.22	   0.00	  

S2	  πCCπ
*
CS	   4.62	   0.20	   4.64	   0.37	   4.54	   0.13	   4.64	   0.27	  

S3	  πCCπ
*
CC	   5.08	   0.17	   5.08	   0.11	   4.99	   0.19	   5.06	   0.14	  

S4	  LPSπ*
CC	  

	  	  	  	  LPSπ
*
CS	  

	  	  	  	  LPOπ
*
CS	  

	  	  	  	  LPOπ*
CC	  	  	  

4.92	   0.00	   5.20	   0.00	   5.07	   0.00	   5.33	   0.00	  

S5	  LPSπ*
CC	  

	  	  	  	  LPSπ
*
CS	  

	  	  	  	  LPOπ
*
CS	  

	  	  	  	  LPOπ*
CC	  

5.43	   0.00	   5.69	   0.00	   5.45	   0.00	   5.72	   0.00	  

B3LYP	   ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPSπ
*
CS	  

	  	  	  	  	  LPSπ
*
CC	  

3.57	   0.00	   3.78	   0.00	   3.65	   0.00	   3.88	   0.00	  

S2	  πCCπ
*
CS	   4.07	   0.05	   4.20	   0.11	   3.96	   0.03	   4.20	   0.08	  

S3	  LPSπ*
CC	  

	  	  	  	  LPSπ
*
CS	  	  

4.14	   0.00	   4.35	   0.00	   4.17	   0.00	   4.41	   0.00	  

S4	  LPOπ*
CS	  

	  	  	  	  LPOπ*
CC	  

4.77	   0.00	   5.05	   0.00	   4.64	   0.00	   5.15	   0.00	  

S5	  πCCπ
*
CC	   4.85	   0.27	   4.78	   0.33	   4.76	   0.27	   4.74	   0.32	  
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absorption	   energies	   (VAE)	   are	   blue-‐shifted	   by	   0.4-‐0.5eV	   with	  
respect	  to	  the	  experimental	  maxima.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

The	  experimental	  MCD	  (extracted	   from	  ref	   92)	   spectrum	  of	  4-‐TU	   is	  
depicted	   in	   Figure	   2b	   (and	   3b).	   This	   spectrum	   is	   characterised	   by	  
two	   negative	   bands	   (Band	   I:	   326	   nm	   and	   Band	   II:	   270	   nm)	   well	  
separated	   in	   energy	   (0.8	   eV),	   followed	   by	   a	   small	   positive	   band	  
(Band	  III)	  at	  around	  230	  nm.	  The	  computed	  MCD	  spectrum	  of	  4-‐TU	  
(Figure	  2b)	  is	  in	  fair	  agreement	  with	  the	  experimental	  one.	  A	  strong	  
negative	  peak	  is	  predicted	  at	  4.3-‐4.4	  eV	  (Band	  I,	  S2	  πCCπ

*
CS),	  0.5	  eV	  

blue-‐shifted	  with	  the	  respect	  to	  the	  experimental	  band,	   in	  analogy	  
with	   what	   happens	   for	   the	   absorption	   spectrum.	   This	   feature	   is	  
followed	  by	  a	  shallow	  negative	  feature	  that	  we	  assign	  to	  πCSπ

*
CS	  and	  

πCCπ
*
CC.	   The	   features	   on	   the	   blue-‐wing	   are	   due	   to	   electronic	  

transitions	   involving	  Rydberg	  orbitals	   (S6	  and	  S7),	  whose	  treatment	  
is	   not	   straightforward	   within	   a	   continuum	   model,	   and	   are	   more	  
sensible	  to	  the	  solvation	  models	  and	  to	  the	  size	  of	  the	  basis	  set.	  	  

In	  the	  GP,	  B3LYP	  stabilizes	  the	  dark	  states	  compared	  to	  CAM-‐B3LYP:	  	  
LPSπ

*
CC	   and	   LPSRydb	   are	   more	   stable	   than	   the	   bright	   πCSπ

*
CS	   and	  

πCCπ
*
CC	   excited	   states.	   In	   solution	   the	   effect	   is	   less	   significant,	  

stabilizing	  mainly	   the	   LPSπ
*
CC.	  Related	  with	   this,	   in	   some	  cases	   the	  

LPOπ
*
CS	   excitation	   also	   appears	   intercalated	   among	   the	   specified	  

states.	  For	  what	  concerns	  the	  bright	  excited	  states,	  B3LYP	  increases	  
the	   intensity	  of	  πCCπ

*
CC,	   the	  same	  result	   found	  for	  2-‐TU,	   improving	  

the	   agreement	   with	   the	   experimental	   spectrum	   (Figure	   3e).	  

Analogously,	   the	  second	  negative	   feature	   in	   the	  MCD	  spectrum,	   is	  
more	   intense	   (Figure	   3b).	   than	   that	   predicted	   by	   CAM-‐B3LYP,	  
improving	  the	  agreement	  with	  experiments.	  	  

	  

2,4-‐Thiouracil	  (2,4-‐DTU).	  The	  presence	  of	  two	  sulphur	  atoms	  in	  2,4-‐
DTU	  leads	  to	  highly-‐mixed	  orbitals	  making	  a	  clear	  assignment	  of	  the	  
excited	   states	   character	   much	   more	   difficult	   (see	   Table	   3).	   The	  
number	  of	  excited	  states	  lying	  at	  energies	  below	  6	  eV	  increases	  up	  
to	   eight	   (4	   dark	   and	   4	   bright	   states)	   compared	   to	   the	   mono-‐
substituted	  uracil	  (Table	  3).	  The	  first	  bright	  state	  πCC2π

*
CS4	  (4.08	  eV)	  

and	  the	  third	  πCC2π
*
CS2	  (4.80	  eV)	  are	  similar	  in	  energy	  to	  the	  S1	  of	  4-‐

TU	   (4.34	   eV)	   and	   2-‐TU	   (4.62	   eV),	   respectively.	   Although	   both	  
excitations	  share	  the	  same	  bonding	  orbital	  (πCC2),	  they	  differ	  in	  the	  
antibonding	  orbital,	  which	  is	  mainly	  localized	  on	  the	  C=S4	  and	  C=S2	  
for	   the	   πCC2π

*
CS4	   and	   πCC2π

*
CS2	   states,	   respectively.	   The	   other	   two	  

bright	   states	   (4.44	   and	   4.92	   eV)	   are	   similar,	   but	   the	   excitation	  
involves	   the	   other	   delocalized	   orbital	   (πCC1).	   The	   four	   excitations	  
present	  large	  oscillator	  strength,	  0.12-‐0.30.	  	  

Four	   dark	   states	   are	   intercalated	   within	   these	   bright	   states,	  
involving	  the	  excitations	  from	  the	  LPS1	  and	  LPS2	  to	  the	  π

*
CS4	  and	  π

*
CS2	  

orbitals.	  	  

The	   main	   solvent	   effects	   are	   similar	   to	   those	   observed	   for	   the	  
mono-‐substituted	   uracils,	   namely,	   the	   destabilization	   of	   the	   dark	  
states	  and	  the	  change	  on	  intensity	  of	  the	  bright	  states.	  	  

The	   experimental	   absorption	   spectrum	   (Figure	   2f)33,	   92	   exhibits	   an	  
intense	   transition	   at	   360	   nm	   (3.44	   eV),	   and	   two	   close-‐lying	  more	  
intense	  peaks	  at	  ∼290	  nm	  (∼	  4.3	  eV)	  and	  ∼260	  nm	  (∼4.7	  eV).	  CAM-‐
B3LYP	  calculations	  assign	  the	  lowest	  energy	  peak	  to	  πCC2π

*
CS4	  (4.04	  

eV),	   whereas	   the	   three	   other	   transitions	   (πCC1π
*
CS4/πCC2π

*
CS2	   and	  

πCC1π
*
CS2)	   are	   responsible	   of	   the	   peaks	   at	   290	   and	   260	   nm.	  

Comparison	   with	   the	   experimental	   spectra	   (Figure	   2f)	   shows	   that	  
the	  intensity	  of	  the	  πCC2π

*
CS4	  transition	  is	  too	  large	  and	  the	  relative	  

stability	   of	   the	   higher-‐lying	   bright	   excited	   states	   overestimated,	  
leading	  to	  a	  too	  small	  energy	  gap	  with	  respect	  to	  the	  πCC2π

*
CS4	  peak.	  	  

In	   the	   experimental	   MCD	   spectrum,	   a	   strong	   negative	   feature	   at	  
∼3.50	  eV	  is	  followed	  by	  a	  positive	  one	  at	  ∼4.40	  eV.	  The	  CAM-‐B3LYP	  
spectrum	   is	   in	   qualitative	   agreement	   with	   the	   experimental	   one.	  
When	  PCM	  is	  included	  (Figure	  2c)	  the	  computed	  spectrum	  presents	  
two	  main	  features:	  a	  negative	  band	  at	  4.0	  eV	  and	  a	  positive	  one	  at	  
around	   4.60-‐4.80	   eV,	   both	   presenting	   similar	   intensity.	   We	   thus	  
assign	   the	   first	   band	   to	   πCC2π

*
CS4,	   whereas	   the	   other	   close-‐lying	  

bright	   excited	   states	   globally	   provide	   a	   positive	   contribution.	   It	   is	  
likely	   (CPP	   calculations	   do	   not	   give	   access	   to	   the	  MCD	  B	   terms	   of	  
the	   single	   states)	   that	   one	  of	   the	   states	  would	  provide	   a	   negative	  
signal,	   as	   suggested	   by	   the	   shape	   obtained	   in	   absence	   of	   PCM,	  
where	  the	  three	  peaks	  are	  more	  separated	  in	  energy	  and	  a	  ‘sharp’	  
negative	  peak	  is	  present.	  	  

B3LYP	   provides	   a	   picture	   qualitatively	   similar,	   on	   the	   balance,	   to	  
that	   of	   CAM-‐B3LYP.	   However,	   the	   four	   bright	   transitions	  
responsible	   for	   the	   two	   lowest	  energy	  absorption	  bands	  are	  more	  
separated;	   πCC1π

*
CS4,	   which	   at	   the	   CAM-‐B3LYP	   level	   is	   close	   to	  

πCC2π
*
CS2,	   gets	   closer	   to	   πCC2π

*
CS4	   and	   shows	   up	   in	   the	   absorption	  

spectrum.	   As	   a	   consequence	   the	   individual	   contributions	   of	   the	  
different	   transitions	   to	   the	  MCD	  spectrum	  are	  also	  visible,	   leading	  
to	  a	  more	  congested	  spectrum	  (Figure	  3c).	  	  

Table	  2.	  4-‐TU	  Vertical	  absorption	  energies	  (ΔE,	  in	  eV)	  and	  oscillator	  strengths	  
(ƒ)	  for	  the	  different	  solvation	  models	  calculated	  at	  the	  TD-‐CAM-‐B3LYP/aug-‐cc-‐
pVDZ	  and	  TD-‐B3LYP/aug-‐cc-‐pVDZ	  levels	  of	  theory.	  

4-‐TU	   GP	   PCM	   4�H2O	   PCM	  +	  4�H2O	  

CAM-‐
B3LYP	  

ΔE ƒ ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPSπ∗
CS	  

	  	  	  	  	  LPSπ∗
CC	  

3.03	   	  0.00	   3.37	   	  0.00	   3.28	   0.00	   3.54	   0.00	  

S2	  πCCπ∗
CS	   4.34	   0.34	   4.21	   0.42	   4.24	   0.38	   4.20	   0.47	  

	  	  S3	  πCSπ∗
CS	  	   5.22	   0.01	   5.22	   0.02	   5.19	   0.01	   5.24	   0.02	  

S4	  πCCπ∗
CC	   5.59	   0.04	   5.67	   0.06	   5.48	   0.04	   5.61	   0.04	  

S5	  LPSπ∗
CC	  

	  	  	  	  LPSπ∗
CS	  

5.54	   0.00	   5.83	   0.00	   5.64	   0.00	   5.90	   0.00	  

S6	  π CCRydb	   5.57	   0.00	   5.90	   0.01	   5.81	   0.00	   5.96	   0.02	  

S7	  LPS	  Rydb	   5.70	   0.03	   5.88	   0.10	   5.96	   0.05	   6.04	   0.09	  

B3LYP	   ΔE ƒ ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPSπ∗
CS	  	  	  	  	  	   2.79	   0.00	   3.08	   0.00	   2.99	   0.00	   3.24	   0.00	  

S2	  πCCπ∗
CS	   4.17	   0.24	   4.09	   0.36	   4.08	   0.28	   4.08	   0.40	  

S3	  LPSπ∗
CC	  

	  
4.57	   0.00	   4.84	   0.00	   4.64	   0.00	   4.89	   0.00	  

S4	  πCSπ∗
CS	  	   4.81	   0.01	   4.86	   0.01	   4.23	   0.01	   4.90	   0.01	  

S5	  πCCπ∗
CC	   5.09	   0.10	   5.11	   0.06	   4.95	   0.11	   5.04	   0.07	  

S6	  LPOπ∗
CS	  	  	  	  	  	   5.28	   0.00	   5.41	   0.00	   4.82	   0.00	   5.30	   0.00	  

S7	  LPS	  Rydb	   4.85	   0.01	   5.41	   0.05	   5.20	   0.02	   5.43	   0.04	  

S8	  π CCRydb	   5.05	   0.00	   	  5.53	   0.01	   5.29	   0.00	   5.46	   0.00	  

	   	   	  

	  

LPS"" πCS%% πCC%% π*CS%% π*CC%%
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Concluding	  remarks	  
In	  the	  present	  study	  we	  report	  a	  thorough	  TD-‐DFT	  analysis	  of	  
the	   OPA	   and	   MCD	   spectra	   of	   three	   different	   thiouracils,	  
focussing,	   in	   particular,	   on	   the	   dependence	   of	   our	   prediction	  
on	  the	  environment	  (gas	  phase	  or	  water)	  and	  on	  the	  adopted	  
density	   functional.	   As	   a	   first	   point,	   we	   shall	   analyse	   the	  
performance	   of	   our	   methods	   in	   reproducing	   the	   effect	   of	  
thionation	   on	   the	   uracil	   spectra.	   In	   all	   the	   examined	  
compounds,	  the	  lowest	  energy	  bright	  transition	  is	  reminiscent	  
of	   the	   HOMO→LUMO	   transition	   of	   uracil,	   but	   for	   thiouracil	  
C=S	   bonds	   provide	   a	   more	   substantial	   contribution	   than	   the	  
C=O	  bonds,	  due	  to	  the	  smaller	  electronegativity	  of	  Sulphur.	  As	  
previously	   discussed	   for	   thiothymines,44	   this	   effect	   gives	  
account	   of	   the	   red-‐shift	   of	   the	   absorption	   spectrum	   of	  
thiouracils	  with	   respect	   to	  uracil.	   CAM-‐B3LYP	  predicts	   that	   (i)	  
the	  4-‐thionation	  is	  more	  effective	  than	  2-‐thionation	  and	  (ii)	  the	  

effects	  (at	  the	  2	  and	  4	  positions)	  are	  (approximately)	  additive.	  
These	  results,	  due	  to	  the	  larger	  conjugation	  of	  C4=S	  bond	  with	  
C5=C6	   double	   bonds,	   are	   fully	   consistent	   with	   the	  
experimental	  indications.	  From	  the	  quantitative	  point	  of	  view,	  
taking	   uracil	   as	   reference,	   in	   the	   gas	   phase	   the	   lowest	   bright	  
energy	   transition	   is	   red-‐shifted	   in	   2-‐TU	  by	   0.8	   eV,	   in	   4-‐TU	  by	  
1.1	  eV	  and	  in	  2,4-‐DTU	  by	  1.5	  eV.	  These	  shifts	  are	  close	  to	  those	  
derived	   from	   the	   analysis	   of	   the	   experimental	   absorption	  
maxima33	   and	   to	   those	   obtained	   on	   thiothymine	   at	   the	  
CASPT244	  level	  (see	  Table	  S1).	  The	  most	  significant	  discrepancy	  
concerns	  the	  red-‐shift	  of	  2-‐TU,	  which	  is	  overestimated	  by	  ∼0.3	  
eV;	   interestingly	  CASPT244	  calculations	  also	  overestimates	   the	  
red-‐shift	   due	   to	   2-‐thionation	   of	   Thymine.	   B3LYP	   predictions	  
are	   different,	   since	   this	   functional	   strongly	   overestimates	   the	  
red-‐shift	  of	  2-‐TU,	  especially	  in	  the	  gas	  phase.	  In	  GP	  the	  lowest	  
energy	  bright	  state	  is	  red-‐shifted	  with	  respect	  to	  that	  of	  4T-‐U,	  
contrary	   to	   the	   experiments	   in	   water.	   Inclusion	   of	   solvent	  
effect	   partially	   heals	   this	   error;	   at	   least	   correctly	   reproducing	  
the	   relative	   position	   of	   2-‐TU	   and	   4-‐TU	   lowest	   energy	   peaks	  
(see	  Table	  S1).	  	  
	  
However,	  also	  in	  water	  the	  effect	  of	  2-‐thionation	  on	  the	  lowest	  
energy	   bright	   transition	   seems	   overestimated,	   since	   B3LYP	  
provides	   a	   red-‐shift	   of	   0.86	   eV,	   to	   be	   compared	   with	   an	  
experimental	   estimate	   of	   0.5	   eV.	   In	   both	   2-‐TU	   and	   4-‐TU	   the	  
HOMO	   derives	   from	   the	   interaction	   between	   the	   ππ*	  
transitions	  involving	  C5=C6	  and	  C=S	  moieties,	  while	  the	  LUMO	  
is	  more	  localized	  on	  the	  ring.	  In	  2-‐TU	  the	  two	  double	  bonds	  are	  
not	   conjugated,	   the	   contribution	   of	   the	   C2=S	   bond	   to	   the	  
HOMO	   is	   larger	   and	   the	  HOMO→LUMO	   transition	   acquires	   a	  
partial	   formal	   (C=S)	  →ring	   CT	   character.	   Actually,	   a	   simple	  
(Mulliken)	   test	   population	   analysis	   (Gas	   Phase	   TD-‐B3LYP/6-‐
31G(d)	   calculations)	   indicates	   that	   a	   formal	   (C2=S)→ring	  
charge	   transfer	   of	   ca	   -‐0.3	   a.u.	   is	   associated	   to	   the	   lowest	  
energy	   bright	   transition	   for	   2-‐TU.	   Both	   these	   effects	   could	  
contribute	  to	  explain	  the	  poor	  performance	  of	  B3LYP,	  but	  only	  
a	   thorough	   study	   of	   analogous	   compounds	   can	   firmly	   assess	  
this	  issue.	  
	  
On	   the	   balance	   the	   computed	   MCD	   spectra	   are	   in	   good	  
agreement	  with	  the	  experimental	  ones,	  confirming	  the	  general	  
reliability	  of	  our	  methodological	  approach.	  For	  what	  concerns	  
CAM-‐B3LYP,	  the	  most	  significant	  discrepancy	  with	  respect	  the	  
experiments	   concerns	   the	   relative	   intensity	   of	   the	   second	  
negative	   band	   (Band	   II)	   in	   4-‐TU,	   which	   is	   significantly	  
underestimated	   by	   our	   calculations	   at	   the	   CAM-‐B3LYP	   level,	  
due	   to	   the	   underestimation	   of	   the	   oscillator	   strength	   of	   the	  
transition(s)	   responsible	   for	   this	   feature,	   apparent	   already	   in	  
the	  absorption	  spectrum.	  The	  B3LYP	  MCD	  spectrum	  is	  in	  better	  
agreement	   with	   experiments	   for	   this	   thiouracil,	   since	   this	  
functional	   better	   reproduce	   the	   relative	   intensity	   of	   the	  
related	  transitions.	  These	  results	  confirm	  the	   importance	  of	  a	  
correct	   estimate	   of	   the	   oscillator	   strength	   of	   the	   different	  
transitions,	  an	  issue	  often	  overlooked	  with	  respect	  the	  analysis	  
of	  the	  vertical	  excitation	  energies.	  	  

Table	   3.	   2,4-‐DTU	   Vertical	   Absorption	   energies	   (ΔE,	   in	   eV)	   and	   oscillator	  
strengths	   (ƒ)	   for	   the	   different	   solvation	   models	   calculated	   at	   the	   TD-‐CAM-‐
B3LYP/aug-‐cc-‐pVDZ	  and	  TD-‐B3LYP/aug-‐cc-‐pVDZ	  level	  of	  theory.	  	  

2,4-‐DTU	   GP	   PCM	   4�H2O	   PCM	  +	  4�H2O	  

CAM-‐B3LYP	   ΔE ƒ ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPS2π∗
CS4	  

	  	  	  	  	  LPS1π∗
CS4	  

3.00	   0.00	   3.30	   0.00	   3.28	   0.00	   3.50	   0.00	  

S2	  πCC2π∗
CS4	   4.08	   0.12	   4.03	   0.27	   4.02	   0.16	   4.04	   0.29	  

S3	  LPS2π∗
CS2	  

	  	  	  	  LPS1π∗
CS2	  	  

3.82	   0.00	   4.00	   0.00	   3.98	   0.00	   4.09	   0.00	  

S4	  πCC1π∗
CS4	   4.44	   0.21	   4.52	   0.28	   4.44	   0.16	   4.56	   0.21	  

S5	  πCC2π∗
CS2	  

	  
4.80	   0.14	   4.71	   0.19	   4.72	   0.10	   4.67	   0.14	  

S6	  LPS2π∗
CS4	  

	  	  	  	  	  LPS1π∗
CS4	  

4.60	   0.00	   4.75	   0.00	   4.63	   0.00	   4.78	   0.00	  

S7	  πCC1π∗
CS2	   4.92	   0.32	   4.97	   0.20	   4.87	   0.20	   5.00	   0.12	  

S8	  LPS2π∗
CS2	  

	  	  	  	  	  	  LPS1π∗
CS2	  

4.83	   0.00	   5.04	   0.00	   4.96	   0.00	   5.15	   0.00	  

B3LYP	   ΔE ƒ ΔE	   ƒ	   ΔE	   ƒ	   ΔE	   ƒ	  

S1	  LPS1π∗
CS4	   2.76	   0.00	   3.01	   0.00	   2.98	   0.00	   3.19	   0.00	  

S2	  πCC2π∗
CS4	  

    πCC1π∗
CS4	  

3.55	   0.01	   3.61	   0.04	   3.52	   0.02	   3.62	   0.06	  

S3	  LPS2π∗
CS2	  

	  	  	  	  	  LPS1π∗
CS2	  

3.47	   0.00	   3.65	   0.00	   3.54	   0.00	   3.70	   0.00	  

S5	  LPS2π∗
CS4	   3.60	   0.00	   3.74	   0.00	   3.71	   0.00	   3.80	   0.00	  

S4	  πCC1π∗
CS4	  

   π CC2π∗
CS4	  

3.98	   0.07	   4.06	   0.18	   3.95	   0.06	   4.08	   0.12	  

S6	  LPS2π∗
CS2	  

	  	  	  	  	  	  LPS1π∗
CS2	  

3.87	   0.00	   4.05	   0.00	   3.98	   0.00	   4.15	   0.00	  

S7	  πCC2π∗
CS2	  

   π CC1π∗
CS2	  

	  

4.51	   0.22	   4.41	   0.24	   *4.44	   0.32	   4.39	   0.32	  

S7	  πCC1π∗
CS2	  

   π CC2π∗
CS2	  

4.75	   0.34	   4.68	   0.33	   *4.65	   0.26	   4.65	   0.31	  

	   	  

	  
*Anoter	  dark	  state	  appears	  at	  4.35	  eV	  

	  

LPS1## LPS2## πCC1%% πCC2%% π*CS4%% π*CS2%%
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B3LYP,	   on	   the	   other	   hand,	   does	   not	   reproduce	   the	   positive	  
MCD	   peak	   of	   2-‐TU,	   notwithstanding	   the	   presence	   of	   strong	  
peak	  in	  the	  absorption	  spectrum.	  
Comparison	   with	   the	   MCD	   spectra	   of	   uracil	   shows	   that	   a	  
negative	  peak	  is	  always	  associated	  to	  the	  πCCπ

*
CS	  transition	  (the	  

HOMO-‐LUMO	   for	   Uracil).	   On	   the	   contrary,	   the	   πCCπ
*
CC	  

transition	   is	   responsible	   for	   a	   positive	   feature	   (for	   uracil	   it	  
corresponds	  to	  the	  HOMO→LUMO+1	  transition).	  
Inclusion	  of	  solvent	  effect	  does	  not	  have	  a	  dramatic	  impact	  on	  
the	   computed	   MCD,	   though,	   in	   general,	   improving	   the	  
agreement	   with	   the	   position	   of	   the	   experimental	   peaks.	   In	  	  
2,4-‐DTU,	   in	   particular,	   in	   the	   absence	   of	   the	   solvent	   the	  
electronic	   transition	   would	   be	   more	   separated,	   producing	   a	  
spectrum	  with	  too	  many	  peaks.	  	  
For	  what	   concerns	   the	   interplay	  with	   the	  dark	  excited	   states,	  
thionation	   leads	   to	   a	   significant	   increase	   of	   the	   energy	   gap	  
between	   the	   lowest	   energy	   bright	   and	   dark	   states.	   As	   a	  
consequence,	   at	   difference	   with	   the	   other	   pyrimidines,	   the	  
lowest	  energy	  nπ*	  transition	  corresponds	  always	  to	  S1,	  also	  in	  
water.	   In	   this	   respect,	   4-‐thionation	   leads	   to	   the	   most	   stable	  
nπ*	  state	  (see	  Table	  S2),	  in	  line	  with	  the	  larger	  stability	  of	  the	  
nπ*	   involving	  C4=O	  group	   in	  natural	  pyrimidines.	   Inclusion	  of	  
solvent	   effect	   is	   confirmed	   to	   lead	   to	   a	   strong	   relative	  
destabilization	  of	  nπ*	  transitions,	   i.e	  a	  decrease	  in	  the	  energy	  
gap	  with	  the	  bright	  state	  which	  could	  a	  priori	  accelerate	  IC	  and	  

as	   a	   consequence	   intersystem	   crossing	   leading	   to	   triplet	  
population.	  
The	   results	   here	   presented	   confirm	   that	  MCD,	   due	   its	   signed	  
nature,	  is	  a	  valuable	  tool	  to	  investigate	  the	  relative	  stability	  of	  
closely	  lying	  excited	  states,	  and	  quadratic	  response	  within	  TD-‐
DFT	  offers	   a	   convenient	   strategy	   for	   their	   calculation.	   	   A	  non	  
phenomenological	   simulation	   of	   MCD	   shapes	   require	   the	  
inclusion	  of	  vibrational	  contributions	  and	  in	  few	  cases	  this	  has	  
been	   done	   in	   literature.96	   When	   states	   become	   too	   close,	  
divergences	   may	   occur	   in	   the	   quadratic	   response	   and	   stable	  
results	   can	   be	   obtained	   resorting	   to	   the	   technique	   of	   the	  
complex	   polarization	   propagator,	   as	   it	   was	   done	   here.	  
However,	   besides	   these	   technical	   problems,	   in	   situations	   of	  
close	  degeneracy	  inter-‐state	  couplings	  may	  affect	  the	  shape	  of	  
electronic	  spectra	  and	  have	  hardly	  predictable	  effects	  on	  MCD	  
signals	   due	   to	   the	   mixing,	   mediated	   by	   vibrations,	   of	  
contributions	   with	   different	   signs.	   These	   effects	   may	   be	   in	  
principle	   investigated	   developing	   a	   nonadiabatic	   approach	   to	  
the	   computation	   of	   MCD	   spectra.	   	   This	   possibility	   will	   be	  
explored	  in	  future	  works.	  	  
Furthermore,	   different	   tautomers	   are	   expected	   to	   present	  
different	   spectral	   features	   and	   comparison	   between	  
experimental	   and	   theoretical	   MCD	   could	   be	   useful	   to	   study	  
their	  equilibrium	  both	  in	  thiouracils	  and	  in	  other	  bases.	  	  

	  

Figure	  2.	  MCD	  and	  OPA	  spectra	  for	  2-‐TU	  (a,d),	  4-‐TU	  (b,e)	  and	  2,4-‐DTU	  (c,f)	  calculated	  at	  the	  TD-‐CAM-‐B3LYP/aug-‐cc-‐pVDZ	  level	  of	  theory.	  Solvation	  model	  
indicated	   in	   the	   inset.	  Experimental	  Spectra	  extracted	   from	  ref	   92	  and	  normalized	  so	   to	  have	   the	   intensity	  of	   the	  most	   intense	  peak	   (absolute	  values)	  
equal	  to	  1.	  	  
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Figure	  3.	  MCD	  and	  OPA	  spectra	  2-‐TU	  (a,d),	  4-‐TU	  (b,e)	  and	  2,4-‐DTU	  (c,f)	  calculated	  at	  the	  TD-‐B3LYP/aug-‐cc-‐pVDZ	  level	  of	  theory.	  Solvation	  model	  indicated	  
in	  the	  inset.	  Experimental	  Spectra	  extracted	  from	  ref	  92	  and	  normalized	  so	  to	  have	  the	  intensity	  of	  the	  most	  intense	  peak	  (absolute	  values)	  equal	  to	  1.	  	  
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