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•  Theore,cal	
  Challenges	
  Include:	
  
•  Orbital	
  relaxa,on	
  
•  Require	
  treatment	
  of	
  scalar	
  (1s	
  excita,ons)	
  and	
  spin-­‐dependent	
  

rela,vis,c	
  effects	
  
•  Electron	
  correla,on	
  



Computa,onal	
  Approaches	
  
Wavefunc,on/Green’s	
  
Func,on	
  Methods	
  

Other	
  Methods	
  
•  Sta,c	
  Exchange	
  Approx.	
  

(IVO-­‐HF)8	
  
•  Maximum	
  Overlap	
  ΔSCF9	
  

•  SOS-­‐CIS(D)1	
  
•  RASSCF2	
  
•  LR-­‐CC	
  methods3	
  
•  Algebraic	
  Diagramma,c	
  

Construc,on	
  (ADC)4	
  

•  Linear	
  Response	
  TDDFT5	
  
•  Real-­‐Time	
  TDDFT6	
  
•  ROKS/CIS7	
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  With	
  TDDFT	
  

First-row elements: CO,	
  H2CO,	
  N2O,	
  N2,	
  HCN,	
  CH4,	
  C2H4	
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  elements:	
  SiH4,	
  PH3,	
  H2S,	
  SO2,	
  HCl,	
  Cl2	
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•  Standard	
  func,onals	
  fail	
  drama,cally	
  for	
  core	
  excita,ons,	
  which	
  
results	
  in	
  a	
  large	
  underes,ma,on	
  of	
  the	
  excita,on	
  energy.	
  
–  Poor	
  performance	
  stems	
  the	
  low	
  quality	
  of	
  the	
  KS	
  eigenvalues,	
  use	
  of	
  

frequency	
  independent	
  XC	
  func,onals.	
  

•  It	
  is	
  common	
  for	
  TDDFT	
  spectra	
  to	
  be	
  shihed	
  by	
  a	
  uniform	
  amount	
  
in	
  order	
  to	
  compensate	
  for	
  the	
  underes,ma,on.	
  

Compensa,ng	
  for	
  Failure	
  of	
  TDDFT	
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Orthogonality	
  Constrained	
  Density	
  
Func,onal	
  Theory	
  (OCDFT)	
  

•  Varia,onal	
  ,me-­‐independent	
  formula,on	
  of	
  DFT	
  
•  Builds	
   upon	
   varia,onal	
   DFT	
   approaches1-­‐7	
   but	
   imposes	
   an	
  

orthogonality	
  condi,on	
  on	
  the	
  Kohn-­‐Sham	
  system:	
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•  Must	
   introduce	
   two	
   new	
   features	
   to	
   OCDFT	
   to	
   calculate	
   NEXAS	
  
spectra	
  
–  Previous	
   implementa,on	
  selected	
  the	
  highest	
   lying	
  hole	
  orbitals	
  (highest	
  hole	
  

eigenvalue)	
   however	
   for	
   core	
   excita,ons	
   we	
   want	
   to	
   select	
   the	
   lowest	
   lying	
  
hole	
  orbitals	
  (lowest	
  hole	
  eigenvalue).	
  

–  Algorithm	
  must	
  be	
  generalized	
  to	
  mul,ple	
  excited	
  states.	
  

Extension	
  of	
  OCDFT	
  to	
  	
  
Simulate	
  NEXAS	
  Spectra	
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Comparison	
  to	
  TDDFT	
  

•  EOM-­‐CCSD1	
  (MAE)	
  =	
  0.9	
  eV	
  
•  SOS-­‐CIS(D)2	
  [MAE]	
  =	
  1.2	
  eV	
  

•  Max	
  Error	
  for	
  OCDFT:	
  -­‐3.7	
  eV	
  
•  Max	
  Error	
  for	
  TDDFT:	
  -­‐53.6	
  eV	
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  P.,	
  Phys.	
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2)  Asmuruf,	
  F.A.;	
  Besley,	
  N.A.,	
  Chem.	
  Phys.	
  Le+.	
  2008	
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•  Comparing	
  the	
  sensi,vity	
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  Tozer	
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Metric.1	
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  to	
  Orbital	
  Overlap	
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Applica,on	
  to	
  Thymine	
  



Spectral	
  Simula,on	
  Details	
  

•  Transi,on	
  dipole	
  moments	
  are	
  approximated	
  using	
  Kohn-­‐Sham	
  
determinants	
  and	
  the	
  posi,on	
  vector	
  

•  Using	
  the	
  approximate	
  transi,on	
  dipole	
  moment	
  we	
  can	
  now	
  
calculate	
  an	
  oscillator	
  strength	
  for	
  each	
  transi,on	
  

	
  

•  Compute	
  10	
  excita,ons	
  per	
  hole	
  for	
  each	
  carbon,	
  nitrogen,	
  and	
  
oxygen	
  1s	
  orbital	
  in	
  thymine.	
  

•  Plot	
  spectra	
  using	
  gaussians	
  with	
  FWHM	
  of	
  0.1	
  eV	
  -­‐	
  0.4	
  eV	
  in	
  
order	
  to	
  simulate	
  natural	
  spectroscopic	
  broadening	
  effects.	
  

•  Compare	
  the	
  OCDFT	
  results	
  with	
  experiment	
  and	
  	
  previously	
  
applied	
  2nd	
  order	
  algebraic	
  diagramma,c	
  construc,on	
  [ADC(2)]	
  
methods	
  

ʅĨŝ = �Ɍ(Ĩ) |̂ƌ|Ɍ(ŝ)�

Ĩosc =
Ϯ
ϯ
|ʅĨŝ|ϮʘĨŝ
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Peak	
  Features	
  A	
  and	
  B	
  are	
  
unresolved	
  in	
  ADC(2)	
  
spectrum.	
  Appear	
  as	
  single	
  
peak	
  feature.	
  



Applica,on	
  to	
  Transi,on	
  Metal	
  
Complexes	
  



����� ������� ��������
TiCl4	
   TiCpCl3	
   TiCp2Cl2	
  

Ti	
  K-­‐Edge	
  of	
  Tetra	
  coordinated	
  Titanium	
  
Complexes	
  

•  Class	
  of	
  molecules	
  used	
  to	
  study	
  
covalency	
  in	
  cyclopentadienyl	
  (Cp)	
  
complexes	
  relevant	
  for	
  use	
  as	
  
an,-­‐cancer	
  drug.	
  

•  Full	
  treatment	
  of	
  scalar	
  rela,vis,c	
  
effects	
  will	
  be	
  handled	
  by	
  X2C	
  
Hamiltonian	
  implemented	
  as	
  
plugin	
  in	
  PSI4	
  

	
  	
  
1)  DeBeer	
  George,	
  S.;	
  Brant,	
  P.;	
  Solomon,	
  E.	
  I.	
  J.	
  Am.	
  Chem.	
  Soc.	
  2005	
  
2)  Casarin,	
  M.;	
  Finet,	
  P.;	
  Vigadini,	
  A.;	
  Wang,	
  F.;	
  Ziegler,	
  T.	
  J.	
  Phys.	
  

Chem.	
  A	
  2007.	
  

	
  	
  



����� ������� ��������
TiCl4	
   TiCpCl3	
   TiCp2Cl2	
  

Ti	
  K-­‐Edge	
  of	
  Tetra	
  coordinated	
  Titanium	
  
Complexes	
  

•  Class	
  of	
  molecules	
  used	
  to	
  study	
  
covalency	
  in	
  cyclopentadienyl	
  (Cp)	
  
complexes	
  relevant	
  for	
  use	
  as	
  
an,-­‐cancer	
  drug.	
  

•  Full	
  treatment	
  of	
  scalar	
  rela,vis,c	
  
effects	
  will	
  be	
  handled	
  by	
  X2C	
  
Hamiltonian	
  implemented	
  as	
  
plugin	
  in	
  PSI4	
  

Experimental1	
  

	
  	
  
1)  DeBeer	
  George,	
  S.;	
  Brant,	
  P.;	
  Solomon,	
  E.	
  I.	
  J.	
  Am.	
  Chem.	
  Soc.	
  2005	
  
2)  Casarin,	
  M.;	
  Finet,	
  P.;	
  Vigadini,	
  A.;	
  Wang,	
  F.;	
  Ziegler,	
  T.	
  J.	
  Phys.	
  

Chem.	
  A	
  2007.	
  

	
  	
  



����� ������� ��������
TiCl4	
   TiCpCl3	
   TiCp2Cl2	
  

Ti	
  K-­‐Edge	
  of	
  Tetra	
  coordinated	
  Titanium	
  
Complexes	
  

•  Class	
  of	
  molecules	
  used	
  to	
  study	
  
covalency	
  in	
  cyclopentadienyl	
  (Cp)	
  
complexes	
  relevant	
  for	
  use	
  as	
  
an,-­‐cancer	
  drug.	
  

•  Full	
  treatment	
  of	
  scalar	
  rela,vis,c	
  
effects	
  will	
  be	
  handled	
  by	
  X2C	
  
Hamiltonian	
  implemented	
  as	
  
plugin	
  in	
  PSI4	
  

Experimental1	
  

Rela,vis,c	
  
TDDFT2	
  

	
  	
  
1)  DeBeer	
  George,	
  S.;	
  Brant,	
  P.;	
  Solomon,	
  E.	
  I.	
  J.	
  Am.	
  Chem.	
  Soc.	
  2005	
  
2)  Casarin,	
  M.;	
  Finet,	
  P.;	
  Vigadini,	
  A.;	
  Wang,	
  F.;	
  Ziegler,	
  T.	
  J.	
  Phys.	
  

Chem.	
  A	
  2007.	
  

	
  	
  

	
  	
  



���� ���� ���� ���� ���� ���� ���� ����
�	
��
 �
��

���

���

���

���
�����
�������
��������

�
�
��
��
��
�
	

Comparison	
  With	
  Experimental	
  Spectra	
  

Experiment1	
  

OCDFT	
  

•  Why	
  are	
  the	
  peaks	
  split	
  for	
  the	
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  Maybe	
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  Orbitals	
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Pre-­‐Edge	
  
•  Intensity	
  Drop	
  
•  Peak	
  Splitng	
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^ƚĂƚĞ dƌĂŶƐŝƟŽŶ �ŶĞƌŐǇ ;ĞsͿ ZĞů͘ KƐĐ͘ ^ƚƌĞŶŐƚŚ
dŝ�ůϰ

ϭ ϰϵϲϯ͘ϴϱ Ϭ͘ϬϴϬϱ
Ϯ ϰϵϲϯ͘ϱϯ Ϭ͘Ϭϭϴϭ
ϯ ϰϵϲϰ͘ϯϴ Ϭ͘ϭϵϴϯ
ϰ ϰϵϲϰ͘Ϭϯ Ϭ͘ϭϭϮϬ

dŝ�Ɖ�ůϯ
ϭ ϰϵϲϯ͘ϯϭ Ϭ͘ϬϮϮϲ
Ϯ ϰϵϲϯ͘ϯϴ Ϭ͘ϬϮϮϳ
ϯ ϰϵϲϯ͘ϰϱ Ϭ͘ϬϭϵϬ
ϰ ϰϵϲϰ͘ϴϬ Ϭ͘ϬϮϳϭ
ϱ ϰϵϲϰ͘ϴϴ Ϭ͘ϬϮϳϬ

dŝ�ƉϮ�ůϮ
ϭ ϰϵϲϯ͘Ϭϰ Ϭ͘Ϭϭϭϰ
Ϯ ϰϵϲϰ͘ϮϬ Ϭ͘ϬϬϳϵ
ϯ ϰϵϲϰ͘ϭϴ Ϭ͘ϬϬϭϮ
ϰ ϰϵϲϰ͘ϯϮ Ϭ͘ϬϬϬϯ
ϱ ϰϵϲϰ͘ϮϮ Ϭ͘Ϭϭϭϲ

^ƚĂƚĞ dƌĂŶƐŝƟŽŶ �ŶĞƌŐǇ ;ĞsͿ ZĞů͘ KƐĐ͘ ^ƚƌĞŶŐƚŚ
dŝ�ůϰ

ϭ ϰϵϲϯ͘ϴϱ Ϭ͘ϬϴϬϱ
Ϯ ϰϵϲϯ͘ϱϯ Ϭ͘Ϭϭϴϭ
ϯ ϰϵϲϰ͘ϯϴ Ϭ͘ϭϵϴϯ
ϰ ϰϵϲϰ͘Ϭϯ Ϭ͘ϭϭϮϬ

dŝ�Ɖ�ůϯ
ϭ ϰϵϲϯ͘ϯϭ Ϭ͘ϬϮϮϲ
Ϯ ϰϵϲϯ͘ϯϴ Ϭ͘ϬϮϮϳ
ϯ ϰϵϲϯ͘ϰϱ Ϭ͘ϬϭϵϬ
ϰ ϰϵϲϰ͘ϴϬ Ϭ͘ϬϮϳϭ
ϱ ϰϵϲϰ͘ϴϴ Ϭ͘ϬϮϳϬ

dŝ�ƉϮ�ůϮ
ϭ ϰϵϲϯ͘Ϭϰ Ϭ͘Ϭϭϭϰ
Ϯ ϰϵϲϰ͘ϮϬ Ϭ͘ϬϬϳϵ
ϯ ϰϵϲϰ͘ϭϴ Ϭ͘ϬϬϭϮ
ϰ ϰϵϲϰ͘ϯϮ Ϭ͘ϬϬϬϯ
ϱ ϰϵϲϰ͘ϮϮ Ϭ͘Ϭϭϭϲ
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^ƚĂƚĞ dƌĂŶƐŝƟŽŶ �ŶĞƌŐǇ ;ĞsͿ ZĞů͘ KƐĐ͘ ^ƚƌĞŶŐƚŚ
dŝ�ůϰ

ϭ ϰϵϲϯ͘ϴϱ Ϭ͘ϬϴϬϱ
Ϯ ϰϵϲϯ͘ϱϯ Ϭ͘Ϭϭϴϭ
ϯ ϰϵϲϰ͘ϯϴ Ϭ͘ϭϵϴϯ
ϰ ϰϵϲϰ͘Ϭϯ Ϭ͘ϭϭϮϬ

dŝ�Ɖ�ůϯ
ϭ ϰϵϲϯ͘ϯϭ Ϭ͘ϬϮϮϲ
Ϯ ϰϵϲϯ͘ϯϴ Ϭ͘ϬϮϮϳ
ϯ ϰϵϲϯ͘ϰϱ Ϭ͘ϬϭϵϬ
ϰ ϰϵϲϰ͘ϴϬ Ϭ͘ϬϮϳϭ
ϱ ϰϵϲϰ͘ϴϴ Ϭ͘ϬϮϳϬ

dŝ�ƉϮ�ůϮ
ϭ ϰϵϲϯ͘Ϭϰ Ϭ͘Ϭϭϭϰ
Ϯ ϰϵϲϰ͘ϮϬ Ϭ͘ϬϬϳϵ
ϯ ϰϵϲϰ͘ϭϴ Ϭ͘ϬϬϭϮ
ϰ ϰϵϲϰ͘ϯϮ Ϭ͘ϬϬϬϯ
ϱ ϰϵϲϰ͘ϮϮ Ϭ͘Ϭϭϭϲ
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•  Extended	
  OCDFT	
  to	
  calculate	
  mul,ple	
  excited	
  states	
  in	
  order	
  to	
  fully	
  
simulate	
  NEXAS	
  spectra.	
  

•  OCDFT	
  has	
  no	
  significant	
  dependence	
  on	
  the	
  amount	
  of	
  Hartree-­‐Fock	
  
exchange	
  present	
  in	
  the	
  func,onal	
  

•  Looked	
  at	
  excita,ons	
  from	
  first	
  and	
  second	
  row	
  elements	
  and	
  show	
  
that	
  OCDFT	
  is	
  less	
  sensi,ve	
  to	
  changes	
  in	
  orbital	
  overlap.	
  

•  Calculated	
  the	
  NEXAS	
  spectra	
  of	
  thymine	
  in	
  order	
  to	
  show	
  that	
  
OCDFT	
  is	
  a	
  useful	
  tool	
  for	
  interpre,ng	
  NEXAS	
  spectra.	
  

•  Coupled	
  OCDFT	
  with	
  X2C	
  rela,vis,c	
  Hamiltonian	
  in	
  order	
  to	
  show	
  
that	
  OCDFT	
  can	
  be	
  effec,ve	
  at	
  simula,ng	
  NEXAS	
  spectra	
  of	
  transi,on	
  
metal	
  complexes.	
  

Conclusions	
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