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1 Program capabilities
Magnetic Circular Dichroism by the Sum Over States Method

(and of other things, extended version of “guvcd” = “get UV ABS and CD spectra from Gaussian output”, see also Štěpánek and Bouř, 2013


( ADDIN EN.CITE ;Štěpánek and Bouř, 2015)
)

Vibrationally resolved absorption, MCD and ECD bands


Resonance Raman optical activity – development version

Location: [http://hanicka.uochb.cas.cz/~bour/programs/F/guvcde.f]
The program works tightly with sos (RNSOS, http://hanicka.uochb.cas.cz/~bour/programs/F/rnsos.tgz)

SOS computation of polarizabilities

2 All guvcde options
OPTION
variable (default)
remark
DEGL deglim (0.00001)
degeneracy limit detection
DEGP degper0 (0.0001)
degeneracy perturbation

E00 e00 [0]

0' - 0'' energy, cm-1
ECDI ecdv [f]

vibrationally resolved BAS/CD
EXCNM EXCNM (532)
excitation wavelengths in mn
EXTE DD (2)

atomic extent for the weights in A   .. obsolete?

FILE fo (G.OUT)
Gaussian output filename

FILV fov (GV.OUT)
Second Gaussian output file name, with the vibrational calculation

FWHH fwhh (10) 
Full width at half height for Raman plotting, in cm-1
FWNM fwnm (10) 
Full width at half height for abs/cd plotting, in nm
GAMM gammaau (0.02)
bandwidth in au, for of MCD and polarizabilities
GANM gammanm (10)
bandwidth in nm, for polarizabilities if required by lgnm
GIAO igiao (0)
GIAO experimenting:

0  (r-Rb)

1  (r-R(a+b))

2  (r-R(  b))*Dab

3  (r-R(a+b))*Dab

6  origin independent MCD

7  recommended value for origin independent MCD and CD
IFIX ifix (3)
fix for backward excitations

0 .. none

1 .. add to cij

2 .. consider separately

3 .. ad as extra transition

4 .. ignore, probably same as 0

5 .. add complex  (not implemented)
ICPL icpl (0)
calculate circularly polarized luminescence from state icpl to all other states

ISUM isum[0]
if 0, excited vibrational states from zero (|0''> else use PSTATE and PSTATE.TAB1)
IWR iwr (1)
additional output in MCDI

KELVIN Kelvin (300)
temperature for Raman spectrum, in K

LBCK lbck (f)  read also the backward occupied <- virtual excitations
LDEE LDE (f)  use transition dipole derivatives from DE.TEN
LDEG ldeg (f)
remove degeneracy if present
LDEN lden (f)
produce  .cub file
LDIS ldis (f)
read guess of the excited vibrational state from PSTATE
DUSCH ldusch (f)
read Duschinsky and other matrices from DUSCH.OUT

LDD
LDD (t)
use read dipole derivatives in MCDI
LEXCL LEXCL (3)
maximum excitation (class) for MCDI
LFXCL LEXCF (2)
maximum excitation (class) for MCDI, final RROA state
LGAM lgamma (t) whether to use gammaau in MCD:

LGNM lgmm (t) whether to use gammanm in polarizabilities

LGNJ lgnj (f) use the Gnj tensor derivatives for MCDI

LGLG lglg (f) use Gaussian instead of Lorentzian for Raman
LWEI lw (f)
produce atomic weights
LMCD lmcd (t)
calculate MCD

LQ1  LQ1 (t)
use first dipolar derivatives in MCDI
LRDS lrds (f)
recalculate dipole strengths

LSPEC lspec (t) write continuous spectra
LWWE lwwe (f)
atomic weights for each (, according to WMIN,WMAX and NP
LWRT lwrt (f)
extended writing in output
LWZERO lwzero (f)
use wzero for rotational-translational modes
LNOR lnorm (f)
renormalize cij coefficients
LNP0 lnp0 (f)
forget small terms when doing Franck Condon integral expansion
LORT lort (t)
renorthonormalize cij coefficients
LTAB ltab (f) 
write RROA.TAB and spectral tables for ECDI
LTGAUSS ltgauss (t) for polarizabilities, use Gaussian moments instead of recalculated

LVERT lvert (f)
use the vertical approximation

MCDI mcdv (f) 
vibrationally resolved MCD band

MROA mroa (f)
magnetic ROA, actually only polarizabilities (,G’,A
NROO nroot (1) the transition taken for MCDI
NSTA nst (0)
number of the excited states (zero to take all)
NMO  nmo (0)
number of molecular orbitals (optional)
NPO  np (901)
number of points in the above frequency interval:
NP0 np0 (10000)
dimension for Franck-Condon expansion in MCDI

NNM nnm (691) number of points in ecdi spectrum

NPX npx (3911) number of points in Raman spectrum

NQ1 NQ1 (0)
if NQ1>0, restrict maximum number of excitation centers to NQ1
RGNJ rgnj (f)
read Gnj tensor from GNJR.TEN (debug option only)

RROA rroa (f)
resonance ROA, shares some parameters with MCDI

RRFAST rrfast (f)
fast RROA subroutine called

THRC THRC (1e-9)
threshold for writing vibrational contributions

TROA TROA (10)
“lifetime” in 10 cm-1 for VRROA

VRROA VRROA (f)
vibrational resonance ROA, see also TROA
WDEN wden (532)frequency (nm) to produce .cub file

WMIN wmin (50)
WMAX wmax (500)minimal and maximal frequency (nm)for frequecny-dependent polarizabilities:
WRIN wrin (90) minimal Raman frequency, in cm-1

WRAX wrax (4000) maximal Raman frequency in cm-1
WINM winm (190) minimal wavelength, nm

WANM wanm (800) maximal wavelength, nm 
WZERO
wzero (100) universal frequency (cm-1) for rotational and translational modes

ZMAT lzmat (t)
use z-matrix orientation
1)PSTATE file is read by this

       open(9,file='PSTATE')

       read(9,*)

       read(9,*)

       do 19 i=1,NQ

19     read(9,*)qt(NQ),qt(NQ),qt(NQ),qt(NQ),sd(i)

       close(9)

3 Summary of guvcde outputs
	file name
	spectrum
	source
	formalism

	G.l.tab
	ABS/CD
	Gaussian
	length

	G.v.tab
	ABS/CD
	Gaussian
	gradient

	ECDL.TAB
	ABS/CD
	guvcde
	length

	ECDO.TABa
	ABS/CD
	guvcde
	length

origin-independent

	ECDLA.TABb
	ABS/CD
	guvcde
	length

origin-independent

	ECDV.TAB
	ABS/CD
	guvcde
	gradient

	MCDL.TAB
	ABS/MCD
	guvcde
	length

	MCD7.TABc
	ABS/MCD
	guvcde
	length

origin-independent

	MCDV.TAB
	ABS/MCD
	guvcde
	gradient

	MCDI.TAB
	ABS/MCD
	guvcde
	vibrationally resolved

	M.TAB
	ABS-magnetic allowed
	guvcde
	

	Q.TAB
	ABS-quadrupole allowed
	guvcde
	

	T.TAB
	ABS-quadrupole + magn.
	guvcde
	

	CPLR.TAB
	CPL
	guvcde
	length

	CPLV.TAB
	CPL
	guvcde
	gradient

	CPLT.TAB
	CPL with magnetic transitions
	guvcde
	length

	
	tensor
	
	

	POL.TTT
	( 
	
	

	GP.TTT
	G’ 
	
	

	A.TTT
	A
	
	


4 MCD calculation, step-by-step guide 

[currently see the example in stallo.uit.no:/home/bour/bour/pyrol-test300 or sarka5:/scratch/bour/pyrol-test300]
1. Make Gaussian input, for example G.INP:
%CHk=pyrrol.chk

%nproc=4

%mem=15GB

#b3lyp/6-31g** td=(singlets,nstates=300)

GFInput iop(5/33=3) iop(9/40=4)

 pyrol  b3lyp/6-311++g** opt geometry

0 1

      1     0.000000    0.000000    2.127703

      7     0.000000    0.000000    1.121623

      6     0.000000    1.125083    0.331253

      6     0.000000   -1.125083    0.331253

      6     0.000000   -0.712420   -0.982418

      6     0.000000    0.712420   -0.982418

      1     0.000000    2.112530    0.763281

      1     0.000000   -2.112530    0.763281

      1     0.000000   -1.359266   -1.845822

      1     0.000000    1.359266   -1.845822
Be aware, that the results is ORIGIN-DEPENDENT (!), so place the origin to the center of mass, charge etc.

It contains non-standard options:

iop(5/33=3) is to print the MO coefficients in the output

GFInput is for printing the basis set

iop(9/40=4) is to print the CI coefficients (larger than 10-4)

nstates=300 is the number of excited states
Large molecules: skip the iop(5/33=3 option and use formatted checkpoint file in Step 6.
2.   Run Gaussian (e.g. g09 G.INP G.OUT).

3. (optional) you can use chopg1 to reduce the size of the file (chopg1 G.OUT G.OUT.1 and rename it back to G.OUT), see also http://hanicka.uochb.cas.cz/~bour/programs/F/chopg1.f 

4. Make SOS.OPT, e.g.:

LD5

f

LF7

f

QPR

t

VPR

t

LPR

t

PPR

t

LTXT

t

ABINI

t

SPRINT

t

LZMAT

f

NORMAO

t

INORMO

3

LSCF

t

LG94

t

IOE

0

END
where LD5 and LF7 indicate if spherical/Cartesian AOs were used (important to have this right!), VPR, QPR, LPR and PPR indicate printing of gradient, quadrupole, magmetic and electric dipole AO integrals, LTXT indicates text (ASCII) format, ABINI to call ab initio part, SPRINT to print overlap AO matrix, LZMAT if Z-metrix orientation is used or not (T/F) (important to have this right!), NORMAO to reorthogonalize AOs, INORMO=3 to renormalize them as well, LSCF=F not to attempt HF, LG94 to indicate Gaussian output, IOE=0 to skip two electron integrals
5. Call the sos program. This should generate PX.MO.SCR.TXT etc. files with MO integrals.
Large molecules: format the checkpoint file (e.g. “formchk pyrrol.chk pyrrol.fchk”) and use it as input for sos). In this case, add two lines to SOS.OPT:
FILE

pyrrol.fchk
7. Make GUVCDE.OPT, e.g.:

FILE

G.OUT

ZMAT

f

LDEG

t

LDEN

t

LWEI

t

LRDS

t
LMCD

t
GIAO

6

where FILE precedes the line with the Gaussian output filename, ZMAT switches the Z-matrix and standard orientation, according to whether the nosymm/symm option is on or off in Gaussian, LDEG is to remove degeneracy of electronic levels by an arbitrary shift, LDEN to extract full excited state information, LRDS to recalculate dipole strength and rotational strength (electronic CD), LMCD to calculate MCD. GIAO = 6 switches on the additional LORG summation to achieve origin-independent MCD; then the program produces MCD7.TAB with it, and also ECDA.TAB with origin-independent ECD, plus couple of other experimental files.
Miscellaneous options, often unrelated to MCD, involve also:

c     frequency to produce .cub file

      if(key.eq.'WDEN')read(9,*)wden

c     produce atomic weights:

      if(key.eq.'LWEI')read(9,*)lw

c     atomix extent for the weigths in A:

      if(key.eq.'EXTE')read(9,*)DD

c     recalculate dipole strengths:

      if(key.eq.'DEGL')read(9,*)deglim

c     degeneracy perturbation:

      if(key.eq.'DEGP')read(9,*)degper0

c     extended writing

      if(key.eq.'LWRT')read(9,*)lwrt

c     renormalize cij coefficients

      if(key.eq.'LNOR')read(9,*)lnorm

c     limit number of excited states (put zero to take all):

      if(key.eq.'NSTA')read(9,*)nst

8. Call guvcde.

a 
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(4)

Spectral shapes can be generated by tabprnf [http://hanicka.uochb.cas.cz/~bour/programs/F/tabprnf.f ], for example, (“tabprnf MCDV.TAB 2 191 60 250 G 300 10”, ”mv S.PRN MCDVmcd.prn”, etc).
5 Vibrationally resolved MCD step-by-step
1) In a main directory make 5-job input file (example for benzene):
%chk=v0.chk  
%mem=4GB
%nproc=4

#B3LYP/6-31G*

iop(2/11=1)  opt

 Geom=(NoDistance,NoAngle)

c6h6

optimization of the ground state, follows by frequencies of the ground state
0 1

x1

x2 1 1.0

x3 2 1.0 1 90.0

c4 3 cc 2 90.0 1 0.0
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c5 3 cc 2 90.0 1 60.0

c6 3 cc 2 90.0 1 120.0

c7 3 cc 2 90.0 1 180.0

c8 3 cc 2 90.0 1 240.0

c9 3 cc 2 90.0 1 300.0

h10 3 xh 2 90.0 1 0.0

h11 3 xh 2 90.0 1 60.0

h12 3 xh 2 90.0 1 120.0

h13 3 xh 2 90.0 1 180.0

h14 3 xh 2 90.0 1 240.0

h15 3 xh 2 90.0 1 300.0

 cc          1.3966

 xh          2.4836

--link1--
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%chk=v0.chk

%mem=4GB
%nproc=4

#B3LYP/6-31G*

iop(2/11=1)freq=(SaveNM)

 Geom=(NoDistance,NoAngle,allcheckpoint)

GFInput pop=full
--link1--

%chk=v1.chk

%mem=4GB
%nproc=4

#B3LYP/6-31G* 

iop(2/11=1)  td=(nstates=2,ROOT=1) opt

 Geom=(NoDistance,NoAngle)

c6h6

optimization of selected (first here) excited state
input for the excited state - has different checkpoint!

0 1

x1

x2 1 1.0

x3 2 1.0 1 90.0

c4 3 cc 2 90.0 1 0.0

c5 3 cc 2 90.0 1 60.0

c6 3 cc 2 90.0 1 120.0

c7 3 cc 2 90.0 1 180.0

c8 3 cc 2 90.0 1 240.0

c9 3 cc 2 90.0 1 300.0

h10 3 xh 2 90.0 1 0.0

h11 3 xh 2 90.0 1 60.0

h12 3 xh 2 90.0 1 120.0

h13 3 xh 2 90.0 1 180.0

h14 3 xh 2 90.0 1 240.0

h15 3 xh 2 90.0 1 300.0

 cc          1.3966

 xh          2.4836

--link1--

%chk=v1.chk

%mem=4GB
%nproc=4

#B3LYP/6-31G*

iop(2/11=1)  td=(nstates=200) freq=(SaveNM)*)
 Geom=(NoDistance,NoAngle,allcheckpoint)

nosymm GFInput pop=full iop(9/40=3)

                    *)G16: freq=(SaveNM,numerical)

--link1--

%mem=4GB

%nproc=4

%chk=v0.chk

#p geom=allcheck Frequency=(ReadFC,FCHT,SaveNM,ReadFCHT) NoSymm

PRTMAT=1234567

v1.chk

Note that geometry is defined both in the ground (blue/grey=1/2) and excited (green/yellow=3/4) state part, because the checkpoint file names are different. Another important thing is the “nosymm” option in the yellow, as so far symmetry is not implemented in guvcde. GFInput, pop=full and iop(9/40=3) in yellow are need for calculation of dipole moment and MCD tensor derivatives by guvcde. 

2) Let it calculate by Gaussian, rename output to GV.OUT

3) Make G.OUT from the first (equilibrium) point of the yellow part in GV.OUT. Note that the whole yellow part contains spectra for 1+6(Nat geometries, so only the first needs to be left. 
This is because the vibrational properties are referenced to the excited state. Recommended procedure: copy GV.OUT to G.OUT, in G.OUT find where yellow begins (e.g. #B3LYP/6-311++G** iop(2/11=1) td=(nstates=200) freq=(SaveNM) nosymm), delete everything above, find where results of the displaced geometries start (second occurrence of Ground to excited state transition electric dipole moments (Au):), delete everything below.
4) In a separate directory (not to loose the whole GV.OUT) make F.INP from the (whole) yellow (4) part of GV.OUT, e.g., via gg, gar9, new1, new2 and new4. F.INP contains the normal mode-Cartesian transformation (“S”) matrix for the electronic excited state. 
5) Copy GV.OUT to a another directory, for example called gnj, go to it and leave only the yellow part in GV.OUT . (Do not destroy the whole GV.OUT in a main directory.)
6) In gnj, we will make the transition MCD tensor by several steps:


6.1) Run mcdvdiv that divides GV.OUT into 1+6(Nat files. They reside in separate directories and are also called GV.OUT.

6.2) Make SOS.OPT and GUVCDE.OPT files

SOS.OPT example:

NMO    ... need to be set when NMO <> NAO

274

LD5

t

LF7

t

FILE

GV.OUT

QPR

t

VPR

t

LPR

t

PPR

t

LTXT

t

ABINI

t

SPRINT

t

LZMAT

t

NORMAO

t

INORMO

3

LSCF

t

LG94

t

IOE

0

END
GUVCDE.OPT:

LGAMMA

t

LORTHOG

t

GIAO

6

LWRT

t

FILE

GV.OUT

ZMAT

t

LDEN

t

LRDS

t

NMO               ... see above
274

MCDI   ... note that now the vibrations are not calculated

f

NROOT             ... do not forget to change for higher excitations
1

NP0

100
Note that LORTHOG=t and GIAO=6, which is important for origin-independent results. NROOT can be changed for other excited states.

6.3) Call script ggnj that calculates Gnj tensor in each of them via sos and guvcde
Example of ggnj (adapt 72=6(Nat for the number of atoms in your molecule):

#!/bin/bash

for i in {0..72}

do

echo $i

cp SOS.OPT $i

cp GUVCDE.OPT $i

cd $i

$HOME/RNSOS/sos

guvcde
rm *SCR* SOS.OUT
cd ..

done
6.4) Call program gnnj to produce Cartesian derivatives of Gnj to GNJD.TEN and derivatives of the transition electric and magnetic dipole moments to DE.TEN.
6.5) Copy GNJD.TEN and DE.TEN into the main directory.

7) In the main directory, make SOS.OPT and run sos. You need orbitals from G.OUT, so the FILE option in SOS.OPT can be set to G.OUT, or you can format v1.chk to v1.fchk and set FILE=v1.fchk; otherwise SOS.OPT from 6.2. can be used.
8) Make GUVCDE.OPT and run guvcde. The vibrationally resolved spectrum is written to MCDI.TAB.

GUVCDE.OPT (example):

LGAMMA

t

LORTHOG

t

GIAO

6

LWRT

t

FILE

G.OUT

ZMAT

t

LDEN produce cub files

t

MCDI

t

NP0

100

NROOT

1

LRDS

t

LDD

t

LGNJ

t

LDEE

t
LEXCL

3
Note: As in 6.2, LORTHOG=t and GIAO=6 are for the origin independence. The vibrational resolution is invoked by the MCDI option. By default, first electronic excited state is considered, which can be changed by the ROOT option in Gaussian input and NROOT option in GUVCD.OPT. NP0 sets computational space for Franck-Condon integrals, LDD=t  is for reading of the first dipole derivatives, LGNJ=t is for use of the MCD transition tensor derivatives otherwise only equilibrium tensor will be considered, LDEE=t is for taking the dipole derivatives from DE.TEN otherwise they will be read from Gaussian. By LEXCL maximum number of excitations is controlled. Only large contributions are written in MCDI.TAB, which is controlled by the threshold option THRC. LQ1=t (default) is to use dipole derivatives otherwise they will be set to zero.
5a Vibrationally Resolved ECD
1) Follow steps 1 to 4 from the previous section "5 Vibrationally resolved MCD step-by-step". At the yellow part # 4 GFInput pop=full iop(9/40=3) can be omitted and fewer states (only those needed for ECD) can be calculated.

2) Follow steps 7 and 8 from the previous section. In GUVCDE.OPT, set both LGNJ and LDEE options to false.

5b Vibrationally Resolved ECD with Gaussian 16
Revision B.01 does it directly, so no need to use guvcde.f, except for special purposes. Gaussian 16 also calculates excite state frequencies analytically, which is much faster than previous numerical method, and our procedures need to be modified. We can use simplified procedure 5, for example:

1) in a subdirectory ground make S-matrix (F.INP) for the optimized ground state
2) in a subdirectory excited make S-matrix for the optimized excited state
3) run the dusch program in a directory above these two
4) make G.OUT, TDDFT calculation, for example

#B3LYP/6-31G** td=(nstates=10) 
5) Make GV.OUT, Gaussian excited frequency output, for example
#p B3LYP/6-31G** td=(nstates=2,root=1) freq
where the bold red p is necessary options. So far, also nosymm is recommended.
(The slower numerical alternative would be

#B3LYP/6-31G** td=(nstates=2,root=1) freq=(numerical,Step=1000).)

6) run guvcde with
GUVCDE.OPT:

ECDI

t

DUSCH

t

E00

<e00> / cm-1
LORTHO

f

NROOT

<nroot>

6 Remarks to the theory of vibrationally-resolved MCD
The SOS expression for MCD intensity of a n ( j transition is:
 ADDIN EN.CITE 
(Štěpánek and Bouř, 2013;Štěpánek and Bouř, 2015)
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Origin-independent analogue can be found in (
 ADDIN EN.CITE 
(Štěpánek and Bouř, 2013;Štěpánek and Bouř, 2015)
. For each wavefunction we consider the vibrational (v) and electronic (e) parts, i.e.
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which in coordinate components is written as
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Now we neglect the differences of vibrational energies, because they are smaller than the electronic ones, [image: image9.wmf]0
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After making first-order expansion of the transition dipole moment with respect to the normal mode coordinates we get 
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(nj is electronic transition dipole moment element, e.g., obtained from the TDDFT (G.OUT) output, [image: image16.wmf]v
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 is the Frank-Condon factor between ground and excited state vibrational functions (only nv = 0 is considered). Normal mode derivatives of G and ( are obtained from Cartesian derivatives and the Cartesian-normal mode transformation (S- in F.INP) matrix. The Cartesian derivatives are obtained numerically from Gaussian output (GV.OUT, the yellow part). 
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For calculation of the Franck-Condon factors, we need the matrix J and vector K defining the Duschinsky Duschinsky, 1937()
 transformation between the ground (Q’) and excited (Q’’) normal modes:

Q’ = J Q’’ + K, diagonal matrices’ and ’’ collecting the reduced normal mode frequencies, matrices A and C, and vectors B and D:

A = 2 ’1/2J(JT’J + ’’)-1JT’1/2 - I
B = - 2 ’1/2 (J(JT’J + ’’)-1JT’ – I)K
C = 2 ’’1/2(JT’J + ’’)-1’’1/2 – I

D = -2 ’’1/2(JT’J + ’’)-1JT’K

E = 4 ’’1/2(JT’J + ’’)-1JT’1/2
Using matrix F:
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J, K, ’ and ’’ can be obtained from Gaussian or through the dusch.f program, A-E can be either recalculated, or also obtained from Gaussian, F is calculated.


For vibrational ground states (in electronic ground and excited state) the Franck-Condon factor is Sharp and Rosenstock, 1964()
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and other ones can be obtained by the recurrent formula Santoro et al., 2006()
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In vertical approximation, we set K = B = D = 0.

7 dusch.f
A self-standing program for making Duschinsky and related matrices and vectors (J, K, A, B, C, D, E, see above). This useful to go beyond Gaussian defaults. For example, when some modes are negative, they can be blocked by dusch, etc. By dusch excited state vibrational functions can also be optimized to provide the best overlap with ground.
Input:

ground/FILE.X
ground state geometry


ground/F.INP
ground state S-matrix


ground/FILE.GR ground state gradient


excited/FILE.X
excited state geometry


excited/FILE.GR excited state gradient


DUSCH.OPT
options (optional)
Output:

DUSCH.OUT
output with the matrices



GG.TXT normal mode gradient, experimental option



MODEMAP.TXT
mode assignment for the CORREL option



ISTATE   ... list of optimal quantum numbers SHIFTI



PSTATE   ... list of optimal quantum numbers SHIFTE



PSTATE.TAB ... buffer of chosen quantum numbers



QSTATE... list of optimal quantum numbers for SHIFTQ



PROFILES.TXT .. 1D mode overlap profiles, to SCAN



PGRAD normal mdoe grandient, experimental



S.PRN .. fake spectrum to SPECTRUM



test1.x, test.x .. control geometry list

Options in DUSCH.OPT

BLOCK

M [0]

number of modes to block, their list on the next line
b1 ... bM
CORREL

lcor [f]

if true, reorder excited modes according to ground
DEL

del [10]

spectral bandwidth for LSPEC
E00

e00 [0]

the 0' - 0'' energy, in cm-1, for LSPEC
FIX

ifix

ifix:

1
make negative modes 100 cm-1, default
2 delete negative modes

3 borrow frequency from exc/ground state if possible
4 delete small modes, ( < wlim
ISU

isu [2]

type of FC sum



2 .. pre-defined excitations



3 .. +/- LEXC around optimal state
ITE

lit [f]

try to adapt frequencies for maximal overlap by iteration

MAX

maxit [100]
maximal number of iterations for ITE
NB

NB [10]
buffer size for most contributing quantum number for each mode, to ISU=2

NCUT

ncut [0]

if <>0, replace quantum number > ncut by zero a shift normal mode appropriately
NP

NP [10]
scan quantum numbers max(0,-NP) ... NP for each mode 
NPS

nps [4001]
number of spectral points for LSPEC
LEXCL

LEXCL [3]
limit to the number of excitation
LFIX 

lfix [f]

if true, use fixed geometries, do not align 

LINEAR
llin [f]

linear shift: excited modes same as ground

LWR

lwr [f]

write extended output
ONLY

lonly[f]

to CORREL, if both true, show best match, but take no further action

SCAN

lmscan [f]
scan modes to find best quantum number for overlap with ground
SHIFTE or SHIFTI or SHIFTQ
lshifte or lshifti or lshiftq [t t t]
various schemes to get the optimal excited state

SPECTRUM

lspec [f]
generate a pseudo-spectrum, to see percentage of overlap and what is happening

TOL

tol [0.1]
for SCAN, keep quantum number with overlap > tol ( maximal
WLIM

wlim [600]
frequency limit (cm-1) for “small” modes 

WMIN

wmin [1]
frequency increment (cm-1) for ITE
WSMIN or WSMAX
 
wsmin or wsmax [-1000 1000] limits [cm-1] for LSPEC
Example - what to do when the 
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1) In DUSCH.OPT, switch on the SHIFTE option, to find optimal excitations, and run dusch.
2) Look at PSTATE, for example of H2O2 we see that vibrational states 1, 3 and 6 in the electronic excited state need to be highly-excited to overlap with vibrational ground state:

mode       freq      Qt      ne  nround nnew  EK:

   1      485.25   113.7       13.78        14    14   0.00000

   2      601.98 -0.3364E-03 -0.5000         0     0   0.00000

   3      605.13   54.30       3.564         4     4   0.00000

   4      698.37  -12.31     -0.2589         0     0   0.00000

   5     3768.67  0.1179E-14 -0.5000         0     0   0.00000

   6     3784.24  -19.04       2.626         3     3   0.00000

  10
In this model example 
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2) If you decide to go forward, you can rerun dusch with SCAN.

In PROFILES.TXT you can see how individual quantum numbers contribute. Default option here produced ~9000 states with final 79% overlap. If this generates too many states, they can be reduced using NCUT. In this case NCUT=5 produced 1920 states and 83%, that is more efficient integration.
Note that these estimates by dusch are only supporting for the spectrum calculation by guvcde.

8 Resonance Raman/ROA
RROA options
i GUVCDE.OPT (see also table)

RROA

(f)
switch it on

RRFAST
(f)
fast routine called

DUSCH
(f)
read DUSCH.OUT with the vibrational matrices

NQBUF
(100)
dimension of the buffer in the fast routine

LEXC

(3)
maximum excitation for intermediate state

LFXC

(2)
maximum excitation for final state


LWZERO     
(f)
use WZERO for rotations/translations

WZERO
(0) 
use WZERO for rotations/translations

LVERT
(f)
vertical approximation (K=0)

WRIN

(90)
minimum frequency, cm-1

WRAX

(4000)
maximal frequency, cm-1

NPX

(3911)
number of points in the spectrum

LGLG

(f)
use Gaussian bandshapes (instead or Lorentzian)

FWHH

(10)
full width at half height (cm-1)

LTAB

(f)
write RROA.TAB with all transitions
KELVIN
(300)
temperature
EXCNM
(532)
excitation wavelength in nm
LQ1

(t)
use the first dipole derivatives, i.e., include also the Herzberg-Teller intensity part, in addition to Franck-Condon
Step-by-step manual
1) make Gaussian input (similarly as for vibrationally resolved MCD, we need ground and excited state optimization and frequencies). In a simplest way, there will be 1 input for 5 jobs:
job 1: ground state optimization # ... opt (g.chk)

job 2: ground state frequency # ... freq=(SaveNM) (g.chk)

job 3: excited state optimization # ...  td opt (e.chk)

job 4: excited state frequency # ...  td freq=(SaveNM) nosymm (e.chk)

job 5: Franck-Condon factors, etc.:
%chk=g.chk

#p geom=allcheck Frequency=(ReadFC,FCHT,SaveNM,ReadFCHT) NoSymm

PRTMAT=1234567

e.chk

(Unlike for MCD, the pop=full iop(9/40=3) options are not needed.)
2) (optional) job 5 can be replaced by running the dusch program.

3) make GUVCDE.OPT. For example like this:

LGAMMA

t

GAMMAAU

0.001

final bandwidth in au

LORTHOG

t

GIAO

6

LWRT

t

FILE

GV.OUT

ZMAT

t

LDEN

t

LRDS

t

NROOT

1

RROA

t

LEXCL

1

ground state ( states (0-1) ( excited
LFXC

1

states (0-LEXCL) ( excited ( states (0...1) ( excited
LTAB

t

make the table ... can be quite huge!
DUSCH

t

if DUSCH.OUT is to be used

RRFAST

t

only intense up-transitions considered – recommended option

NQBUFF

100

use only NQBUFF largest up-transitions

NP0

100

4) run guvcde
9 Remarks to RROA Theory

[image: image30]
Figure Vibrational sub-levels of ground and excited electronic states.

In resonance, the laser radiation frequency ((res) is close to that of an electronic 0 ( e transition. Then we sum over the vibrational levels ev = v’’ of the excited electronic state individually, e.g., expressions for the usual polarization tensors for each vibrational transition 0’ ( v’’’ become:
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where the real and imaginary part of the frequency function are
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.  can be chosen as the GAMMAAU option. Note that so far guvcde program considers transitions only from vibrational ground state (0’), although this is not a critical restriction. In principle all v’’ and v’’’ states are allowed, but for polyatomic molecule there is a lot of them, and must be restricted 1) by maximal excitations and 2) by using the RRFAST option. For 1), we set LFXC and LEXC. For example, for LEXC=2, we consider only 0-2( excited vibrational state (v’’ = 0’’, first vibrational mode excited, first mode excited twice, first and third once excited, etc.). For 2), only NQBUF state providing largest dipole for the 0’(v’’ transitions are selected and combined with NQBUF strongest v’’ ( v’’’ transitions. Options 2) works with option 1), i.e., LFXC and LEXC limits are considered as well.

The moment matrix elements are expanded to the first order with respect to the vibrational normal modes Q of the electronic excited state,
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 can be reduced to the Franck-Condon factors as discussed above.
General Franck-Condon harmonic factor


For MCD, we had 
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, i.e. vibrational ground state on the left. For RROA, we need any state at the left hand side. Therefore, we will explore a recurrent formulaRuhoff, 1994()
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to reduce a general factor to “
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to reduce everything to 
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, as for MCD.

10 RROA For “Distorted” Excited States (unfinished yet)

In case that geometry of the electronically excited state significantly differs from the electronic ground state one, the laser excitation frequency is in resonance with a higher vibrational excitation ((’’) of the excited state overlapping with the ground state ((’=0’).  

[image: image43]
Then it is more practical to expand molecular properties at the ground state geometry (Q’ = Q’t) than at the equilibrium excited state geometry (Q’ = 0).  Around Q’t, electronic transition dipole moment is 
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and transition integral including vibrational states
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. For RROA of such distorted states, we need to make two differentiations at the excited electronic level: 1) at Q’ = 0 to determine vibrational functions at the excited geometry and 2) at Q’ = Q’t to get the dipole derivatives there.

Step-by-step
A) Expand dipole around ground state geometry, do not optimize excited state, independent normal mode approximation
1) optimize the ground state, calculate frequency, make F.INP in subdirectory ground
2) calculate frequency for excited state at ground state geometry, make F.INP, FILE.GR in subdirectory groundtd

3) make pro forma directory excited, for example by copying groundtd

4) call dusch
B) Expand dipole around Q’ = 0 
5) optimize the ground state, calculate frequency, make F.INP in subdirectory ground
6) optimize the excited state, make its F.INP in subdirectory excited
7) call dusch in a directory (“D”) above ground and excited. This will produce DUSCH.OUT with Duschinsky parameters and PSTATE with initial values of excited state (v’’) vibrational quantum numbers.
8) As above, make gnj subdirectory in D, make the tensors for the excited state (by mcdvdiv, ggnj, and gnnj)
9) Make single point input, e.g. in D run the following commands:
a) cp gnj/0/GV.OUT G.OUT

b) cp gnj/0/SOS.OPT .
c) in SOS.OPT rename “GV.OUT” to “G.OUT”
d) $HOME/RNSOS/sos

      6)
cp excited/F.INP .
       7)
Make GUVCDE.OPT:
LGAMMA

t

GAMMAAU

0.001

final bandwidth in au

LORTHOG

t

GIAO

6

LWRT

t

FILE

GV.OUT

ZMAT

t

LDEN

t
LDIS

dissociated/distorted excited state

t

LRDS

t

NROOT

1

RROA

t

LEXCL

1

ground state ( states (0-1) ( excited

LFXC

1

states (0-LEXCL) ( excited ( states (0...1) ( excited

LTAB

t

make the table ... can be quite huge!

DUSCH

t

if DUSCH.OUT is to be used

RRFAST

t

only intense up-transitions considered – recommended option

NQBUFF

100

use only NQBUFF largest up-transitions

NP0

100

9) as above, make GV.OUT in D (parts 1-5), if 5 not possible, make it up and add info about ZPE energy difference, for example:

 Energy of the 0-0 transition:  10486.3318 cm^(-1)

8) run guvcde
11 Magnetic ROA
1) Using pmz.f make FILE.INP, produce FILE.OUT
For example, have geometry in FILE.X, Gaussian header in G.TXT
G.TXT:
%chk=1.chk

%mem=124000000

%nproc=2

#p b3lyp/6-31G** pop=full GFInput iop(9/40=4) td=(singlets,nstates=50
And run pmz, run Gaussian

2) Using divide.f  divide FILE.OUT into separate outputs.

3) Using scripts like gab, make polarizabilities in displaced geometries

gab:

#!/bin/bash

for i in {1..25}

do

echo $i

mkdir $i

cp $i.out $i/G.OUT

cp SOS.OPT $i

cp GUVCDE.OPT $i

cd $i

$HOME/RNSOS/sos

guvcde

rm *SCR* SOS.OUT

cd ..

done
4) Call bder.f  to make the derivatives

12 ROA numerical normal mode derivatives normal mode/Cartesian
This is advisable to do with the LTGAUSS option (Gaussian transition moments)
1) Using pmz.f make FILE.INP, produce FILE.OUT
For example, have geometry in FILE.X, Gaussian header in G.TXT
G.TXT:
%chk=1.chk

%mem=124000000

%nproc=2

#p b3lyp/6-31G** GFInput iop(9/40=4) td=(singlets,nstates=50
And run pmz, run Gaussian

Remark: example of PMZ.PAR . notice the LSCHK option for separate checkpoints, then pop=full not needed:
STEP

0.05 diff step

IDIF  degree of diff

2

IC normal modes (1) or Cartesians (0):

1/0
NMD normal mode list

6

...

LSCHK

t

END
2) Using divide.f  divide FILE.OUT into separate outputs. Prepare  SOS.OPT:

FILENAME

x.fch

QPR

t

VPR

t

LPR

t

PPR

t

LTXT

t

ABINI

t

SPRINT

t

LZMAT

t

NORMAO

t

INORMO

3

LSCF

t

LG94

t

IOE

0

END
and GUVCDE.OPT:

LGAMMA

t

GAMMAAU

1e-7

LORTHOG

t

GIAO

6

LWRT

t

ZMAT

t

LDEN produce cub files

t

IWR

1

LRDS

t

MROA

t
3) Using scripts like gab, make polarizabilities in displaced geometries

gab:

#!/bin/bash

for i in {1..13}

do

echo $i

mkdir $i

cp $i.out $i/G.OUT

cp $i.chk $i/x.chk

cp SOS.OPT $i

cp GUVCDE.OPT $i

cd $i

formchk x.chk

$HOME/RNSOS/sos

guvcde

rm *SCR* SOS.OUT x.chk x.fch* G.OUT SOS.TTT SOS.r.TTT

cd ..

done
4) Call bderq.f  / bder.f  to make the derivatives

13 SOS Polarizability Derivatives
· set the LOOR option in SOS.OPT true, run sos, sos.f .. should make the integrals 
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in OO.SCR.TXT

· set the SOSPOL option in GUVCD.OPT true
· run guvcde

Theory:


[image: image47.wmf]n

E

n

n

n

E

¶

¶

=

¶

¶

=

m

m

a

2



[image: image48.wmf]m

=

¶

¶

]

,

[

E

H



[image: image49.wmf]ij

ij

j

E

i

j

E

H

i

m

e

=

¶

¶

=

¶

¶

]

,

[

, 
[image: image50.wmf]ij

ij

j

E

i

e

m

=

¶

¶

 .. can define 
[image: image51.wmf]w

w

e

m

w

e

m

ij

ij

ij

ij

j

E

i

=

-

=

¶

¶



[image: image52.wmf]jn

yjn

x

y

right

x

xy

j

n

n

E

j

j

n

e

m

m

m

a

2

2

=

¶

¶

=



[image: image53.wmf]o

R

Z

R

Z

Z

R

R

H

I

i

Ii

I

J

I

IJ

J

I

=

-

¶

¶

-

=

¶

¶

å

å

å

<

)

(

]

,

[

, 
[image: image54.wmf]ij

ij

left

o

j

R

i

j

R

i

e

=

¶

¶

-

=

¶

¶



[image: image55.wmf]å

å

+

-

=

¹

i

i

i

I

I

J

I

R

R

Z

R

Z

Z

o

la

l

l

l

l

la

3

3



[image: image56.wmf]j

R

E

i

j

H

R

E

i

j

R

E

H

i

j

R

E

H

i

ij

¶

¶

¶

=

¶

¶

¶

-

¶

¶

¶

=

¶

¶

¶

2

2

2

2

]

,

[

e



[image: image57.wmf]j

E

o

i

j

R

i

¶

¶

+

¶

¶

=

m



[image: image58.wmf]n

E

o

j

n

R

j

n

R

E

j

jn

jn

¶

¶

+

¶

¶

=

¶

¶

¶

e

m

e

w

1

1

2



[image: image59.wmf]n

E

R

j

j

n

n

E

j

j

k

k

R

n

n

E

R

n

n

E

R

n

R

y

x

y

x

y

x

y

x

xy

¶

¶

¶

+

¶

¶

¶

¶

=

¶

¶

¶

+

¶

¶

¶

¶

=

¶

¶

2

2

2

2

2

2

m

m

m

m

a



[image: image60.wmf]n

E

R

n

n

n

n

E

k

k

o

j

n

R

k

k

j

j

n

j

k

k

R

n

y

x

jn

jn

x

jn

yjn

x

¶

¶

¶

+

÷

÷

ø

ö

ç

ç

è

æ

¶

¶

+

¶

¶

+

¶

¶

-

=

2

2

1

1

2

2

m

e

m

e

m

e

m

m

w

w



[image: image61.wmf]y

x

n

j

kn

jn

ykn

jk

xnj

kn

jn

kn

yjk

xnj

kn

jn

yjn

xkj

nk

n

k

E

n

R

n

n

n

o

o

o

¶

¶

¶

¶

-

÷

÷

ø

ö

ç

ç

è

æ

+

+

=

å

å

¹

¹

m

e

e

m

m

e

e

m

m

e

e

m

m

w

w

w

2

2



[image: image62.wmf](

)

y

x

n

j

ykn

jk

xnj

kn

yjk

xnj

yjn

xkj

nk

n

k

kn

jn

E

n

j

j

R

n

n

n

o

o

o

¶

¶

¶

¶

-

+

+

=

å

å

¹

¹

m

m

m

m

m

m

m

e

e

2

2



[image: image63.wmf]å

å

å

¹

¹

¹

-

÷

÷

ø

ö

ç

ç

è

æ

+

+

=

n

j

jn

yjn

jn

nj

xnn

n

j

n

k

kn

jn

ykn

jk

xnj

kn

jn

kn

yjk

xnj

yjn

xkj

nk

o

o

o

o

w

w

w

e

m

e

m

e

e

m

m

e

e

m

m

m

m

2

2



[image: image64.wmf](

)

å

å

å

å

¹

¹

¹

¹

¹

+

+

+

-

÷

÷

ø

ö

ç

ç

è

æ

+

+

=

n

j

yjn

jj

xnj

yjj

xnj

yjn

xjj

nj

jn

jn

n

j

jn

yjn

jn

nj

xnn

n

j

j

nk

k

kn

jn

ykn

jk

xnj

kn

jn

yjk

xnj

yjn

xkj

nk

o

o

o

o

o

m

m

m

m

m

m

e

e

e

m

e

m

e

e

m

m

e

e

m

m

m

m

w

w

w

w

)

(

1

2

2

2


Resonance


[image: image65.wmf](

)

ú

ú

û

ù

ê

ê

ë

é

-

+

+

=

å

¹

yrn

rn

nr

xnn

n

j

yrn

jr

xnj

jn

yrj

xnr

yrn

xjr

nj

jn

rn

o

o

o

o

m

e

m

m

m

m

m

m

m

e

e

w

1

2


References
Duschinsky, F. (1937). Acta Physicochim. URSS 1937."On the Interpretation of Electronic Spectra of Polyatomic Molecules."

Ruhoff, P. D. (1994). Chem. Phys. 186, 355."Recursion relations for multi-dimensional Franck-Condon overlap integrals."

Santoro, F., Improta, R., Lami, A., Bloino, J., and Barone, V. (2006). J. Chem. Phys. 126, 084509."Effective method to compute Franck-Condon integrals for optical spectra of large molecules in solution."

Sharp, T. E., and Rosenstock, H. M. (1964). J. Chem. Phys. 41, 3453."Franck-Condon Factors for Polyatomic Molecules."

Štěpánek, P., and Bouř, P. (2013). J. Comput. Chem. 34, 1531."Computation of Magnetic Circular Dichroism by Sum Over States Summations."

Štěpánek, P., and Bouř, P. (2015). J. Comput. Chem. 36, 723."Origin-Independent Sum Over States Simulations of Magnetic and Electronic Circular Dichroism Spectra via the Localized Orbital/Local Origin Method."



1





2





3





4





5





|0>, electronic ground state





|e>, electronic excited state





(res





|0”>





|(’>





|(’’’>














� EMBED Excel.Chart.8 \s ���











|(”>





Ev''', |v'''>





|0’>








PAGE  
2

_1544210620.unknown

_1562963694.unknown

_1583755865.unknown

_1583760290.unknown

_1614085028.unknown

_1614085658.unknown

_1583760584.unknown

_1583763599.unknown

_1583760365.unknown

_1583756086.unknown

_1583756465.unknown

_1583756056.unknown

_1583685926.unknown

_1583739612.unknown

_1583751406.unknown

_1583753658.unknown

_1583755663.unknown

_1583752124.unknown

_1583747951.unknown

_1583686771.unknown

_1583687712.unknown

_1583686064.unknown

_1583683448.unknown

_1583684998.unknown

_1562963707.unknown

_1547989513.unknown

_1549182148.unknown

_1558632280.unknown

_1558632285.unknown

_1560519402.xls
Chart1

		1		1

		2		2

		3		3

		4		4

		5		5

		6		6

		7		7

		8		8

		9		9

		10		10

		11		11

		12		12

		13		13

		14		14

		15		15

		16		16

		17		17

		18		18

		19		19

		20		20

		21		21

		22		22

		23		23

		24		24

		25		25

		26		26

		27		27

		28		28

		29		29

		30		30

		31		31

		32		32

		33		33

		34		34

		35		35

		36		36

		37		37

		38		38

		39		39

		40		40

		41		41

		42		42

		43		43

		44		44

		45		45

		46		46

		47		47

		48		48

		49		49

		50		50

		51		51

		52		52

		53		53

		54		54

		55		55

		56		56

		57		57

		58		58

		59		59

		60		60

		61		61

		62		62

		63		63

		64		64

		65		65

		66		66

		67		67

		68		68

		69		69

		70		70

		71		71

		72		72

		73		73

		74		74

		75		75

		76		76

		77		77

		78		78

		79		79

		80		80

		81		81

		82		82

		83		83

		84		84

		85		85

		86		86

		87		87

		88		88

		89		89

		90		90

		91		91

		92		92

		93		93

		94		94

		95		95

		96		96

		97		97

		98		98

		99		99

		100		100



Q't

Q'

0

V0(Q)

Ve(Q')

Q

0

E0, |0'>

Ev'', |v''>

2401

7041

2304

6884

2209

6729

2116

6576

2025

6425

1936

6276

1849

6129

1764

5984

1681

5841

1600

5700

1521

5561

1444

5424

1369

5289

1296

5156

1225

5025

1156

4896

1089

4769

1024

4644

961

4521

900

4400

841

4281

784

4164

729

4049

676

3936

625

3825

576

3716

529

3609

484

3504

441

3401

400

3300

361

3201

324

3104

289

3009

256

2916

225

2825

196

2736

169

2649

144

2564

121

2481

100

2400

81

2321

64

2244

49

2169

36

2096

25

2025

16

1956

9

1889

4

1824

1

1761

0

1700

1

1641

4

1584

9

1529

16

1476

25

1425

36

1376

49

1329

64

1284

81

1241

100

1200

121

1161

144

1124

169

1089

196

1056

225

1025

256

996

289

969

324

944

361

921

400

900

441

881

484

864

529

849

576

836

625

825

676

816

729

809

784

804

841

801

900

800

961

801

1024

804

1089

809

1156

816

1225

825

1296

836

1369

849

1444

864

1521

881

1600

900

1681

921

1764

944

1849

969

1936

996

2025

1025

2116

1056

2209

1089

2304

1124

2401

1161

2500

1200



Sheet1

		1		2401		7041								1		1

		2		2304		6884								50		80

		3		2209		6729										800

		4		2116		6576

		5		2025		6425

		6		1936		6276

		7		1849		6129

		8		1764		5984

		9		1681		5841

		10		1600		5700

		11		1521		5561

		12		1444		5424

		13		1369		5289

		14		1296		5156

		15		1225		5025

		16		1156		4896

		17		1089		4769

		18		1024		4644

		19		961		4521

		20		900		4400

		21		841		4281

		22		784		4164

		23		729		4049

		24		676		3936

		25		625		3825

		26		576		3716

		27		529		3609

		28		484		3504

		29		441		3401

		30		400		3300

		31		361		3201

		32		324		3104

		33		289		3009

		34		256		2916

		35		225		2825

		36		196		2736

		37		169		2649

		38		144		2564

		39		121		2481

		40		100		2400

		41		81		2321

		42		64		2244

		43		49		2169

		44		36		2096

		45		25		2025

		46		16		1956

		47		9		1889

		48		4		1824

		49		1		1761

		50		0		1700

		51		1		1641

		52		4		1584

		53		9		1529

		54		16		1476

		55		25		1425

		56		36		1376

		57		49		1329

		58		64		1284

		59		81		1241

		60		100		1200

		61		121		1161

		62		144		1124

		63		169		1089

		64		196		1056

		65		225		1025

		66		256		996

		67		289		969

		68		324		944

		69		361		921

		70		400		900

		71		441		881

		72		484		864

		73		529		849

		74		576		836

		75		625		825

		76		676		816

		77		729		809

		78		784		804

		79		841		801

		80		900		800

		81		961		801

		82		1024		804

		83		1089		809

		84		1156		816

		85		1225		825

		86		1296		836

		87		1369		849

		88		1444		864

		89		1521		881

		90		1600		900

		91		1681		921

		92		1764		944

		93		1849		969

		94		1936		996

		95		2025		1025

		96		2116		1056

		97		2209		1089

		98		2304		1124

		99		2401		1161

		100		2500		1200





Sheet1

		



Q't

Q'

0

V0(Q)

Ve(Q')

Q

0

E0, |0'>

Ev'', |v''>



Sheet2

		



Ev''', |v'''>



Sheet3

		






_1553763612.unknown

_1549182006.unknown

_1547989361.unknown

_1547989486.unknown

_1544210687.unknown

_1541842925.unknown

_1544210346.unknown

_1544210449.unknown

_1544210539.unknown

_1544210367.unknown

_1543231373.unknown

_1543744171.unknown

_1543148049.unknown

_1543151499.unknown

_1543129296.unknown

_1474280590.unknown

_1541842824.unknown

_1541842871.unknown

_1541842330.unknown

_1466497814.unknown

