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Quantum dynamics

• Time-dependent Schrödinger eq. 
for nuclei 

• Multi-configuration time-dependent 
Hartree and its multi-layer variant 

• Explicit/model potential energy 
surfaces 

• Variational multi-configuration 
Gaussian (vMCG) 

• Highly accurate TR spectra

Quantum chemistry

• Time-independent Schrödinger eq. 
for electrons  

• Ground and excited electronic states  
methods 

• Explicit and implicit environmental 
methods  

• Quantum mechanics/molecular 
mechanics (QM/MM) 

• QM/Effective fragment potential 

Photochemical processes in complex environments
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 Advanced Materials Born-Oppenheimer	approxima:on

�24

 Technique to de-couple the motion of nuclei and electrons 

 Exact eigenstates  

 Coupled equations for the expansion coefficients: 

 Non-adiabatic operator  

electronNucleus

⇥(r,Q) =
X

n

�n(Q)�n(r,Q)

[TN + Vn(Q)� E]�n(Q) =
X

m

b�nm�m(Q)

�̂nm = ~2
X

i

1

Mi
�⇥n|

�

�Qi
|⇥m⇥ �

�Qi
+ �⇥n|TN |⇥m⇥

�nm =
MX

i=1

1

Mi
F (i)
nm

�

�Qi
�Gnm

H = Te + TN + U(r,Q)
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 Advanced Materials Born-Oppenheimer	app.	&	its	breakdown

�25

 Derivative coupling terms: 

Conical	intersec:on

CI

S1

S2

Avoided	crossing	

h⌫ h⌫

Fnm(r,Q) =
h�n(r,Q)|(rHe)|�m(r,Q)i

Vm(r,Q)� Vn(r,Q)
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Zernike Institute for 
 Advanced Materials Conical	Intersec:on	dimension	

�26

F-2 dimensional 
 intersection space 

g-h branching space 

V 

g 

h 

   3N-6 for non-linear molecules 
3N-6  - 2 = 3N - 8 
   3N-5 for linear molecules 

3N-5  - 2 = 3N - 7

N=2  
3 x 2 -5 -2 = -1
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Zernike Institute for 
 Advanced Materials Diaba:c	representa:on	

�27

 Replace the adiabatic functions                 by new functions                        
                    

 Smooth and slowly varying functions of the nuclear coordinate 
                                
                                  Fnm 
      
      Construction by a unitary transformation of the adiabatic 

electronic   states within a suitable subspace: 

       Strictly diabatic  
       Quasidiabatic 

Coupled equations in the diabatic representation:

0

�(r,Q) �(r,Q)

�diabatic = S�adiabatic

(TN +Wnn(Q)� E) �̃n(Q) =
X

n 6=m

Wnm(Q) �̃m(Q)

Q

V(Q) Diabatic
Adiabatic
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Zernike Institute for 
 Advanced Materials Vibronic	Coupling	Model

�28

 Matrix Hamiltonian in the diabatic basis: 

 Expanding          about a reference nuclear configuration 
Q=0 , up to low-order terms in Q 

H. Köppel, W. Domcke, and L. S. Cederbaum, Adv. Chem. Phys. 57, 59 (1984)

H = TN1+W(Q)

Wnm(Q) =
X

i

�(n,m)
i Qi + · · · (n �= m)

Wnn(Q) = V0(Q) + En +
X

i

k(n)i Qi +
X

i,j

�(n)
ij QiQj + · · ·

W (Q)

Q

V(Q)

Q=0

V0En
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Zernike Institute for 
 Advanced Materials Coupling	constants

�29

Intrastate Coupling Constant 

Quadratic Coupling Constant 

Interstate Coupling Constant 

3 states problem     

�(n)
i =

⇥Vn(Q)

⇥Qi
|Q=0

�(n)
i =

⇥2�Vn(Q)

⇥Q2
i

|Q=0

�nm
i =

s
1

8

⇥2(�Vnm)2

⇥Q2
i

|Q=0

Wnm
eff (Qi) =

✓
En �nm

i Qi

�nm
i Qi Em

◆
Wnml

eff (Qi) =

0

@
En 0 �nl

i Qi

0 Em �ml
i Qi

�nl
i Qi �ml

i Qi El

1

A
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�30

�n ⇥ �Qi ⇥ �m � �A

 Symmetry selection rules: 
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H = (TN + V0)1+

 
E1 +

PN
i=1 �

(1)
i Qgi

PM
j=1 ⇥

(1,2)
j QujPM

j=1 ⇥
(1,2)
j Quj E2 +

PN
i=1 �

(2)
i Qgi

!

 Vibronic coupling Hamiltonian for 2 states problem with N 
totally symmetric and M non-totally symmetric modes
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Time-independent approach   vs. 

Diagonalization of a Hamiltonian 
Eigenvalue problem

Time-dependent approach 

 Propagation of a wavepacket 

 Initial  value problem 

 Preparation of the initial wave 
packet 
 Propagation of the wave packet 
 Analysis of the propagated 
wave packet i.e. determining 
observable quantities 

      
      

Ĥ � = E� i~ �

�t
� = Ĥ �
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   3N-5 for linear molecules 
   3N-6 for non-linear molecules  
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 Exact methods 

 Time-dependent Hartree 

 Multi configuration time-dependent Hartree (MCTDH) 

 (Q1, . . . , Qf , t) =
N1X

j1

. . .

NfX

jf

Aj1...jf (t)
fY

=1

�()
j

(Q)

 (Q1, . . . , Qf , t) = Aj1...jf (t)
fY

=1

�()
j

(Q, t)

 (Q1, . . . , Qf , t) =
n1X

j1

. . .

nfX

jf

Aj1...jf (t)
fY

=1

�()
j

(Q, t)

 U. Manthe, H.-D. Meyer, and L. S. Cederbaum, J. Chem. Phys. 97 , 3199 (1992)
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TDH MCTDH Standard 
method

Increasing accuracy

nk
approach! "!!! Nk

Example

f=4, N=32: 6   kB  

f=6, N=32: 9   kB 

f=8, N=32: 12 kB

f=4, N=32: 48 MB  

f=6, N=32: 48 GB 

f=8, N=32: 48 TB

f=4, N=32, n=7:  620   kB  

f=6, N=32, n=7:   32    MB 

f=8, N=32, n=7:   1.03  GB
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 Mode combination 

(q1, q2| {z }, q3, q4, q5| {z }, q6|{z}, · · · , qf�1, qf| {z }
)

Q1 Q2 Q3 · · · Qp

 (Q1, . . . , Qp, t) =
n1X

j1

. . .

npX

jp

Aj1...jp(t)
pY

=1

'()
j

(Q, t)

⇥(�)
j�

(Q�, t) =

N1,�X

l1=1

· · ·
Nd,�X

ld=1

c(�)j�l1···ld(t) �
(�)
l1

(q1,�) · · ·�(�)
ld

(qd,�)

 Single Particle Functions (SPF) 
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 Advanced Materials MCTDH	equa:on	of	mo:on

�39

  Constrains 

  Time-dependent variational principle (Dirac Frenkel VP)  

Constrain operator

⇥��|Ĥ � i
⇥

⇥t
|�⇤ = 0

iȦJ =
X

L

��J |Ĥ|�L⇥AL

i⇥̇(�)
j =

⇣
1� P (�)

⌘X

k,l

�(�)
�1

j,k hĤi(�)k,l ⇥(�)
l

�'�
j (0)|'�

l (0)⇥ = �jl

⇥��
j (t)|�̇�

l (t)⇤ = �i⇥��
j (t)|g�|��

l (t)⇤
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Zernike Institute for 
 Advanced Materials Product	representa:on	of	H

�40

The computation of Hamiltonian matrix elements and  mean-
fields requires the evaluation of multi-dimensional integrals. 

These multi-dimensional integrals may be written as a product 
of one-dimensional integrals, if the Hamiltonian satisfies the 
following product form:  

M.H. BECK, A. JÄCKLE, G. A. WORTH, and H.-D. MEYER. Phys. Rep., 324:1, 2000

��J |Ĥ|�L⇥ =
sX

r=1

cr ��(1)
j1

|ĥ(1)
r |�(1)

l1
⇥ . . . ��(p)

jp
|ĥ(p)

r |�(p)
lp

⇥

Ĥ =
sX

r=1

cr

pY

�=1

ĥ(�)
r
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�41

 Single-set vs Multi-set formulation

=
X

�

X

J

A(�)
J �(�)

J |��

 (Q1, . . . , Qp, t) =
↵X

↵=1

n↵
1X

j1

. . .

n↵
pX

jf

A↵
j1...jp(t)

pY

=1

'(↵,)
j

(Q, t)|↵i
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Exact	method
q1 q2 q3 q4 q5 q6

S
N1N1 N1N1N1N1

q1 q2 q3 q4 q5 q6
MCTDH-combined	modes	

Q1 Q2 Q3

S
n1 n1 n1

n2n2n2n2n2n2

q1 q2 q3 q4 q5 q6
ML-MCTDH

Q1 Q2 Q3

Q1 Q2 Q3 Q4 Q5

S
n1 n1

n1

n2 n2 n2 n2 n2 n2

n3 n3 n3 n3 n3 n3

Q6

q1 q2 q3 q4 q5 q6

Q1 Q2 Q3 Q4 Q5 Q6

MCTDH

S
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Zernike Institute for 
 Advanced Materials Pyrrole	24D,	ML-MCTDH-tree
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el

2

N N

N N

N N

N
N N N N N

1 1

2 2

3 3

4
4 4 5 5

5

5

5

MCTDH (89 h)              ML-MCTDH (15 min) 

S. Faraji et al., J. Chem. Phys. 135, 154310, 2011. 

Corse	grained	quantum	dynamics
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 Advanced Materials Dynamical	observables

�44

 Various spectra 

 Electronic population 

 Flux into a reaction channel 

 Probability density along a coordinate 

…. 
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Ĥm = �
3N�6�

n=1

h̄2

2Mn

⇤2

⇤R2
n

�
s�

i=1

h̄2

2m
⌃2

i + U(r,R) (2)

ih̄
⇤�(r,R, t)

⇤t
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 Probability of the wavepacket being on one of the electronic surfaces. 

 Fluorescence dynamics
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Process System Formula f e
Photo-excitation pyrazine C4H4N2 24 2

furan C4H4O 13 4
pyrrole C4H5N 10 (24) 5

Photo-ionization butatriene C4H
+
4 18 2

allene C3H
+
4 15 3

pentatetraene C5H
+
4 21 3

benzene C6H
+
6 13 5

monofluorobenzene C6F2H
+
5 12(30) 5

difluorobenzene C6F2H
+
4 12(30) 5

trifluorobenzene C6F2H
+
4 12(30) 5

cyclopropane C3H
+
6 14 4

trifluoroacetonitrile CF3CN+ 12 5
phenylacetylene C8H

+
6 24 4

naphthalene C10H
+
6 29 6

anthracene C14H
+
10 31 6

Photo-detachment
phenide C6H5 27 2
nitrate radical NO3 4 2

Collection of MCTDH calculations on vibrance coupling model potential 
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S. Faraji, H. Köppel, J. Chem. Phys. 129, 074310, 2008. 
S. Faraji, H-D. Meyer, H. Köppel, J. Chem. Phys. 129, 074311, 2008. 
S. Faraji, E. Gindensperger, H. Köppel, Chem. Phys., 97, 239, 2010.

D6h
Ortho

Fluorinated	benzene	radical	ca0ons

Fluorescence 

C2v C2v C2v D2h
Meta Para

x x x x
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Internal conversion

Fluorescence 

Nuclear	coordinates
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D0
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Vibronic	coupling	model	PESs	and	minima	of	conical	intersec:on	seams

�51

Non-Fluorescent							Ortho						13.07	eV	
Fluorescent																Meta							13.65	eV	
Non-Fluorescent							Para									13.08	eV

 10

 12

 14

 16

 18

 20

-10 -5  0  5  10

V[
eV

]

Q

1,4-difluorobenzene

X~
A~

C~
B~

D~
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0

BBBBBBB@

X̃ Ã B̃ C̃ D̃
X̃ 9.14 9.62 25.63 13.92 13.64

9.13
Ã 9.62 28.97 13.07 13.57
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B̃ 12.66 12.70 12.96

12.62
C̃ 12.44 13.05

12.49
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1

CCCCCCCA

0

BBBBBBB@

X̃ Ã B̃ C̃ D̃
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8.96
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 Oscillator strengths of transition dipole moment 
between 5 electronic states  
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Chapter 4. Results and discussion: di- and tri-fluorobenzene radical cations 71
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Figure 4.4: Comparison of theoretical (lower panel) and experimental (upper panel) [154]
photoelectron spectra of 1, 2-difluorobenzene. The linewidths of the theoretical spectra are
FWHM=66.6 meV (upper curve) and 13.3 meV (lower curve). In the higher-resolution theoretical
spectrum, the X̃ − Ã electronic bands are drawn separately.
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72 4.3. Vibronic structure of electronic spectra
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Figure 4.5: Comparison of theoretical (lower panel) and experimental (upper panel) [154]
photoelectron spectra of 1, 3-difluorobenzene. The linewidths of the theoretical spectra are
FWHM=66.6 meV (upper curve) and 13.3 meV (lower curve). In the higher-resolution theoretical
spectrum, the X̃ − Ã electronic bands are drawn separately.
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Figure 4.4: Comparison of theoretical (lower panel) and experimental (upper panel) [154]
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Figure 4.6: Comparison of theoretical (lower panel) and experimental (upper panel) [154]
photoelectron spectra of 1, 4-difluorobenzene. The linewidths of the theoretical spectra are
FWHM=66.6 meV (upper curve) and 13.3 meV (lower curve). In the higher-resolution theoretical
spectrum, the X̃ − Ã electronic bands are drawn separately.
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Chapter 4. Results and discussion: di- and tri-fluorobenzene radical cations 77
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Figure 4.8: Comparison of the first two calculated bands of 1, 2-difluorobenzene (lower panel) vs.
experimental MATI spectrum [39] (upper panel). The energies are in cm−1. The two contributing
bands X̃ (red line) and Ã (green line) are drawn separately.
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Figure 4.9: Comparison of the first two calculated bands of 1, 3-difluorobenzene (lower panel) vs.
experimental MATI spectrum [39] (upper panel). The energies are in cm−1. The two contributing
bands X̃ (red line) and Ã (green line) are drawn separately.
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Figure 4.10: Comparison of the first two calculated bands of 1, 4-difluorobenzene (lower panel)
vs. experimental MATI spectrum [39] (upper panel). The energies are in cm−1. The two contributing
bands X̃ (red line) and Ã (green line) are drawn separately.
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⇡⇡⇤ ⇡�⇤

S0

Reac:on	coordinate

Po
te
n:

al
	e
ne

rg
y

Experiment: 
Fast H ~ 100 fs 
Slow H ~ 1ps 
 

file://localhost/scratch/sfaraji/Google%20Drive/Website/homepage_entwurf/UniHD+IWR-Logo.svg


Shirin	Faraji													Dutch	Winter	School			2018

Ne
ga
ti
ve
 n
or
m 
is
 d
et
ec
te
d 
fo
r 
ve
ct
or
 3
: 
NO
RM
=-
0.
99
90
96

CA
LC
UL
AT
E 
LE
FT
 A
ND
 R
IG
HT
 V
EC
TO
RS
:

It
r|
Co
nv
R|
Co
nv
L|
Re
sN
or
mR
|R
es
No
rm
L|
NV
ec
s|
Lo
ck
|C
om
me
nt
s

  
0|
  
6 
 |
  
6 
 |
3.
1E
-0
7 
|5
.8
E-
07
 |
  
6 
 |
  
6 
|C
ol
la
ps
e 
cu
rr
en
t 
su
bs
pa
ce

DA
VI
DS
ON
 I
TE
RA
TI
ON
S 
CO
NV
ER
GE
D,
  
  
 0
 I
TE
RA
TI
ON
S

Ex
ci
ta
ti
on
 e
ne
rg
ie
s,
 h
ar
tr
ee

  
  
  
  
  
  
  
  
0

  
  
0 
  
 0
.3
29
66
2

  
  
1 
  
 0
.3
49
19
9

  
  
2 
  
 0
.3
99
64
8

  
  
3 
  
 0
.4
40
15

  5
|  

4  
|2.

3E-
06 

| 3
6  

|NS
Dav

ids
onR

igh
t<T

>::
Cal

cCo
rre

cti
onV

ec(
): 

War
nin

g! 
Sca

led
 no

rm 
for

 ro
ot 

  4
 is

 to
o s

mal
l: 

4.0
7E-

07;
 ||

Res
||=

2.0
7E-

06

  6
|  

5  
|1.

1E-
06 

| 3
8  

|

  7
|  

5  
|7.

8E-
07 

| 3
9  

|NS
Dav

ids
onR

igh
t<T

>::
Cal

cCo
rre

cti
onV

ec(
): 

War
nin

g! 
Sca

led
 no

rm 
for

 ro
ot 

  5
 is

 to
o s

mal
l: 

3.8
3E-

07;
 ||

Res
||=

2.1
8E-

06

  8
|  

6  
|5.

8E-
07 

| 4
0  

|Co
lla

pse
 cu

rre
nt 

sub
spa

ce

DAV
IDS

ON 
ITE

RAT
ION

S C
ONV

ERG
ED,

   
  8

 IT
ERA

TIO
NS

Exc
ita

tio
n e

ner
gie

s, 
har

tre
e

  

Zernike Institute for 
 Advanced Materials 5	lowest	electronic	states	

�63

A2(⇡�
⇤)

B1(⇡�
⇤)

A1(⇡⇡
⇤)

B2(⇡⇡
⇤)

A1

S. Faraji, M. Vazdar, V. S. Reddy, M. Eckert−Maksic, H. Lischka and H. Köppel, J. Chem. Phys. 135, 154310 (2011). 

MR-CISD+Q/cc-pVDZ	
CASSCF(5,6)

5.33 eV

6.12 eV

6.55 eV

6.75 eV

A. L. Sobolewski and W. Domcke, Chem. Phys. 259, 181 (2000).
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154310-3 Nonadiabatic photodissociation of pyrrole J. Chem. Phys. 135, 154310 (2011)

1. The multi-mode vibronic coupling approach

The conceptual framework adopted in the present study is
the well-established multi-mode vibronic coupling (MMVC)
approach.17, 24, 25 It relies on the use of a diabatic electronic
basis (see, for example, Ref. 26) in which the interaction
between different electronic states arises from the potential,
rather than the nuclear kinetic energy (at least to a sufficiently
good approximation). The potential energy matrix is decom-
posed into the potential energy V0(Q) of the initial electronic
state, taken to be harmonic, plus an interaction term W(Q),
and the latter is expanded in a Taylor series in the ground
state dimensionless normal coordinates Qi. Adopting also the
harmonic form of the ground state nuclear kinetic energy TN
we have

H = (TN + V0(Q))1 + W(Q), (2)

TN = −1
2

∑

i

¯ωi

∂2

∂Q2
i

, (3)

V0 = 1
2

∑

i

¯ωiQ
2
i , (4)

where the matrix elements of W(Q) are written as

Wαα(Q) = Eα +
∑

i

κα
i Qi +

∑

ij

g
(α)
ij QiQj + · · · (5)

and

Wαβ(Q) =
∑

i

λ
(αβ)
i Qi + · · · (α ̸= β). (6)

The quantity 1 in Eq. (2) denotes the 5 × 5 unit ma-
trix (for five electronic states under consideration). The en-
ergies Eα which appear in the diagonal elements Wαα have
the meaning of vertical excitation energies, referring to the
center of the Franck-Condon (FC) zone, Q = 0 (boldface de-
notes the vector of all coordinates). Because we take the di-
abatic and adiabatic basis states to coincide at this geometry,
the Eα have no counterpart in the off-diagonal elements of
Eq. (6). The quantities κ

(α)
i and λ

(αβ)
i are referred to as first-

order intrastate and interstate electron-vibrational coupling
constants, respectively. The second-order intrastate coupling
constants g

(α)
ii account for frequency changes upon the elec-

tronic transition, while the g
(α)
ij (for i ̸= j) are responsible for

the so-called Duschinsky rotation27 of the normal modes in

the excited state. Explicit expressions for these quantities read
as follows:

κ
(α)
i = ∂'Vα(Q)

∂Qi

|Q=0, (7)

g
(α)
ii = ∂2'Vα(Q)

2∂Q2
i

|Q=0, (8)

λ
(αβ)
i =

√
1
8

∂2(Vα − Vβ)2

∂Q2
i

|Q=0. (9)

Here, Vα and Vβ are the adiabatic potential energy surfaces
and 'Vα = Vα − V0. Truncating the series after the first-
order terms defines the linear vibronic coupling model (LVC),
while including second-order terms leads to the – as a short-
hand notation – quadratic vibronic coupling model (QVC),
and so forth.

Since pertinent aspects of the vibronic coupling scheme
have been amply discussed in the literature, we refer to these
publications for more details.17, 24, 25 Here we only emphasize
the importance of symmetry selection rules which impose re-
strictions on the modes which appear in the various summa-
tions of Eqs. (5) and (6). These are relevant, in particular, for
the linear coupling terms, for which they read

(α ⊗ (i ⊗ (β ⊃ (A. (10)

Explicitly, a given vibrational mode with symmetry (i can
couple electronic states with symmetries (α and (β in first
order only if the direct product on the left-hand side of
Eq. (10) comprises the totally symmetric irreducible represen-
tation (A of the point group in question. The generalization to
the second-order terms should be apparent, though it is less
restrictive.

2. Anharmonic treatment of N–H stretching mode

In view of the importance of N–H photodissociation in
UV excited pyrrole, the MMVC model PES cannot be ex-
pected to even qualitatively describe the N–H stretching po-
tential curves. This corresponds to the normal coordinate Q24

in our nomenclature, and for this mode proper (dissociative)
PECs are to be used. The resulting 5 × 5 Hamiltonian matrix
is written as follows:

H = (TN + V0) 1 + W, (11)

W =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

W0 λ
(0,1)
4/7 Q4/7 λ

(0,2)
6 Q6 0 0

λ
(0,1)
4/7 Q4/7 W1 λ

(1,2)
8,14,17Q8,14,17 λ

(1,3)
4/7 Q4/7 0

λ
(0,2)
6 Q6 λ

(1,2)
8,14,17Q8,14,17 W2 λ

(2,3)
3 Q3 λ

(2,4)
4/7 Q4/7

0 λ
(1,3)
4/7 Q4/7 λ

(2,3)
3 Q3 W3 λ

(3,4)
8,14,17Q8,14,17

0 0 λ
(2,4)
4/7 Q4/7 λ

(3,4)
8,14,17Q8,14,17 W4

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
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basis (see, for example, Ref. 26) in which the interaction
between different electronic states arises from the potential,
rather than the nuclear kinetic energy (at least to a sufficiently
good approximation). The potential energy matrix is decom-
posed into the potential energy V0(Q) of the initial electronic
state, taken to be harmonic, plus an interaction term W(Q),
and the latter is expanded in a Taylor series in the ground
state dimensionless normal coordinates Qi. Adopting also the
harmonic form of the ground state nuclear kinetic energy TN
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ij QiQj + · · · (5)

and

Wαβ(Q) =
∑

i

λ
(αβ)
i Qi + · · · (α ̸= β). (6)

The quantity 1 in Eq. (2) denotes the 5 × 5 unit ma-
trix (for five electronic states under consideration). The en-
ergies Eα which appear in the diagonal elements Wαα have
the meaning of vertical excitation energies, referring to the
center of the Franck-Condon (FC) zone, Q = 0 (boldface de-
notes the vector of all coordinates). Because we take the di-
abatic and adiabatic basis states to coincide at this geometry,
the Eα have no counterpart in the off-diagonal elements of
Eq. (6). The quantities κ
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i and λ
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i are referred to as first-

order intrastate and interstate electron-vibrational coupling
constants, respectively. The second-order intrastate coupling
constants g

(α)
ii account for frequency changes upon the elec-

tronic transition, while the g
(α)
ij (for i ̸= j) are responsible for

the so-called Duschinsky rotation27 of the normal modes in

the excited state. Explicit expressions for these quantities read
as follows:
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Here, Vα and Vβ are the adiabatic potential energy surfaces
and 'Vα = Vα − V0. Truncating the series after the first-
order terms defines the linear vibronic coupling model (LVC),
while including second-order terms leads to the – as a short-
hand notation – quadratic vibronic coupling model (QVC),
and so forth.

Since pertinent aspects of the vibronic coupling scheme
have been amply discussed in the literature, we refer to these
publications for more details.17, 24, 25 Here we only emphasize
the importance of symmetry selection rules which impose re-
strictions on the modes which appear in the various summa-
tions of Eqs. (5) and (6). These are relevant, in particular, for
the linear coupling terms, for which they read

(α ⊗ (i ⊗ (β ⊃ (A. (10)

Explicitly, a given vibrational mode with symmetry (i can
couple electronic states with symmetries (α and (β in first
order only if the direct product on the left-hand side of
Eq. (10) comprises the totally symmetric irreducible represen-
tation (A of the point group in question. The generalization to
the second-order terms should be apparent, though it is less
restrictive.

2. Anharmonic treatment of N–H stretching mode

In view of the importance of N–H photodissociation in
UV excited pyrrole, the MMVC model PES cannot be ex-
pected to even qualitatively describe the N–H stretching po-
tential curves. This corresponds to the normal coordinate Q24

in our nomenclature, and for this mode proper (dissociative)
PECs are to be used. The resulting 5 × 5 Hamiltonian matrix
is written as follows:

H = (TN + V0) 1 + W, (11)

W =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

W0 λ
(0,1)
4/7 Q4/7 λ

(0,2)
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Population transfer to S0

Experiment: 
Fast H ~ 100 fs 
Slow H ~ 1ps 
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G. Bieri, L. Asbrink, and W. von Niessen, J. Electron Spectrosc. Relat. Phenom. 23, 281 (1981)
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S. P. Neville and G. A. Worth, J. Chem. Phys.  140, 034317 (2014).. 
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5.33 eV

6.12 eV

6.55 eV

6.75 eV

MRCI+Q

5.06 eV

5.86 eV

6.01 eV

6.24 eV

A2(3Pz)
B1(3Py)

5.87 eV
6.00 eV

CASSCF & EOM-CCSD EOM-CCSD

5.14 eV

5.87 eV

6.15 eV

6.26 eV

5.91 eV
6.00 eV
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 7x7 model Hamiltonian (S0, S1-S6) 

 Same anharmonic treatment of N-H normal coordinate 

 Same CAP 

 24 vibrational mode (full dimension) 
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G. Worth, I. Burghardt, Chem. Phys. Lett., 368, 502, 508, 2003.
G. Worth, I. Burghardt, Int. Rev. Phys. Chem., 34, 269, 2015. 

file://localhost/scratch/sfaraji/Google%20Drive/Website/homepage_entwurf/UniHD+IWR-Logo.svg


Shirin	Faraji													Dutch	Winter	School			2018

Ne
ga
ti
ve
 n
or
m 
is
 d
et
ec
te
d 
fo
r 
ve
ct
or
 3
: 
NO
RM
=-
0.
99
90
96

CA
LC
UL
AT
E 
LE
FT
 A
ND
 R
IG
HT
 V
EC
TO
RS
:

It
r|
Co
nv
R|
Co
nv
L|
Re
sN
or
mR
|R
es
No
rm
L|
NV
ec
s|
Lo
ck
|C
om
me
nt
s

  
0|
  
6 
 |
  
6 
 |
3.
1E
-0
7 
|5
.8
E-
07
 |
  
6 
 |
  
6 
|C
ol
la
ps
e 
cu
rr
en
t 
su
bs
pa
ce

DA
VI
DS
ON
 I
TE
RA
TI
ON
S 
CO
NV
ER
GE
D,
  
  
 0
 I
TE
RA
TI
ON
S

Ex
ci
ta
ti
on
 e
ne
rg
ie
s,
 h
ar
tr
ee

  
  
  
  
  
  
  
  
0

  
  
0 
  
 0
.3
29
66
2

  
  
1 
  
 0
.3
49
19
9

  
  
2 
  
 0
.3
99
64
8

  
  
3 
  
 0
.4
40
15

  5
|  

4  
|2.

3E-
06 

| 3
6  

|NS
Dav

ids
onR

igh
t<T

>::
Cal

cCo
rre

cti
onV

ec(
): 

War
nin

g! 
Sca

led
 no

rm 
for

 ro
ot 

  4
 is

 to
o s

mal
l: 

4.0
7E-

07;
 ||

Res
||=

2.0
7E-

06

  6
|  

5  
|1.

1E-
06 

| 3
8  

|

  7
|  

5  
|7.

8E-
07 

| 3
9  

|NS
Dav

ids
onR

igh
t<T

>::
Cal

cCo
rre

cti
onV

ec(
): 

War
nin

g! 
Sca

led
 no

rm 
for

 ro
ot 

  5
 is

 to
o s

mal
l: 

3.8
3E-

07;
 ||

Res
||=

2.1
8E-

06

  8
|  

6  
|5.

8E-
07 

| 4
0  

|Co
lla

pse
 cu

rre
nt 

sub
spa

ce

DAV
IDS

ON 
ITE

RAT
ION

S C
ONV

ERG
ED,

   
  8

 IT
ERA

TIO
NS

Exc
ita

tio
n e

ner
gie

s, 
har

tre
e

  

Zernike Institute for 
 Advanced Materials Varia:onal	mul:-configura:onal	Gaussian	(vMCG)

�81

System	modes

Bath	modes

 (Q, t) =
X

J

AJ(t)�J(Q, t)

�J(Q, t) =
mY

=1

'()
j

(Q, t)
fY

=m+1

g()j
(Q, t)�J(Q, t) =

fY

=1

g()j
(Q, t)

 System-bath formalism  

 On-the-fly quantum dynamics

 (Q, t) =
nX

j=1

Aj(t) gj(Q, t)

G. Worth, I. Burghardt, Int. Rev. Phys. Chem., 34, 269, 2015. 
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 Thawed Gaussian(TG) 
 Separable Gaussian (SG) 
 Frozen Gaussian (FG) 
 Semi-classical motion of Gaussian center in phase-space 

 Analytical integrals, localized functions, fair memory requirement  

g()j
(Q, t) = exp

⇥
QT

 ⇣j (t) Q + ⇠j (t)Q + ⌘j (t)
⇤

⇤
j (t) = ( ⇣j (t)| {z }

width

, ⇠j (t)| {z }
center

, ⌘j (t)| {z }
phase

)
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�83

 Dirac-Frankel variational principle 

 EOM for expansion coefficients  

 EOM for SPFs 

 EOM for Gaussian parameters  

h� |H � i
�

�
| i = 0

i'̇()
j = (1̂� P̂ ())⇢()�1

hĤi()'()

iSȦ = [H� i⌧ ]A

iC()⇤̇
()

= Y
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 (Q, t) =
X

J

AJ(t) �J(Q, t) =
X

J

AJ(t)
fY

=1

�()
j

(Q, t)

�()
j

(Q1 , t) =
X

L

B()
j,L(t) G

()
L (Q, t) =

X

L

B()
j,L(t)

f()Y

µ=1

g,µlµ (Q,µ, t)
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 (Q, t) =
X

J

A[1]
J (t) �[1]

J (Q, t) =
X

J
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J (t)

f [1]Y

1=1

�[1](1)
j1

(Q1 , t)

�[m�1](µm�1)
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X

L
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L (Q(m�1)
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=
X

L

A[m](µm�1)
j,L (t)
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µm�1Y

m=1

�[m](µm)
lm

(Qm,µm�1 , t)

 M-layer formalism  

�[M ](µM )
lM

(t) = g(µM )
lM

(⇤(µM )
lM

(t))

 Last (Mth) layer is represented as FGs  
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n3 n3n3 n3 n3n3n3 n3

Q1

Q1

Sn1
n1

n1

n2 n2 n2 n2 n2n2

n3

Q3Q2

Q2 Q4 Q6 Q8 Q9Q3 Q5 Q7

n2 n2 n2

q2q1 q3 q4 q5 q6 q7 q8 q9

Frozen Gaussian 
G. Worth, I. Burghardt, Chem. Phys. Lett., 368, 502, 508, 2003.
G. Worth, I. Burghardt, Int. Rev. Phys. Chem., 34, 269, 2015. 

T. J. Martinez et al, J. Phys. Chem. A.104, 5161, 2000.
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MMMM

QD	
		

full	quantum	
dynamics	of	e	&	N	QM	

(sta:c)

As	accurate	as	necessary	&	as	large	as	needed	

Bath	modes

System	
modes
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Singlet	Fission	in	molecular	solids

Photo-switchable	DNA	in	nano	technology	

Biomarkers	for	labeling/tracking	cancer	cells

DNA	G-quadroplex	and	cancer	therapy

Goran Giudetti
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