
Shirin Faraji 

AK L. Cederbaum 

Theoretical studies of multi-state vibronic interactions in some polyatomic molecules 

Nuclear motion in electronically excited molecules is often not confined to a single potential energy 
surface, but rather proceeds on several, coupled potential energy surfaces simultaneously. Conical 
intersections of potential energy surfaces have emerged as paradigms for signalling strong 
nonadiabatic coupling effects. The phenomena resulting from the underlying nonadiabatic interactions, 
collectively also termed vibronic coupling effects, are of paramount importance for spectroscopy, 
collisional dynamics, elementary photophysical and photochemical processes, and others. An 
important class of systems in this respect are the benzene and benzenoid cations, for which the 
electronic structure, spectroscopy, and dynamics have received great attention in the literature. 

The fluorobenzene derivatives are of our systematic interest for at least two different reasons. (1) The 
reduction of symmetry by incomplete fluorination leads to a disappearance of the Jahn-Teller (JT) 
effect present in the parent cation. (2) A specific, more chemical effect of fluorination consists in the 
energetic increase of the lowest σ-type electronic states of the radical cations. The multi-mode multi-
state vibronic interactions between the five lowest electronic states of the three different 
difluorobenzene and 1,2,3-trifluorobenzene radical cations are investigated here theoretically, based 
on ab initio electronic structure data, and employing the well-established linear vibronic coupling (LVC) 
model, augmented by quadratic coupling terms (QVC) for the totally symmetric vibrational modes. 
Low-energy conical intersections, and strong vibronic couplings are found to prevail within the set of 

  ̃     ̃and   ̃–  ̃   ̃ cationic states, while the interactions between these two sets of states are found 

to be weaker and depend on the particular isomer. The interactions in the   ̃     ̃electronic manifold  
can be understood as a replica of the multi-mode dynamical JT effect occurring in the doubly 
degenerate ground state of the parent  system Bz

+
. They can thus be considered as a generalization 

of this high-symmetry vibronic prototype system to the less symmetric case of fluorinated benzene. In 
the present study, we have conducted a comprehensive theoretical analysis of the multi mode multi-
state vibronic interactions in some representative aromatic and heteroaromatic systems. The focus of 
interest was on several fluoro derivatives of the benzene radical cation, namely, the di- (three different 
isomers) and tri-fluorobenzene (1,2,3- isomer) radical cations. These are all characterized by multiple 
conical intersections between the potential energy surfaces of their five lowest electronic states. The 
latter are in turn related to the JT effects in degenerate states (of the parent cation), to the pseudo-JT 
effects involving degenerate and nondegenerate states (in the parent cation) or to vibronic coupling 
effects involving nearby nondegenerate states (in the - less symmetric - fluoro derivatives). Wave-
packet dynamical simulations for these coupled potential energy surfaces, utilizing the powerful multi-
configuration time-dependent Hartree method are performed. Ultrafast internal conversion processes 
and the analysis of the MATI and photo-electron spectra provide a detailed understanding of the 
spectroscopy and fluorescence dynamics of these species. It is the more intriguing that the 
aforementioned observables could nicely explain the different fluorescence behaviour of the fluoro 
derivatives.  

We have further extended our multi-state multi-mode analysis to a heteroaromatic system, pyrrole. 
Among the heterocyclic aromatic organic compounds, pyrrole was our prime candidate (regarding its 
key role in the photostability of living matter), towards the understanding of its photochemical 
properties, largely focussing on its UV absorption spectrum and its photodynamics. Similar to the 
studies of the benzene cation and its fluoro derivatives, the quantum dynamical calculations are done 
using the MCTDH method which allows us to consider five electronic states and up to 12 vibrational 
degrees of freedom. The computed absorption spectrum is in a rather good agreement with both 
experimental and theoretical studies, which shows that most of the intensity in the first band system 
arises from excitation to the valence state of 

1
B2 symmetry, which lies just above the lowest valence 

state, the 
1
A1 state. The time-dependent electronic population dynamics reveal the characteristic 

ultrafast electronic population decay (internal conversion process) as is typical for nuclear motion on 
conically intersecting potential energy surfaces. This is found to take place within the S4-S3 and S2-S1 
strongly coupled manifolds and on a somewhat slower time scale within the S4-S3 set. Within the QVC 
scheme, there is virtually no coupling between S0 and the S1-S4 set, owing to high-lying intersections 
for corresponding pairs of states. Therefore, no population transfer to the ground state S0 is observed; 
however, the detailed mechanism for the population transfer from the valence states to the states is 
clearly demonstrated by the present calculations. These results can thus partly explain the lack of 
detectable fluorescence in pyrrole; one requires to go beyond the QVC formalism for these complex 
systems to fully interpret the experimental data. Nevertheless, the coupling schemes and 



computational approaches used in this work are expected to be of broad relevance for the 
photophysics of many medium-sized molecular systems.  

In the present work, we put a special emphasis on the relations between the various systems treated. 
This applies to the electronic structural data, as well as the dynamical behavior and their interrelation. 
We focus on the vibronic structure of various spectral bands and on the femtosecond population 
dynamics in the coupled electronic manifolds. As a by-product we have demonstrated the types of 
quantum-dynamical calculations that are possible nowadays and thus give an idea about possible 
future applications and developments in the field (see Publication list).  

 


