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D2.2.2: Demonstration that 2D ES can be efficiently used for optical addressing: proof of 
concept, WP2, UNIPD, M26  
 
In our previous report, we described preliminary investigations on the feasibility of using 2D maps, 

obtained applying 2D spectroscopy techniques to suitable samples, for multivariate logic purposes 

(D.2.2.1).   The comparison with theoretical predictions and an accurate study of the origin of the 

2D signal as a function of the experimental variables led to the promising conclusion that, indeed, 

2D maps may be interpreted as rich output maps. [1]  

2D maps are obtained exciting the studied sample with a suitable sequence of 3 laser pulses.  The 

propagation directions and time delays between pairs of pulses can be varied under a controlled 

way. We have demonstrated that a rich logic is encoded in the interaction between molecules and 

optical signals (i.e. short laser pulses). In this framework we speak about ‘optical addressing’ since 

it is possible to demonstrate the operation of a molecular device interacting with light that computes 

in parallel both binary and multi-valued logic functions, taking advantage of the complex dynamics 

induced by the interaction of the molecular states with the 3 optical pulses.  

Parallel processing is based on the capability of the 2D Photon Echo (2D-PE) to excite multiple 

transitions and to provide information on the coherent electronic dynamics of the chromophoric 

system. Different pulse sequences (these act as ‘inputs’) promote different excitation pathways, 

which generate signals that are mapped on different positions in a 2D maps (observables acting as 

‘outputs’). 

Within Task 2.2, to demonstrate such potentiality with experimental data and fulfil D.2.2.2, we 

characterized the 2D response of samples built functionalizing DNA duplexes with rhodamine dyes. 

For the achievement of this deliverable and with the idea of providing an easy and simple proof-of-

concept, we focused our attention on ‘monochromophoric’ samples built functionalizing a suitably 

designed DNA duplex with a single rhodamine moiety (see Scheme 1). 

On one hand such systems represent the initial building blocks for 

more complex structures in which the DNA duplex is used as a 

scaffold to prepare multichromophoric systems with finely 

tuneable properties (some of them are already under investigation 

and will be used for the achievement of next deliverables). On the 

other hand, as first step, the simplest dynamics of the 

monochromophoric samples resulted to be more suitable to establish a clear relationship between 

experimental data, computational modelling and logic operations. 

Figure 1 reports the absolute part of the rephasing 2D signal at the indicated population time (T) for 

the TAMRA_DNA sample. The amount of information on the photophysical properties that one can 
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extract from these maps is huge and will be reported in detail in a future publication (manuscript 

submitted [2]). However, what is important for logic purposes is that the frequency and time 

behaviour of the maps can be interpreted as evolution of a 3-levels system. Based on evidences 

emerging from absorption and fluorescence spectra, we assume the presence of the ground state g 

and the first excited state e, characterized by two vibronic sublevels e0 and e1. Given the pulse 

sequence experimentally imposed to measure the maps, and knowing the main photophysical 

properties of the sample thanks to the thorough optical characterization previously performed 

(transition energies, transition dipole moments, vibrational frequencies, etc.), it is possible to 

interpret the signal at each position in the 2D map as originating from one (or more) specific 

evolution pathway within the density matrix.  Figure 2.b shows the relevant evolution pathways, 

represented as double-sided Feynman diagrams, giving rise to the signal at relevant positions, 

schematically represented in Figure 2.c. This represents exactly the experimental realization of the 

logic tree scheme proposed in [1] and the demonstration that 2D ES can be efficiently used for 

optical addressing. [3] 

In such a logic scheme, the inputs are the interactions of the matter with the three laser pulses used 

to excite the system and the number of different transitions triggered by each interaction with the 

external field defines the set of logical values that each variable can assume. Each Feynman path 

contributing to the signal plays the role of a minterm in the logical plane. Therefore, since we 

demonstrated that it is possible to relate the spectroscopic observables (intensities of the signal at 

relevant positions) directly to selected Feynman paths, the decision tree can be reconstructed. 

 
Figure 1. (a) Representative 2D spectra of the absolute part of the rephasing signal at denoted population 
time (T). The spectra are individually normalized by their maximum value. Relevant energy positions are 
labelled in the first panel from 1 to 7 and have the following coordinates (in THz): 1: 535;535, 2:567;567, 3: 
535,567, 4: 567;535, 5: 535;552.4, 6: 552.4, 552.4 and 7: 552.4, 535. Qualitatively, the maps are 
characterized by a main peak centered at 535 THz (560 nm, position 1) in good agreement with the energy of 
the main S0-S1 electronic transition. In the 2D maps the peak could be likely attributed to ground state 
bleaching (GSB) and Stimulated Emission (SE) processes. A more careful analysis highlights the presence of 
tails on the high energy side, both along the excitation as well as the emission frequency, resulting in a 
triangular-like shape (see first panel). At longer values of T, these tail signals evolve in cross-peaks, clearly 
distinguishable from the main peak especially on the upper diagonal portion of the maps (positions 5 and 3). 
These features are due to the evolution of a vibrational coherence. 
 



	   3	  

	  

	  

Figure 2. (a) Relevant double-sided Feynman diagrams for ground state bleaching (GSB) and stimulated 
emission (SE) at four selected coordinates labelled as in the first panel of Figure 1. (b) Scheme showing 
where the different Feynman diagrams contribute to the 2DPE signal. Same colour code as panel (a) is used.  
The size of circles is indicative of the experimental peak amplitude. The ESE contribution is indicated by 
squares, GSB by diamonds. Solid symbols denote non-oscillating contributions along T, open denote 
oscillatory behaviour in the form of ±cos(ω0Τ). 
 
 
 
[1] B.Fresch et al., PNAS, 110(2013)17183. 

[2] B. Fresch et al., ‘Parallel and multivalued logic by the 2D-Photon Echo response of a 

Rhodamine-DNA complex’, submitted. 

[3] M. Cipolloni at al., ‘Optical addressing of molecular machines by 2D electronic spectroscopy’, 

manuscript in preparation 


