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• WP3, Controlling electronic and electrochemical properties of nanoparticles, is devoted to 
the synthesis of functionalized nanostructures on surfaces.  The electronic functions of the 
nanostructures will then be triggered by electrical, electrochemical, optical or chemical inputs.  
WP3 is lead by Prof. Itamar Willner (P6-HUJI).  
• WP4, Electrical addressing of molecular systems in solid state, is devoted to the electrical 
addressing of molecular systems in a solid, dry state configuration. The addressed systems will 
range from artificial dopant molecules to hybrid nanoparticle-molecule systems deposited in 
various nanoelectrode configurations. WP4 gathers three PIs from two participants: Prof. Sven 
Rogge (P7-TU-Delft, WP leader) and Prof. Rainer M. Waser and Dr. Silvia Karthäuser (P8-FZ-
Jülich). 
 

3.1.2 Work performed and main results achieved 
 
Significant progress has been made in all the WP’s and most of the deliverables and all the 
milestones planned for the end of the third period have been achieved. State of the art 
experimental set-ups have been built for electrical addressing of dopant atoms and molecules in 
Si and of molecules and nanoparticles in nanogaps, for coherent optical storage and processing in 
a Pr:YSO crystal, for the multiphoton incoherent addressing of molecules on surfaces and for 
photo electrochemical and chemical addressing of bio molecules on surface and in solution. The 
theory of the operations and the designs of non-Boolean schemes, cascaded circuits, cyclable 
finite state machines and parallel machines have been carried out.  Most of the results are an 
outcome of inter WP close collaboration and have been made available to the public through 
publications in international scientific journals (see list of publications below), reported in 
international meetings and on the MOLOC website. An international workshop on Molecular 
Logic was organized jointly in Leiden by the MOLOC project and the Lorentz foundation from 
May 30th to June 2nd, 2011. It gathered well-recognized international experts from diverse 
horizons and fields of expertise and gave the opportunity to the MOLOC partners to present 
their achievements and discuss perspectives for molecular logic. 

During the third period, complex logic functions (cascaded combinational circuits, finite state 
Boolean and non Boolean machines, non-Boolean circuits, parallel machines, pH programmable 
machines) have been designed, investigated theoretically and physically realized by electrical, 
optical, chemical and electrochemical addressing. We summarize below the progress made by 
the partners for each type of machines. 
 

• Combinational circuits 
- A cascade of two electrically addressed full adders that take advantage of charge and energy 
quantification has been designed and implemented on 6 transistors (instead of 28 transistors for 
an equivalent most advanced CMOS circuit). Joint work by WP1 and WP4.20 
 - A ternary adder has been designed and implemented on a dopant atom in a Fin-FET transistor 
(WP1 and WP4, joint publication in preparation) 
- pH programmable gate cascade and multilayered gates have been designed and implemented 
using libraries of DNAzymes units triggered by Mg2+ and UO2

2+ ions. The inputs are provided 
chemically and the output read optically by fluorescence. The operation of a universal set of 
gates has been demonstrated, and as well as the operation of gates in parallel. WP3 in 
collaboration with WP1.19 
- The logic functions of electrochemically addressed Au NP composite on surface have been 
investigated by WP3. 
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- A three input logic AND gate have been implemented by WP2 by addressing a quinacridine 
layer on a Au(111) surface with three laser pulses of different colour. The output is detected by 
ionization. 
-The electrical characterization of the Coulomb blockade diamonds of a 
spiropyran/mercaptoethane sulfonic acid (SP/MES) NP’s system integrated into a three terminal 
solid state device by WP4 allows for the implementation of a ternary multiplier. 
- Electrical readout of optical inputs was demonstrated by WP4 on SP/MES NP’s system 
integrated into a three terminal solid state device by optoelectrical addressing. The output of the 
device is ternary. 

• Finite state machines 
- A cascade of two finite state machines, each of them multivalued and operating linearly in 
parallel, has been designed by WP1 on a two level nanostructure, based on the pulsed gate 
experiment set-up developed in WP4. 
- A full adder based on a non linear finite state machine was implemented by WP2 using 
coherent optical addressing of a doped solid and robust adiabatic light-matter interactions. Joint 
publication between WP2 and WP1. 18 

- A set-rest machine was implemented by WP4 by electrical addressing of a dopant in a FinFET, 
based on the negative differential conductance induced by changes in the tunnelling barrier as a 
function of gate and bias voltage. WP4 in collaboration with WP1. A joint publication is in 
preparation. 
- An all DNA finite state automaton with finite memory was implemented by WP3 using DNA 
machines (tweezers). The input is by chemical addressing and the output read by fluorescence.  
The logic operation of the 16 states automaton was analysed in collaboration with WP1.16  

• Parallel machines 
- Parallel computing by observables was designed by WP1. The simulations are based on the 
coherently addressed doped solids investigated by WP2. 
- An implementation of a search algorithm based on quasi classical parallelism was designed and 
simulated by WP1. The proposed physical realization is based on the pulsed gate addressing of a 
two level system in a transistor, collaboration with WP4. A joint publication is in preparation. 
- Optical parallel processing in a doped solid was demonstrated by WP2. 
- Non equilibrium effect of molecular states in Si nanodevices were experimentally demonstrated 
by WP4 using pulsed gate experiments. They are the basis for the implementation of quasi 
classical parallel logic schemes. 
 

3.1.3  Potential impact of final results 
MOLOC has demonstrated that complex logic operations can be implemented at the molecular 
scale by taking advantage of the internal degrees of freedom (charge, energy, conformations and 
supramolecular complexes) that are electrically, electrochemically, optically and chemically 
addressed. The achievements of the MOLOC project were made possible by the strong 
interaction between the theory and the experimental groups, as can be judged by the number of 
joint papers. This strong collaboration allowed for the experimental implementation, within the 
framework of the project, of the designs proposed by the theory group in up to now not well 
explored new directions for molecular computing : multivalued logic, finite state machines and 
parallel computing. These realizations, which go beyond Boolean logic and the switching 
paradigm open the way to the implementation of schemes really suited for the molecular scale, 
that exploit its multi level character and the possibility to address simultaneously several discrete 
levels, either optically, electrical or by chemical recognition. These non conventional logic 
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schemes have also the potential to reduce the energy consumption for the implementation of 
logic operations by taking advantage of the discrete structure of molecules and ions. 
Optical addressing has great potential for parallel quasi classical logic schemes. MOLOC 
successfully implemented proof-of-principle experiments to demonstrate novel interactions 
between light and matter to provide memories, finite state logic machines and even options for 
parallel processing at the microscopy scale. An experimental proof of concept of parallel optical 
processing in a doped solid has been provided in the third period. In addition, new techniques to 
enhance the number of operation cycles in a STIRAP-driven solid state finite state logic machine 
by prolonging storage times and controlling dephasing and decoherence processes have been 
demonstrated during the third period.  
Selective optical addressing of molecular states on surface is a well-known challenge. During the 
third period, MOLOC made significant progress and demonstrate the addressing of layers on 
surfaces using three colour pumping schemes. The level of complexity opens the way to the 
implementation of more complex logic schemes on surfaces.  
The possibilities for logic offered by the opto-electrical addressing of a single functionalized NP 
trapped in a well-defined nanogap and the potential for making arrays of them is also a 
significant advance. 
DNA tweezers systems and DNAzymes systems turn out to be of great potential impact for 
concepts and also for practical applications in nanomedecine. MOLOC demonstrated that DNA 
tweezer systems can be used to build libraries of reconfigurable gates that can be cascaded and 
operate in parallel. When used for finite state machine implementation, the number of states and 
the complex transition tables that can be built offer new possibilities for computing schemes. 
Beyond the concept of an automaton, MOLOC demonstrated that DNAzymes systems open the 
way to pH programmable logic machines, that can operate on several layers of logic operation. 

The advances made in the photochemical/electrical activation of composite NP systems opens 
the way for the design of smart materials of new properties and functions. Environmental 
triggers, such as temperature, pH, electrical, photonic or magnetic signals may act as inputs for 
changing the properties and functions of materials.  Such logic activation of material functions 
may lead to new functions of materials, such as hydrophilic/hydrophobic or adhesion properties, 
solid-to-gel transitions, switchable catalysis and more. 
The experimentally implemented electrically addressed single dopant cascaded circuit for two 
full additions uses about 10 times less transistors than a conventional CMOS circuit, is scalable 
and fully CMOS compatible. The scaling is even better for the ternary adder that was 
demonstrated during the third period. This approach and the design of dopant molecules 
embedded in Si, that have been modelled and characterized during the third period, will allow to 
further increase the complexity of the logic and could be of significant impact.  These transistors 
are fully CMOS compatible. Furthermore technical advances make atomic deterministic doping 
realistic in the near future, as well as the prospect of designing dopants whose energetics is 
compatible with operation at room temperature. 
 
MOLOC website : http://moloc.ulg.ac.be 
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pages), (2009). 

3 Elbaz, J., Wang, Z. G., Orbach, R. & Willner, I. pH-Stimulated Concurrent Mechanical 
Activation of Two DNA "Tweezers". A "SET-RESET" Logic Gate System. Nano Letters 
9, 4510-4514, (2009). 
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12 Klein, M., Mol, J. A., Verduijn, J., Lansbergen, G. P., Rogge, S., Levine, R. D. & 
Remacle, F. Ternary Logic Implemented on a Single Dopant Atom FET in Si. Appl. 
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D. Logic Implementations at the Nanoscale Using a Single Nanoparticle-Protein Hybrid: 
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16 Wang, Z. G., Elbaz, J., F. Remacle, R. D. Levine & Willner, I. All-DNA finite-state 
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27 Calderon, M. J., Verduijn, J., Lansbergen, G. P., Tettamanzi, G. C., Rogge, S. & Koiller, 
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32 Periyasamy, G., E. Durgun, Raty, J.-Y. & Remacle, F. DFT studies of solvation effects 
on the nanosize bare, thiolated and redox active ligated Au55 cluster. J. Phys. Chem. C 
114  Protected Metallic Clusters, Quantum Wells and Metal-Nanocrystal Molecules 
Symposium, 15941-15950, (2010). 
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(2010). 

34 Siegert, S., Vogeler, F., Schiedt, J. & R.Weinkauf. Charge transfer state as an 
intermediate step for efficient singlet oxygen formation after excitation of tryptophan: An 
exploratory anion photodetachment photoelectron spectroscopy study. Phys Chem Chem 
Phys 12, 4996-5006 (2010). 
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3.2 Core of the report for the period: Project objectives, work 
progress and achievements, project management  

 

3.2.1 Project objectives for the third period 
MOLOC was granted a 6 month extension in July 2010. The duration of the third period is 
therefore 18 months, from Feb 1st, 2010 to July 31st, 2011. The revised work planned can be 
found in the revised Annex I of June, 21st, 2010. 
A major change in the revised Annex I is in the organization of WP2. Following the project 
steering committee of March 17th, 2010 and after the approbation of the 2nd period reviewers and 
of the EC, in view of the difficulties of P5 (Karl Kompa, MPG) to pursue the research activities 
of the workplan, it was decided to redirect those to P3 (Thomas Halfmann, TU-Darmstadt) and 
to the two successful directions listed below. These two directions are promising developments 
that arose during the second year of the project.  
The first one concerns the joint effort between P6 (WP3) and P1, P2 (WP1) for implementing 
logic using DNAzymes that was published in Nature Nanotechnology (ref. 10 in section 3.1 
above) in the second year and got a lot of attention, including in the World Press. The objectives 
in the third period were to take this research effort further in the direction of machines with 
acquired memory and also in the direction of programmable machines. These objectives are fully 
fulfilled. One paper on DNA tweezers based automaton is out (ref. 16 in section 3.1.4 above) and 
another one, that demonstrates that DNAzymes machines can be programmed using pH is 
submitted for publication (ref. 19 above). Both papers are joint publications between P6 and P1 
and P2. 

The second very promising direction was the MOLOC effort at implementing parallel logic 
machines. We initially proposed to do so optically. During the second year, it emerged from joint 
work between P1, P2 (WP1) and P7 (WP4) that an electrical implementation is likely to be 
feasible. The extension allowed P1 and P2 to propose two theoretical designs of parallel 
machines based on addressing electrically discrete states of nanostructures by pulsed gate 
voltages. The designs use in an essential way the ability of P7 to probe the relaxation between 
the discrete states in a pulsed gate voltage set up. A joint publication is being prepared on this 
subject. 

Following the reorganization of WP2 and of the activities of P5-MPG (K. Kompa), P3 overtook 
the implementation of parallelism of optical addressing, that was initially intended to be realized 
by P5. Here too, the objective is fulfilled and P3 demonstrates experimentally that parallelism 
can be implemented in a doped solid. 

P2 also pushed the theory effort further by developing the formalism for computing by 
observables, which increases quadratically the number of operations processed in parallel, 
because the observables are not only the population of the states, but also the transitions between 
them. Theoretical effort was also devoted to explore the possibilities of doing logic by chemical 
recognition. 
In addition, the initial objectives of the third period were pursued. 

WP1 : New Direction in the structure, energetics and dynamics of computing molecules 
The objectives of WP1 during the third period were understanding and controlling information 
processing on the atomic, molecular and supramolecular level with emphasis on parallel and/or 
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Non-Boolean computing and finite state machines using the discrete quantum mechanical energy 
states of confined systems. The logic designs proposed take advantage of the resonance 
conditions for photons or/and electrons to selectively address these levels and use quantum 
mechanical coherence to steer the dynamics towards the required output. 
Significant progress was achieved by P1 and P2 in all the objectives outlined above. This success 
is not only in providing theoretical designs and principles but also in close cooperation with 
other partners in the project leading to laboratory proofs of principle. Details on these objectives 
and the related tasks, deliverables and milestones can be found in section 3.2.2.1. 
WP2 : Coherent and incoherent multiphoton optical addressing 
In addition to pursue the design of schemes to reduce the effect of dephasing processes on 
coherently addressed stored data in a doped solid and to increase the number of cycles for the 
logic processing of these data by finite state machines, P3 took over from P5 the demonstration 
of the parallel processing in a doped solid as an additional objective for the third period. 

Regarding the addressing of molecules on surfaces, the objectives of the third period were 
twofold. P4 pursued with success the continuation of the investigation of the implementation of 
multiphoton excitation schemes in molecules in surface layers by incoherent excitation by ns 
laser pulses of different wavelength. The detection is by time resolved or energy resolved 
photoelectron. The extension of this task to the last 18 month was planned because it is expected 
to be of great potential for logic for adequately chosen molecules.  On the other hand, the second 
objective, the implementation of sub wavelength read out of outputs following multiphoton 
excitation of molecules on surfaces, is not fully delivered because of encountered technical 
problems. The high repetition laser of P4 broke. For more details on these two objectives and the 
related tasks, deliverables and milestones, see section 3.2.2.2 below. 

WP3 : Controlling electronic and electrochemical properties of nanoparticles 
The main objective of P6 of WP3 for the extension was to pursue the effort on the building of 
complex logic machines, up to pH programmable ones using DNAzyme libraries and chemical 
inputs as explained above. In addition, the objectives for the third period regarding the activation 
of charge transport in metallic nanoparticle structures assembled on surfaces and the electrical 
transduction of recorded inputs were also successfully achieved. More details on the related 
tasks, deliverables and milestones can be found in section 3.2.2.3 below. 
WP4 : Electrical addressing of molecular systems in/on solid state 
In addition of the new task of exploring the possibilities for parallelism by electrical addressing 
by investigating atomic and molecular relaxation in pulse gate voltage experiments undertook by 
P7 for the extension, P7 and P8 objectives for the third period were to design increasingly 
complex logic operations based on the transport in molecular system structures, either 
functionalized NP trapped in nanogaps (P8) or on dopant atom/molecule embedded in Si (P7). 
These three objectives were fulfilled and more details on the related tasks, deliverables and 
milestones can be found in section 3.2.2.4 below. 
Recommendation from the 2nd period review and action taken 
1) The six month extension was proposed by the Coordinator, due to the large number of 
research areas open by the results of years 1 and 2. New concepts of logic functions emerging 
from the project results need to be investigated. It can be expected that the extension will 
increase the scientific impact of the project. Therefore the extension is justified and should be 
granted. 
Action taken : Annex I was revised in order to include the new directions of research as 
explained above, submitted to the EC on June 21st, 2010 and approved by end of July 2010. 




