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By applying a voltage on the gate, this anthraquinone molecule acquires an additional electron; as a 

consequence destructive interference in the conduction pathway is lifted and its conductance increases by 
more than an order of magnitude. 
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1. Scientific results 2015 
Overall, progress has been as projected. As expected, setting up the new experimental techniques 
has taken time. Learning the fabrication/measurement techniques for the new students hired in 
the programme has been established so that they now work independently. The first papers have 
been published or are in the process of being submitted. Concerning the work programme, there 
are no major changes. Quantum interference effects appear to be more common than anticipated 
when writing the proposal; in many (almost all) phenomena describing quantum transport 
through single molecules they play a role in some way, thereby enlarging the impact the impact of 
the programme even further.  
 
During the past period significant progress has been made in the synthesis and characterization of 
quantum interference molecules, both for single-molecule conductance measurements and in 
donor-bridge-acceptor systems. An overview of some of the more interesting molecules that have 
been studied is given in Figure 1 and the results these molecules are discussed below. 
 
Some of the first donor-bridge-acceptor molecules that were made to study quantum interference 
effects, already before the start of this project, are shown in Figure 1A. The charge transfer in these 
molecules has been characterized and it was found that there are no significant differences 
between the para and meta version in the photo-induced charge transfer. This is in sharp contra-
diction to predictions that have been made for similar molecular bridges measured in single-mole-
cule conductance experiments. By combining the experimental results with a detailed theoretical 
analysis of the charge transfer process, comparing it to the single-molecule conductance case, we 
have been able to trace back the striking difference to orbital symmetry effects. This leads to selec-
tive cancelling of pathways in the photo-induced charge transfer experiments yielding blurring of 
the quantum interference effects. In single-molecule conductance experiments these symmetry 
restrictions are not important since there is a wide range of states available in the electrodes to 
couple to. These results have been published in Chemical Science (Chem. Science 6 (2015) 4196) and a 
commentary was written on them in Nature Chemistry.  

 
Figure 1: Examples of molecules that have been synthesized and studied in this programme. 

 
In order to further confirm the orbital symmetry effects we have synthesized additional molecules 
where the meta-conjugated unit is placed at a larger distance from the coupling to the donor and 
the acceptor, see Figure 1B. According to theoretical predictions a similar cancellation based on 
symmetry rules is operative here and indeed, in the experiments, the difference in charge transfer 
rate for these two compounds is very small. Continuing along this line, we theoretically explored 
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the ideal design of a donor-bridge-acceptor system that is more suited for observing quantum 
interference effects. A prime requirement for this is the introduction of substantial asymmetry in 
the coupling between the donor/acceptor and the bridge. An example of such a design is shown in 
Figure 1C. The results of this theoretical exploration have been published in Physical Chemistry and 
Chemical Physics (PCCP, DOI: 10.1039/C5CP06728F) and an initial compound with the new design 
has already been synthesized.  
 
Quantum interference effects can be used to design electronic components with specific function-
ality, such as very high rectification. In previous work in this FOM programme we have theoreti-
cally predicted the design of a new type of rectifying molecule with an intrinsically high rectifica-
tion ratio (J. Phys Chem C. 119 (2015) 5697). An example of such a molecule with two weakly cou-
pled conjugated parts is shown in Figure 1D. The synthesis of this molecule has been published in 
Organic and Niomolecular Chemistry (Org. Biomol. Chem. 14 (2016) 2439); measurements in the van 
der Zant group have confirmed the expected two-level diode mechanism intrinsic to the molecular 
structure (paper under review). The remarkable observation was made that the shape of the curves 
can be reproduced in great detail by simple theoretical models, except that the amplitude needs to 
be scaled by several orders of magnitude. In discussions between the groups of van der Zant, 
Thijssen and van Ruitenbeek electron correlations have been identified as one of the likely causes. 
Correlations are usually ignored in the interpretation of single-molecule transport, and the results 
may point at a serious shortcoming of many models. The van Ruitenbeek group is preparing shot 
noise experiments for testing this interpretation. 
 
While quantum interference effect are mainly studied in single conjugated molecules, they also 
have significant effects on the intermolecular charge transfer between molecules. This is related to 
the effect of orbital symmetry on the intermolecular electronic couplings. Experiments have been 
performed (van der Zant) on OPE3 molecules containing a single thiol anchoring group (see Figure 
2). The results yield very uncommon conductance traces where deep dips are observed in the con-
ductance plateaus, in combination with plateaus that are much longer than can be expected for a 
single molecule. These conductance features are attributed to dimers of molecules between the 
electrodes as shown in Figure 2. Theoretically, it was shown that these deep conductance dips can 
occur because of intermolecular quantum interference effects, depending on the mutual sign of the 
electronic coupling between the HOMO and LUMO orbitals of the two molecules. A detailed sta-
tistical analysis of the experimental conductance traces confirms that the theoretically predicted 
pattern indeed occurs. The results show that quantum interference effect can be manipulated 
mechanically by influencing the intermolecular conformation of two molecules (paper submitted 
for publication). 

 
Figure 2: Conductance measurements of pi-stacked dimers reveal the possibility to mechanically manipulate 

quantum interference effects. 
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Further experimental progress on quantum interference effects in the van der Zant group has 
focused on quantum interference effects in combination with spin interactions, inelastic tunnelling 
spectroscopy (IETS) measurements on vibrational modes in para and meta OPE3 and on the study 
of direct gold-carbon bonding as a way to anchor single molecules. The latter experiments are 
done to better understand the Au-C coupling (paper submitted) as interesting molecules have 
become available from Copenhagen (long-standing collaboration with the group of Prof. Mogens 
Brøndsted Nielsen) in which strong QI interference effects have been predicted. In the IETS mea-
surements, proof is being sought for direct fingerprints of QI effects in current-voltage characteris-
tics: the prediction from Solomon's group (also Copenhagen) is that meta-OPE3 molecules should 
show higher-order vibrational modes which should be absent for para OPE3. The measurements 
indeed show a difference in the IETS spectra of the two molecules but more analysis is needed to 
make the connection with QI effects. Finally, in search of spin-related quantum interference effects, 
special molecules have been designed at Copenhagen to observe 'Kondo-blockade', a new phe-
nomenon in which the formation of a Kondo peak is hindered by the presence of destructive 
quantum interference. A first series of molecules have been designed and characterized by the 
mechanically controlled break junction technique (paper on synthesis and these measurements in 
preparation); measurements on the Kondo blockade effect are ongoing. 
 
In the Van der Molen group, PhD student Huseyin Atesci has focused 
on quantum transport through Ru-complex molecules. For this, 
molecular monolayers are self-assembled on top of an ITO substrate, 
in collaboration with Bern chemistry (and former Leiden) postdoc, 
Bhadra Kaliginedi. Charge transport through the layers is investi-
gated by conducting-probe (CP) AFM at room temperature. In 2015, 
we systematically investigated a series of five different Ru-based 
molecules. In one specific case, the so-called 2-Ru-N complex con-
taining two Ru ions, a peculiar asymmetric behavior was found in 
current-voltage (IV)-curves. After further research, it turned out that 
the symmetry of the IV-curves is a strong function of the humidity of 
the environment. In dry N2, the IV's are near-perfectly anti-symmet-
ric. In wet N2, however, the layers show strong rectification, as shown 
in Fig. 3.  
 
In collaboration with Jos Thijssen's group and in particular with Jose 
Celis Gil, we have modelled this effect. The simplest possible model 
involves two molecular levels and is inspired by previous work by 
Mickael Perrin in the Van der Zant group. The role of water would be 
to break the symmetry between both levels. Jose Celis Gil has subse-
quently extended this model to incorporate all relevant molecular and 
environmental parameters, including quantum interferences between 
nearby levels. Currently, a joint manuscript is being written on this 
fascinating system, which may be seen as a humidity sensor based on 
quantum transport at room temperature. 
 
 
  

Fig. 3 CP-AFM measurements on 
a 2-Ru-N molecular layer on ITO. 
Top: schematic of measurement. 
Middle: (absolute) current-
voltage curves in dry N2. Bottom: 
same in humid N2, yielding 
strong rectification. Hence, the 
system works as a humidity-
sensitive rectifier, based on 
quantum charge transport. 
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For the occurrence of interference effects, the 
location of the molecular levels with respect to 
the Fermi energy is crucial. This location is noto-
riously difficult to address in theoretical calcula-
tions: molecule-metal interface effects shift the 
Fermi energy up or down depending on image 
charge effects, charge transfer due to chemisorp-
tions etcetera. In the Thijssen group, we have 
developed a way to find this location as a func-
tion of distance using spin-polarized DFT calcu-
lations in which the molecule is gated until one of 
the spin orientations occupies an integer charge 
plateau. Such a plateau is identified as the elec-
tron addition energy (EA) or as the ionization 
potential (IP). The figure on the left shows the 
occupancy of the two spin directions as a func-
tion of gate voltage, with the occurrence of such plateaus. We have constructed such plots for var-
ying molecule-metal separation, which gives us a fully-DFT based manifestation of – mainly – the 
image charge effect. The anomaly in the IP curve for short distances is due to chemisorption 
effects.  
 
Anthraquinone molecules are widely studied as potential candidates for exhibiting interference. In 
the Van der Zant group, these molecules were studied experimentally in three-terminal junctions, 
where the gate voltage allows to shift the interference dip close to, or across, the Fermi energy. 
Theoretical calculations using the GW method were carried out by Thijssen and supported the 
experimental findings. The results were presented in a paper which has been published in Nano 
Letters.  
 
The experimental progress in the Van Ruitenbeek group has been slowed by technical difficulties. 
The goals are quite ambitious, aiming at suspending a single molecule between the tip of an STM 
and the surface, under UHV and at low temperatures, in such a way that most of the details of the 
atomic binding configuration can be obtained from experiment. Many elements are now in place: 
molecule deposition, manipulation of single atoms has been demonstrated, and a real-time molec-
ular dynamics simulation has been developed that helps guide the operator in controlling the 
motion of the STM tip during lifting of the molecule. In order to reduce the risk of delays, in 
parallel experiments have been started at the low-temperature STM setup recently installed in 
Delft, and complementary experiments are being developed using a break junction system. 
 
2. Added value of the programme 
The coherence between the groups in Delft is very strong; the coherence with the Leiden groups 
has been hindered by the delays the experimental techniques. New initiatives have been taken to 
start joint experiments aimed at testing shot noise in Leiden on molecules that have been investi-
gated in the Van der Zant group in Delft. There is very frequent contact between the PI's of the two 
universities and also between the junior scientists of the programme including master students 
(e.g. through the Molecular Electronics course; see below). In January 2015, a progress meeting has 
taken place (at the faculty of Chemical Engineering at Delft) with Ryan Ciechi (University of 
Groningen) as a guest speaker; in January 2016 a similar meeting has been held in Leiden with 
chemist Prof. Sylvestre Bonnet (Leiden) as guest speaker. 
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In 2014, the course Molecular Electronics, traditionally given in the Applied Science Master at 
Delft, has been changed in a shared Leiden-Delft Master course that will be given one year at Delft 
and the other year at Leiden. Students are, however, free to take the course any year. In the first 
semester of 2015, the course is given for the second time and according to schedule at Leiden. Cur-
rently, the course has just been started again in Delft. The (co-)applicants of the FOM programme 
all contribute to the course with one or more lectures.  
 
3. Personnel 
All positions are currently filled. The PhD's are on schedule with their projects. Three PhD's 
started in 2013, as well as the PD. Two of the PhD's started in 2014. 
  
In Leiden, Bhadra Kaliginedi (oud-postdoc) is a regular visiting guest. 
 
4. Publications 
- Probing the local environment of a single OPE3 molecule using inelastic tunneling electron spectroscopy, 

R. Frisenda, M.L. Perrin and H.S.J. van der Zant, Beilstein J. Nanotechnol. 6 (2015) 2477-2484 
(DOI: 10.3762/bjnano.6.257). 

- Electric-Field Control of Interfering Transport Pathways in a Single-Molecule Anthraquinone 
Transistor, M. Koole, J.M. Thijssen, H. Valkenier, J.C. Hummelen and H.S.J. van der Zant, Nano 
Letters 15 (2015) 5569-5573. 

- Electrical properties and mechanical stability of anchoring groups for single-molecule electronics, 
Riccardo Frisenda, Simge Tarkuç, Elena Galan Garcia, Mickael L. Perrin, Rienk Eelkema and 
Ferdinand C. Grozema and Herre S.J. van der Zant, Beilstein J. Nanotechnol., 6 (2015) 1558-1567. 

- Charge Transfer versus Molecular Conductance: Orbital Symmetry Turns Quantum Interference Rules 
Upside Down, Natalie Gorczak, Nicolas Renaud, Simge Tarkuç, Arjan J. Houtepen, Rienk 
Eelkema, Laurens D. A. Siebbeles, and Ferdinand C. Grozema, Chem. Science, 6 (2015) 4196-4206. 
 

VanderMolen group: No publications yet, but a lot of data. The goal for 2016 is to submit at least 
two papers: one on the 2-Ru-N system featured in Fig. 3; one on the full series of Ru-complex 
molecules. 
 
5. Valorisation and outreach 
The system in Fig. 3 forms a humidity sensor based on quantum transport at room temperature. It 
hence forms a very elegant example of how a molecular layer can become a functional device.  
 
Van der Molen has been active in several physics outreach activities, e.g. by taking the initiative of 
a 'wall formula' project, together with Ivo van Vulpen from Nikhef. The first formula, Einstein's 
field equation, appeared on the outer wall of the Boerhaave museum in Leiden, exactly 100 years 
after its first presentation by Einstein in Berlin.  
 
Van Ruitenbeek has provided expert advice to the company IMC Corporate Licensing BV, 
ir. M. van der Laan on improving electrical contacts in rotary transmissions. A joint project pro-
posal is being considered. 
 
Van Ruitenbeek is member of the Science Committee of Museum Boerhaave, and has contributed 
in the realisation of the film 'Einstein's Light', which has seen its premiere on 2 November 2015. 
 
6. Vacancies 
All positions are currently filled; there are no vacancies within this programme.  
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Fact sheet as of 1 January 2016 

 FOM - 13.0224/3 
 datum: 01-01-2016 
 
 
APPROVED FOM PROGRAMME  
 
 
Number 141. 
  
Title (code) Quantum interference effects in single molecules (QIM) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr.ir. H.S.J. van der Zant 
  
Duration 2013-2018 
  
Cost estimate M€ 1.4 
  
Concise programme description 
a. Objectives 
The main objective of this FOM programme is the investigation of quantum interference effects in 
molecular charge transport, thereby paving the way for new types of single molecule devices that 
exploit interference for novel functionality. The specific aims of this programme are:  
1) To experimentally establish the fundamental nature and strength of quantum interference 

effects in single-molecule charge transport. 
2) To investigate the sensitivity of interference to decoherence by electron-vibration interaction in 

these floppy systems. 
3) To investigate the effects of quantum interference on physical properties of molecules. 
4) To control these interferences either by chemical modifications to the molecule or by 

manipulating the interference effects in situ. 
 
b. Background, relevance and implementation 
Exploiting the rich design space of organic molecules for applications in future electronic devices is 
one of the main challenges in nanotechnology. During the last few years it has been demonstrated 
that it is possible to attach metallic contacts to individual organic molecules. This progress has 
triggered studies of transport through individual molecules, and from these measurements we 
now largely understand how vibrational modes, contact configurations, the length, and the 
conjugation of the molecule influence the molecule resistance. These properties, however, can to a 
large extent be explained by taking the molecule as a semiconducting building block; the specific 
functionality of a molecule is usually not taken advantage of. The next step and challenge in the 
field of molecular electronics is to exploit molecule-specific properties to obtain novel 
functionality. One feature of special interest is quantum interference that has very recently 
attracted a lot of theoretical attention and for which the first experimental studies now start to 
appear in the literature. 
Researchers from Delft and Leiden form a team in which complementary expertise and 
experimental infrastructures are combined to achieve major steps forward in the understanding 
and control of quantum interference effects on the single-molecule level. Each member of the team 
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has a strong track record, either in state-of-the-art molecular conductance measurements, time-
resolved spectroscopic studies of charge transfer or non-equilibrium Green's function theory. Five 
PhD students (three in Delft and two in Leiden) and one postdoc (Delft) will be paid from the 
programme and work in close collaboration. By combining the variety of techniques available in 
the five groups, quantum interference effects in organic molecules will be studied in-depth, with 
independent data reproduction. 
 
 
Funding 
salarispeil cao per 01-01-2016 
 
bedragen in k€ ≤ 2015 2016 2017 2018 2019 2020 ≥ 2021 Totaal 

FOM-basisexploitatie 561 280 280 280 - - - 1.401 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 561 280 280 280 - - - 1.401 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-12.1324 
b) Ex ante evaluation: FOM-12.1474 
c) Decision Executive Board: FOM-13.0219 
 
 
Remarks 
The final evaluation will be based on the self-evaluation report initiated by the programme leader 
and is foreseen for 2019. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 JM par. HOZB 
 
 
Subgebied: 100% NANO 
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Historical overview of input and output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2013 - 0.5 1.5 - 67 

2014 - 1.0 4.3 - 258 

2015 - 0.7 5.0 - 322 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2013 - 3 10 - 

2014 - 4 8 - 

2015 - 7 36 - 

* After closing the financial year. 
 
 
PhD defences 
2013 
None. 

2014 
None. 

2015 
None. 

 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 

2015 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-44 

Leader Prof.dr.ir. H.S.J. van der Zant 
Organisation Delft University of Technology 
Project (title + number) Three-terminal measurements of quantuminterference (12QIM01) 
 
FOM employees on this project 
Name  Position Start date End date 
I.J. Olavarria Contreras PhD 1 January 2014 31 December 2017 
 
Leader Prof.dr.ir. H.S.J. van der Zant 
Organisation Delft University of Technology 
Project (title + number) Theoretical aspects of quantum interference 12QIM02 
 
FOM employees on this project 
Name  Position Start date End date 
J.A. Celis Gil PhD 15 June 2013 14 June 2017 
 
 
Workgroup FOM-D-64 

Leader Dr. F.C. Grozema 
Organisation Delft University of Technology 
Project (title + number) Charge transfer in quantum interference molecules 12QIM03 
 
FOM employees on this project 
Name  Position Start date End date 
E. Galan postdoc 1 October 2013 31 August 2015 
D. Inan PhD 15 September 2014 14 September 2018 
 
 
Workgroup FOM-L-22 

Leader Prof.dr. J.M. van Ruitenbeek 
Organisation Leiden University  
Programme Quantum interference effects in single molecules 
Project (title + number) Manipulation of single molecule quantuminterference 12QIM05 
 
 
FOM employees on this project 
Name  Position Start date End date 
S. Vrbica PhD 15 September 2013 14 September 2017 
 



 
 
 

 
 
 - 12 - 
 

 
Workgroup FOM-L-39 

Leader Dr.ir. S.J. van der Molen 
Organisation Leiden University 
Project (title + number) Quantum interference in multi-molecular devices 12QIM04 
 
FOM employees on this project 
Name  Position Start date End date 
H. Atesci PhD 15 July 2013 14 July 2017 
 
 


	2. Added value of the programme
	3. Personnel
	4. Publications
	5. Valorisation and outreach
	6. Vacancies
	Fact sheet as of 1 January 2016
	Historical overview of input and output
	PhD defences
	Patents (new/changes)
	Overview of projects and personnel
	Workgroup FOM-D-44
	Workgroup FOM-D-64
	Workgroup FOM-L-22
	Workgroup FOM-L-39



