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1. Scientific results 2014 
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 now established so that they can now work more independently. The 
first papers have published or are in the process of being submitted. Concerning the work pro-
gramme, there are no major changes. Quantum interference effects appear to be much more com-
mon than anticipated when writing the proposal; in many (almost all) phenomena describing 
quantum transport through single molecules they play a role, thereby enlarging the impact the 
impact of the programme even further.  
 
During the last year considerable progress has been made in the design and synthesis of new 
molecules with specific functionality for single-molecules conductance measurements. In particu-
lar, based on previous work and theoretical predictions, a molecule that acts as a single-molecule 
rectifier was synthesized which is expected to have an unprecedented rectification ratio. A theo-
retical paper by the three Delft groups on the design of this molecule has been published while a 
synthetic paper that described several news aspects related to the synthesis of these molecules has 
been submitted. Conductance measurements of the rectification properties of this molecule are 
currently being performed. Furthermore, several other molecules have been synthesized that can 
be used in single-molecule conductance experiments in which the central part of the molecule 
should exhibit destructive quantum interference effects.  
Two new donor-bridge-acceptor systems have also been synthesized that are shown in the figure 
below. In these compounds, the center consists of a single benzene ring that is coupled to a donor 
and an acceptor in either a meta or para configuration. The photoinduced charge transfer should 
exhibit clear signatures of quantum interference, as previously observed for single-molecule con-
ductance experiments on related compounds. 

 

 
 
In October 2014 a new PhD student in the Grozema group, Damla Inan, was appointed who 
started working on the measurement of photo-induced charge transfer in synthetic donor-bridge-
acceptor systems. Initial experiments have been performed on donor-bridge acceptor model sys-
tems where a perylene bisimid is connected to a phthalocyanine through an intervening linker. 
These compounds were obtained from Prof. Angela Sastre-Santos from the University of Elche, 
Spain and are excellent model systems for studying photo induced charge transfer. Initial 
measurements have also been made on the compounds shown in the figure above and the result 
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are currently being analyzed. Finally, we have finished a combined experimental and theoretical 
paper is which important differences are pointed out between single-molecule conductance 
experiments and donor-bridge-acceptor systems, related to the symmetry of orbitals on the donor 
and acceptor moieties. This has important implications for the observation of quantum interference 
effects. The paper has been accepted for publication in Chemical Science. 
 
By using density functional theory quantum transport through molecules is also studied in the 
group of Thijssen. The calculations currently focuses on two topics: (i) image charges and (ii) spin-
polarized transport calculations. In addition, we have carried out GW calculations for experiments 
addressing gate-induced conductance changes due to quantum interference effects in anthraqui-
nones (collaboration with Van der Zant group and this addresses challenge 4 in the proposal: the 
manipulation of quantum interference effects), which could explain the trends observed in 
experiments (manuscript in preparation). Inclusion of image charges in transport calculation is 
nowadays done by several groups as part of a so-called `scissors operator’ scheme.1 In this 
approach, the charge states of the molecule in gas phase are used in order to calculate the image 
charge corrections to the location of the frontier orbitals (HOMO and LUMO). We have submitted 
an elaborate paper which carefully studies different ways of including the image charge effect. It 
turns out that our approach, which considers the charge states of the molecule inside the junction, 
yields corrections that are essentially different from those found in the standard approach. In par-
ticular, we show that the correction for the HOMO follows a different trend than that of the 
LUMO.  
Apart from charge transport, spin-spin interactions may also be affected by quantum interference 
effects. These effect are much less studied as they are usually only noticeable in the weak coupling 
limit. We have extended our non-equilibrium Green’s function (NEGF) implementation to include 
spin-polarized transport. This is important for locating the excitation levels, and for studying 
transport through magnetic molecules. Molecules studied in the Van der Zant group are studied 
using the new code. In addition, we combine this code with constraint DFT in order to study the 
projected density of states on the molecule as a function of energy, where the Coulomb interaction 
is taken into account. 
 
Experimental progress on quantum interference effects in the van der Zant group has been 
directed towards anthraquinones switches, the diodes mentioned above and pi-conjugated sys-
tems with different binding geometries or in which benzene rings are coupled in meta or para con-
figuration (measurements underway). The anthraquinone molecules are measured in a three-ter-
minal configuration (electromigated junctions) and interestingly the off-resonant conductance of 
the devices can be changed by more than one order of magnitude by charging the molecule. The 
interpretation of the data is that by charging it, the molecule goes from a cross-conjugated form 
with a low conductance to more linearly conjugated form with a higher conductance; theoretical 
calculations support this view. Importantly, the switch is controlled by the gate field that can be a 
direct and fast control knob for this switching.  
The diode behaviour (rectification) of the molecules studied relies on quantum coherence effects. 
Special molecules consisting of two conjugated halves separated by a weak link (saturated bonds) 
are key to their design. By introducing additional substituents on one side of the molecule, an 
asymmetry in the level positions is introduced; for one bias polarity the distance between the 
levels only increases and the current remains low; for the opposite bias polarity the levels move 
closer together and resonant transport is achieved when they align. In this way molecular rectifiers 
are demonstrated with unprecedented rectification ratios as high as 600. Moreover, in our devices, 

                                                      
1 S.Y. Quek, L. Venkataraman, H.J. Choi, S.G. Louie, M.S. Hybertsen and J.B. Neaton, Nano Letters 7, 3477 
(2007); D. J. Mowbray, G. Jones, K. S. Thygesen, Journal of Chemical Physics 128, 111103 (2008) 
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the presence of a gate electrode allows for tuning of the rectification ratio. The observed gate 
dependence demonstrates that the proposed rectification mechanism is operative in the molecule 
(paper in preparation and will be submitted soon). 
 
In the Van der Molen group, we have investigated charge transport in several types of molecular 
layers, concentrating on the fascinating question how molecular structure determines the conduct-
ance properties. We focused on a few key systems. First, we have finished transport and Raman 
measurements on bi(pyrazolyl)pyridine (BPP)-thiol molecules assembled on gold particles [see 
publication list]. The bigger effort however, has been to investigate conjugated self-assembled 
monolayers (SAMs), e.g. biphenylthiols, on flat gold, using conducting probe AFM (atomic force 
microscopy). We have systematically measured transport characteristics and benchmarked these to 
previous work on the OPE series. Moreover, we have been able to add a new tool to this research 
line. Since the difference between conjugation and cross-conjugation is key to our programme, we 
are using the electron beam of a low-energy electron microscope (LEEM) to break and redirect car-
bon-carbon bonds and hence manipulate the binding motive of the SAMs investigated. In this way, 
conjugation can be broken at well-defined areas of the SAM and the influence that that has on 
conductance can be investigated systematically. Finally, we have investigated quantum transport 
in Ru-based organic molecules, self-assembled onto ITO, together with guest scientist Bhadra 
Kaliginedi (Bern/Leiden). For theoretial input, we collaborate with partner Jos Thijssen (Delft). 
 
The PhD student from the Ruitenbeek, Sasha Vrbica, is working in a team involving research sup-
port staff member Federica Galli (LION) and PhD student Sumit Tewari (NanoFront programme). 
The goal is to suspend single molecules in a controlled process between tip and sample of a STM 
under UHV at low temperatures. For this purpose a dedicated user-interface was developed that 
permits control of the STM tip while obtaining visual feedback from a molecular dynamics simu-
lation. The system has been demonstrated and tested with the manipulation of metal ad-atoms, 
and a first publication of the method is in preparation.  
The experiment will next be directed towards the actual control and measurement of single mole-
cules. Cryogenics problems are causing some delay, which we are trying to address by simultane-
ously performing experiments in collaboration with the groups of Otte (Delft) and Tautz (Juelich). 
 
2. Added value of the programme 
The coherence between the groups in Delft is very strong; the coherence with the Leiden groups 
can be enhanced but for that to occur the experimental techniques first have to be in place and 
tested. Emphasis has been on setting up these. There is very frequent contact between the PI’s of 
the two universities and also between the junior scientists of the programme including master stu-
dents (e.g. through the Molecular Electronics course; see below)). In January, a progress meeting 
has taken place (at the faculty of Chemical Engineering at Delft) with Ryan Ciechi (University of 
Groningen) as a guest speaker. 
 
Last year, 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. 
There are about 20 students who come from Delft (1/3) and Leiden (2/3). 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. 
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4. Publications 
12QIM01 
- M. Koole, J.M. Thijssen, H. Valkenier, J.C. Hummelen and H.S.J. van der Zant, Electric-field control 

of off-resonant electron transport in a single-molecule anthraquinone transistor, submitted to 
Nano Lett. 

- M.L. Perrin, R. Frisenda, M. Koole, J.S. Seldenthuis, J.A. Celis Gil, H. Valkenier, J. C. Hummelen, N. 
Renaud, F.C. Grozema, J.M. Thijssen, D.Dulić and H.S. J. van der Zant, Large negative differential 
conductance in single-molecule break junctions", Nature Nanotechnology, 9, 830–834, 2014, 
doi:10.1038/nnano.2014.177. 

 
12QIM02 
- M.L. Perrin, R. Frisenda, M. Koole, J.S. Seldenthuis, J.A. Celis Gil, H. Valkenier, J.C. Hummelen, 

N. Renaud, F.C. Grozema, J.M. Thijssen, D. Dulić and H.S.J. van der Zant, Large negative differen-
tial conductance in single-molecule break junctions", Nature Nanotechnology, 9, 830–834, 2014, 
doi:10.1038/nnano.2014.177. 

- M.L. Perrin, E. Galan, R. Eelkema, F.C. Grozema, J.M. Thijssen and H.S.J. van der Zant, Single-mole-
cule resonant tunnelling diode. The Journal of Physical Chemistry Part C: Nanomaterials, Inter-
faces and Hard Matter, 119 (10), 5697-5702, 2015. 

 
12QIM03 
- M.L. Perrin, R. Frisenda, M. Koole, J.S. Seldenthuis, J.A. Celis Gil, H. Valkenier, J. C. Hummelen, 

N. Renaud, F.C. Grozema, J.M. Thijssen, D. Dulić and H.S.J. van der Zant, Large negative differen-
tial conductance in single-molecule break junctions", Nature Nanotechnology, 9, 830–834, 2014, 
doi:10.1038/nnano.2014.177. 

- Natalie Gorczak, Nicolas Renaud, Simge Tarkuc¸, Arjan J. Houtepen, Rienk Eelkema, Laurens, 
D.A. Siebbeles and Ferdinand C. Grozema, Charge Transfer versus Molecular Conductance: Molec-
ular Orbital Symmetry Turns Quantum Interference Rules Upside Down, accepted in Chemical Sci-
ence (DOI: 10.1039/b000000x). 

 
12QIM04 
- Edwin J. Devid, Paulo N. Martinho, M. Venkata Kamalakar, Úna Prendergast, Christian Kübel, 

Tibebe Lemma, Jean-François Dayen, Tia. E. Keyes, Bernard Doudin, Mario Ruben, 
Sense Jan van der Molen, The influence of molecular mobility on the properties of networks of gold 
nanoparticles and organic ligands, Beilstein J. Nanotechnol. 2014, 5, 1664–1674. 

 
12QIM05 
- A first publication of the method is in preparation. 
 
5. Valorisation and outreach 
None. 
 
6. Vacancies 
All positions are currently filled, so there are no vacancies within this programme. 
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Fact sheet as of 1 January 2015 

 FOM - 13.0224/2 
 datum: 01-01-2015 
 
 
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 manipula-

ting 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 conju-
gation 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 func-
tionality 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 theoreti-
cal 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 experi-
mental 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 has 
a strong track record, either in state-of-the-art molecular conductance measurements, time-
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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 01-07-2012 
 
bedragen in k€ < 2014 2015 2016 2017 2018 2019 > 2020 Totaal 

FOM-basisexploitatie 281 280 280 280 280 - - 1.401 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 281 280 280 280 280 - - 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 AW par. HOZB 
 
 
Subgebied: 100% NANO 
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Historical overview of input en 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 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2013 - 3 10 - 

2014 - 4 8 - 

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

2014 
None. 

 
 
Patents (new/changes) 
2013 
None. 

2014 
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 
Programme Quantum interference effects in single molecules 
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 
Programme Quantum interference effects in single molecules 
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 
Programme Quantum interference effects in single molecules 
Project (title + number) Charge transfer in quantum interference molecules 12QIM03 
 
FOM employees on this project 
Name  Position Start date End date 
E. Galan postdoc 01 October 2013 30 September 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 
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FOM employees on this project 
Name  Position Start date End date 
S. Vrbica PhD 15 September 2013 14 September 2017 
 
 
Workgroup FOM-L-39 

Leader Dr.ir. S.J. van der Molen 
Organisation Leiden University 
Programme Quantum interference effects in single molecules 
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 
 
 
 


	1. Scientific results 2014
	2. Added value of the programme
	3. Personnel
	4. Publications
	12QIM01
	12QIM02
	12QIM03
	12QIM04
	12QIM05

	5. Valorisation and outreach
	6. Vacancies
	Fact sheet as of 1 January 2015
	Historical overview of input en 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

