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1. Scientific results 2013 

Background: This programme is a joined effort encompassing three groups from the Debye Institute 
for Nanomaterials Science (Utrecht University, Condensed Matter and Interface (CMI: 
Vanmaekelbergh: new staff (tenure track): Swart), Physical and Colloid Chemistry (FCC: 
Philipse/Erné) and Soft Condensed Matter (SCM: Dijkstra/Van Roij, Imhof/van Blaaderen: new 
staff (tenure trackers): van Huis, Filion) and two groups from the University of Delft Opto Elec-
tronic Materials (OEM: Schins, Siebbeles), Molecular Electronics and Devices (MED: Van der Zant). 
All projects are well under way. At the kick-off meeting for this programme (June 2009). Apart 
from yearly meetings as satellite meeting to the FOM Veldhoven meeting there two additional 
meetings alternating at the two universities have been planned each year to discuss progress, 
among the Delft/Utrecht teams, many more joint group meetings take place at the separate insti-
tutes among the participating groups in addition. 
 
All projects have started producing papers in which several of the collaborations between all par-
ticipating groups are starting to show up as well. Many more cross links are in progress and in 
several of the groups the binary in the functional nano-particle solids start to be investigated 
[1,13,18], although many interesting results on solids of one type of nanoparticles are also still in 
progress. The wet chemical technician placed in the CMI group (Relinde Moes) is still providing all 
groups with particles from her particle-database and this approach is really successful in forging 
collaborations as is also obvious from the many papers she is/will be co-author on [4,6,9,13,16]. 
 
The nice work of Van Rijssel (FCC group in collaboration with CMI) determining nanoparticle 
positions in the vicinity of the liquid/air interface by using cryo electron microscopy tomography 
was featured in the FOM year report [16]. The interparticle interactions were also studied by other 
means, including SAXS and analytical centrifugation [7], infrared spectroscopy of adsorbed sur-
factants and their effects on luminescence [8], and in addition the dipole moment and electric 
charge of the quantum dots were determined [6]. Finally, we were able to obtain field-aligned 
superlattices of magnetic and semiconducting nanoparticles [18], and we developed a novel 
numerical approach to analyze the magnetic polydispersity of superparamagnetic nanoparticles. 
 
M. Boneschanscher (CMI) in collaboration with both Delft groups (OEM/MED) used electron 
tomography to reveal the structure of complex superlattices of PbSe and CdSe quantum dots. This 
led to the discovery that many complex TEM projections are projections of a single crystal struc-
ture that has now atomic analogue. Using real space and k-space analysis, (electron diffraction, 
GISAX, STM and HAADF-STEM), Boneschanscher could analyse the honeycomb superlattices to 
be a particular form of the silicene structure [15]. This same PhD student (CMI) collaborated with 
the SCM group to unravel a novel and quite complex binary colloidal crystal of nanoparticles 
using EM tomography and computer simulations (see Figure A) [13]. 
 
The OEM group determined the Auger recombination kinetics of photogenerated electrons and 
holes in colloidal CdSe nanosheets by time-resolved photoluminescence measurements. Most 
electrons and holes are bound in the form of neutral excitons, while the fraction of free charges is 
much smaller. The biexciton Auger recombination rate in these nanosheets is more than one order 
of magnitude smaller than for quantum dots and nanorods of equal volume. This is of advantage 
for application in lasers, light-emitting diodes and photovoltaics. In addition, this group per-
formed an optoelectronic characterization of two-dimensional PbSe quantum dot lattices for which 
the temperature induced directed attachment was with high resolution EM (with the group of 
Zandbergen (Delft), who also still collaborates with Van Huis from the SCM group on this subject). 
Using time-domain terahertz spectroscopy on Field-effect transistor (FET) devices made of nano-
crystal (PbSe) arrays, it was found that photoexcitation of an annealed sample leads to formation 
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of neutral excitons and free charge carriers. The mobility of charges is of the order of a few tens of 
cm2/Vs and increases slightly as the temperature is reduced. The latter implies that charges move 
via a band-like transport mechanism (collaboration with the MED group). 
 
The theory/simulations (SCM Van Roij/Dijkstra) continued on the following subjects: To assist the 
self-assembly of colloidal particles, one can apply external electric fields to align the particles and 
to induce interparticle interactions in order to help the self-assembly. The coupled dipole method 
is employed to calculate the polarizability and potential energy of anisotropic colloidal particles in 
an external electric field [1,11]. In this project, both the orientational energy of a single colloidal 
particle as well as the interaction between two colloids in an electric field was studied for a variety 
of particle shapes. In addition, the Van der Waals interactions between various particles were cal-
culated using the coupled dipole method [10]. In the absence of an external electric field, it was 
investigated whether particles prefer to form strings or more compact structures. Finally, the 
potential energy of a dielectric rod near a conducting plate in an electric field was investigated as a 
function of the orientation of the rod and the results were compared with experiments on silica 
rods [2]. In the experimental part of this project (SCM Van Blaaderen/Huis) a liquid electron 
microscopy cell was started to be used to monitor nanoparticles inside a liquid using EM. The first 
supraball particles made from both gold and binary nanoparticles solids were realized as well by 
slow drying of emulsions of these particles. The structures could be quantitatively characterized by 
electron microscopy tomography and the high quantum efficiency of the CdSe core-multi-shell 
particles was explored in the supraball structures as well (collaboration with the CMI group [3]). 
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FIGURE A [13] : The A6B19 structure. (a) The PbSe positions (large spheres) form an ABA stacking 
of a kagome-like structure with a 60° rotation between A (blue) and B (red). The CdSe positions 
(small spheres) form three different layers. The first layer (cyan) is in the same plane as the PbSe 
positions indicated in blue. The second layer (yellow) is in plane with the PbSe positions indicated 
in red. The third layer (purple) is located in between the PbSe layers, occupying one fcc position 
and three defect positions. Note that the spheres are not drawn to scale for better visibility. (b) Top 
view of the A6B19 structure aligned with the TEM projection. (c,d) The respective side views of the 
structure. (e) Crystal structure of the U3Co12−xY4 (Y = Si, Ge) crystal, showing quite some resem-
blance to the A6B19 structure described here. The primitive unit cell is indicated in black, U atoms 
in blue, Co atoms in pink, Si/Ge atoms in green. 
 
Additional Programme publications (see also section 4) 
1. A. van Blaaderen, M. Dijkstra , R. van Roij, A. Imhof, M. Kamp, B.W. Kwaadgras, T. Vissers, and 

B. Liu, Manipulating the self assembly of colloids in electric fields, European Physical Journal 
Special Topics 222, 2895-2909 (2013). 

2. B. W. Kwaadgras, T. Coopmans, T. Besseling, A. Imhof, A. van Blaaderen, M. Dijkstra and R. van Roij, 
Coupled dipoles near a conducting plate, in preparation, 2014. 

3. B. Liu, T. Deng, B. de Nijs, F. Smallenburg, M. Dijkstra, A. Imhof, A. van Blaaderen, Supraballs from 
rod-like particles with different aspect ratio, almost completed, 2014. 

4. Per Lunnemann, Freddy T. Rabouw, Relinde J. A. van Dijk-Moes, Francesca Pietra, Daniël 
Vanmaekelbergh, A. Femius Koenderink, Calibrating and Controlling the Quantum Efficiency 
Distribution of Inhomogeneously Broadened Quantum Rods by Using a Mirror Ball, ACS 
Nano, 7, 5984-5992, 2013. 

5. Joost van der Lit, Mark P. Boneschanscher, Daniël Vanmaekelbergh, Mari Ijäs, Andreas Uppstu, et al., 
Suppression of electron–vibron coupling in graphene nanoribbons contacted via a single atom, 
Nature Communications, 4, 3023, 2013. 

6. R.J. Kortschot, J. van Rijssel, R.J.A. van Dijk-Moes, B.H. Erné, Equilibrium structures of PbSe and 
CdSe colloidal quantum dots detected by dielectric spectroscopy, J. Phys. Chem. C, in press 
(2014). 
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7. J. van Rijssel, B.H. Erné, A.P. Philipse, Second virial coefficient of colloidal PbSe nanoparticles 
studied with cryogenic electron microscopy', in preparation (chapter 4 of the PhD thesis), 2014. 

8. E. Groeneveld, A. Onnink, J. van Rijssel, B.H. Erné, C. de Mello-Donega, A. Meijerink, Ligand 
adsorption on CdTe nanocrystals, in preparation (chapter 7 of the PhD thesis), 2014. 

9. Bert van Vugt, Henriëtte Bakker, Bart de Nijs, R. van Dijk-Moes, A. van Blaaderen, D. 
Vanmaekelbergh, Steady and bright emission multi exciton emission from CdSe/multi-shell 
quantum quantum dot solids, submitted 2014. 

 
2. Added value of the programme 

As is starting to become clear also from the shared authorships on several papers in the publica-
tions list, many of the PhD students frequently visit and interchange important insights resulting 
in collaborations between all groups participating in the FOM programme. A beautiful example of 
this with contributions from 4 (!) of the 5 groups participating groups in this programme [15] is 
under review in a high impact journal and deals with directed attachment of nanocrystals in 2-D 
honeycomb superlattices. This topic is so interesting it already has successfully spawned another 
FOM programme (lead by Vanmaekelbergh): Designing Dirac carriers in semiconductor honeycomb 
superlattices! 
 
3. Personnel 

Bas Kwaadgras (SCM) and Jos van Rijssel (FCC) successfully defended their PhD thesis in 2013, 
the defense of Mark Boneschanscher (CMI) is planned for 4 June 2014: 
Jos van Rijssel , Colloidal Interactions of Quantum Dots in Apolar Liquids, PhD Thesis, Utrecht 
University, 2013. 
Bas Kwaadgras, Many-body effects in anisotropic colloids: polarization, electrostatic interactions, 
and Van der Waals forces, PhD Thesis, Utrecht University, 2013. 
 
 
4. Publications 

Several publications could have been listed with more than one of the projects because of collabo-
rations, to avoid doubling these, they were only mentioned on one of the projects. 
 
08FNS01 
- [10] B. W. Kwaadgras, M. W. J. Verdult, M. Dijkstra, and R. van Roij, Can nonadditive dispersion 

forces explain chain formation of nanoparticles?, Journal of Chemical Physics 138, 104308, 2013. 
- [11] B. W. Kwaadgras, R. van Roij, and M. Dijkstra, Self-Consistent Electric Field-Induced Dipole 

Interaction of Colloidal Spheres, Cubes, Rods, and Dumbbells, Journal of Chemical Physics, 
accepted for publication, 2014. 

- [12] W. H. Evers, B. Goris, S. Bals, M. Casavola, J. de Graaf, M. Dijkstra, D. Vanmaekelbergh, Low-
Dimensional Semiconductor Superlattices Formed by Geometric Control over Nanocrystal 
Attachment, Nano Lett. 13, 2317-2323, 2013. 

 
08FNS02 
- [13] Freddy T. Rabouw, Per Lunnemann, Relinde J. A. van Dijk-Moes, Martin Frimmer, Francesca 

Pietra, A. Femius Koenderink, Daniël Vanmaekelbergh, Reduced Auger Recombination in Single 
CdSe/CdS Nanorods by One-Dimensional Electron Delocalization, Nano Lett. 13, 4884-4892, 
2013. 

- [14] Mark P. Boneschanscher, Wiel H. Evers, Weikai Qi, Johannes D. Meeldijk, Marjolein Dijkstra, 
Daniel Vanmaekelbergh, Electron Tomography Resolves a Novel Crystal Structure in a Binary 
Nanocrystal Superlattice, Nano Letters, 13, 1312-1316, 2013. 
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- [15] M.P. Boneschanscher, W.H. Evers, J.J. Geuchies, T. Altantzis, B. Goris, F.T. Rabouw, S.A.P. van 
Rossum, H.S.J. van der Zant, L.D.A. Siebbeles, G. van Tendeloo, I. Swart1, J. Hilhorst, A. Pethukov, S. 
Bals, D. Vanmaekelbergh, Long-range orientation and atomic attachment of nanocrystals in 2-D 
honeycomb superlattices, submitted, 2014. 

 
08FNS03 
- [16] J. van Rijssel, M. van der Linden, J.D. Meeldijk, R. van Dijk-Moes, A.P. Philipse, B.H. Erné, 

Spatial distribution of nanocrystals imaged at the liquid/air interfac, Phys. Rev. Lett., 111, 
108302, 2013. 

- [17] J. van Rijssel, B.W.M. Kuipers, B.H. Erné, Non-regularized inversion method from light 
scattering applied to ferrofluid magnetization curves for magnetic size distribution analysis, J. 
Magn. Magn. Mater., 353, 110-115, 2013. 

- [18] J. Timonen, T. Gombault, J. van Rijssel, B.H. Erné, Magnetically Controlled Self-Assembly of 
Binary Nanoparticle Superlattices', submitted (Chapter 6 of the PhD thesis), 2014. 

 
08FNS04 
- [19] L. T. Kunneman,; M. D. Tessier, H. Heuclin, B. Dubertret, Y. V. Aulin, F. C. Grozema, J. M. 

Schins, L. D. A. Siebbeles, Bimolecular Auger Recombination of Electron-Hole Pairs in Two-
Dimensional CdSe and CdSe/CdZnS Core/Shell Nanoplatelets, J. Phys. Chem. Lett., 4, 3574, 
2013. 

- [20] L. T. Kunneman; M. Zanella, L. Manna, L. D. A. Siebbeles, L. D. A.; J. M. Schins, Mobility and 
Spatial Distribution of Photoexcited Electrons in CdSe/CdS Nanorods J. Phys. Chem. C, 117, 
3146, 2013. 

 
08FNS05 
- [21] A. Castellanos-Gomez, R. van Leeuwen, M. Buscema, H. S. J. van der Zant, G. A. Steele; W. J. 

Venstra, Single-Layer MoS2 Mechanical Resonators, Advanced Materials, 25 (46), 6719-6723, 
2013. 

- [22] A. Castellanos-Gomez, R. Roldan, E. Cappelluti, M. Buscema, F. Guinea, H. S. J. van der Zant, G. 
A. Steele, Local Strain Engineering in Atomically Thin MoS2, Nano Letters, 13(11), 5361-5366, 
2013. 

 
5. Valorisation and outreach 

Publication [16] describes a novel numerical method to fit magnetization curves in terms of mag-
netic size distributions without any a priori assumption about the shape of the distribution. We just 
made our software freely available via the website of our university library, via the following link: 
http://hdl.handle.net/10411/10164. The programme runs on different platforms (Windows, Mac), 
works with different data formats (AGM, VSM, SQUID), and is called MINORIM: Model-Inde-
pendent NOn-Regularized Inversion Method. The intended users are the international community 
of scientists who develop superparamagnetic nanoparticles for various biomedical applications 
(MRI contrast agents, magnetic particle imaging, therapeutic hyperthermia, magnetically targeted 
drug delivery, magnetic separation of biomolecules…). 
 
FOM issued a press release based on [15], this was picked up in the print edition and the electronic 
newsletter of KNCV, Chemisch2Weekblad (4 September 2013) and by NRC Handelsblad (5 Sept 
2013), this publication was also chosen by Phys. Rev. Lett. as an 'Editor's Suggestion'. 
 
 
  



 
 
 

 
 
 - 8 - 
 

Fact sheet as of 1 January 2014 

 FOM - 08.1870/6 
 datum: 01-01-2014 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 111. 
  
Title (code) Control over functional nanoparticle solids (FNS) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. A. van Blaaderen 
  
Duration 2009-2014 
  
Cost estimate M€ 2.4 
  
Concise programme description 

a. Objectives 

This programme aims at a bottom-up approach to nano-structured metamaterials based on 
combinations of a variety of colloidal nanoparticle (NP) building blocks (semiconductor/-
metal/magnetic) and control over the self-assembly and structures by external fields.  
We propose a general research line leading to a fundamental understanding of nanocolloid self-
organization. The role of interparticle interactions (including shape) and external fields on self-
organization will be studied with the aim to quantitatively understand and thus manipulate binary 
nanocolloid crystallization.  
 
b. Background, relevance and implementation 

Control over the placement of matter in three dimensions (3D) in combination with external fields 
leads to unprecedented possibilities to design, fabricate and control materials with new or 
enhanced properties. The dimensions of the colloidal nanocrystalline building blocks are in the 1-
100 nm range in which size matters dramatically for their properties; in addition, collective 
quantum mechanical and electrodynamic interactions will be tuned by the inter-particle distances, 
the overall 3D geometry and by electric or magnetic fields. By self-assembly that is guided by 
structured surfaces, shear, electric or magnetic fields, ordered binary NP solids will be prepared. 
The collective electrical, optical, and magnetic functions and the control over them with external 
fields that we envisage go, for such binary metamaterials, far beyond those of the single 
components. 
 
The proposed research line will find practice in the fabrication of three types of functional meta-
materials each with unique properties, all having a semiconductor NP as one of the components, 
but with three different second components: Binary NP solids in which spontaneous electron-hole 
generation occurs, leading to systems with spatially ordered charge carriers, form the first objective. 
We want the charge separated excitons to be either optically generated or in electronic equilibrium. 
Secondly, we aim at systems where spin-polarization control is an additional meta-function 
originating from the second type of NPs having magnetic properties. The third type of meta-
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materials focus deals with semiconductor NPs combined with metallic NPs. Here the property we 
want to focus on is 2-photon excitation by local field enhancement due to a collective plasmonic 
response. Besides fundamental knowledge on (NP) self-organization, the results of this 
programme are expected to find applications in displays, lighting, (optical) storage, (bio)sensing, 
catalysis, spintronics, photonic crystals, and the opto-electronics field in general. 
 
Funding 
salarispeil cao per 01-07-2012 

 

bedragen in k€ < 2013 2014 2015 2016 2017 2018 > 2019 Totaal 

FOM-basisexploitatie 2.074 374 - - - - - 2.448 

FOM-basisinvesteringen - - - - - - - - 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 2.07 374 - - - - - 2.448 

 
 
Source documents and progress control 

a) Original programme proposal: FOM-08.1416 
b) Ex ante evaluation: FOM-08.1621 
c) Decision Executive Board: FOM-08.1869 
 
 
Remarks 

The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen in 2015. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 PT par. HOZB 
 
 
Subgebieden: 20% COMOP, 80% NANO  
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Historical overview of input en output 

 

Input 
personnel (in fte)  finances* (in k€ ) 

WP/V WP/T PhD NWP 

2009 - - 0.8 - 25 

2010 - - 3.8 0.4 292 

2011 - - - 1.0 275 

2012 - 0.3 5.6 1.0 595 

2013 - 2.0 5.2 1.0 483 

 

Output 
PhD theses refereed publications other publications & pre-

sentations 
patents 

2009 - - - - 

2010 - 2 5 - 

2011 - 10 15 - 

2012 - 4 19 - 

2013 2 15 16 - 

* After closing the financial year. 
 
 
PhD defences 

2009 
None. 

2010 
None. 

2011 
None. 

2012 
None. 

2013 
Bas Kwaadgras, 09 September 2013, FOM-U-09. 
Jos van Rijssel, 04 December 2013, FOM-U-21. 

 

 
 
Patents (new/changes) 

2013 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-D-37 

Leader Prof.dr. L.D.A. Siebbeles 

Organisation Delft University of Technology 

Project leader Dr. J.M. Schins 

Programme Control over functional nanoparticle solids 

Project (title + number) 
Binary metallo-dielectric (MD) NP solids for non-linear excitation 
08FNS04 

 

FOM employees on this project 

Name  Position Start date End date 

L.T. Kunneman PhD 10 November 2009 09 November 2014 

 
 
Workgroup FOM-D-44 

Leader Prof.dr.ir. H.S.J. van der Zant 

Organisation Delft University of Technology 

Programme Control over functional nanoparticle solids 

Project (title + number) 
Charge separated excitions and ordered electronic doping in binary 
NP solids 08FNS05 

 

FOM employees on this project 

Name  Position Start date End date 

W.H. Evers postdoc 01 January 2013 31 December 2014 

M. Buscema PhD 01 March 2011 28 February 2015 

 
 
Workgroup FOM-U-09 

Leader Prof.dr. A. van Blaaderen 

Organisation Utrecht University 

Project leader Prof.dr. M. Dijkstra 

Programme Control over functional nanoparticle solids 

Project (title + number) 
Role of interactions & external fields on binary self-assembly 
08FNS01 

 

FOM employees on this project 

Name  Position Start date End date 

T. Deng postdoc 01 September 2012 31 August 2014 

W.S. Vlug PhD 01 March 2012 29 February 2016 

B.W. Kwaadgras PhD 01 September 2009 31 August 2013 
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Workgroup FOM-U-21 

Leader Prof.dr. A.P. Philipse 

Organisation Utrecht University 

Project leader Dr. B.H. Erne 

Programme Control over functional nanoparticle solids 

Project (title + number) Binary magnetic-semiconductor NP solids 08FNS03 

 

FOM employees on this project 

Name  Position Start date End date 

J. van Rijssel PhD 12 October 2009 11 October 2013 

 
 
Workgroup FOM-U-28 

Leader Prof.dr. D. Vanmaekelbergh 

Organisation Utrecht University 

Programme Control over functional nanoparticle solids 

Project (title + number) 
Charge separated excitions and ordered electronic doping in 
binary NP solids 08FNS02 

 

FOM employees on this project 

Name  Position Start date End date 

R.J.A. van Dijk - Moes TP/T 01 August 2010 31 July 2015 

M.P. Boneschanscher PhD 24 November 2009 23 May 2014 

 


