
Exploring charge transport properties and functionality of molecule-
nanoparticle ensembles
Devid, E.J.

Citation
Devid, E. J. (2015, December 17). Exploring charge transport properties and functionality of
molecule-nanoparticle ensembles. Casimir PhD Series. Retrieved from
https://hdl.handle.net/1887/37091
 
Version: Not Applicable (or Unknown)
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/37091
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/37091


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/37091 holds various files of this Leiden University 
dissertation. 
 
Author: Devid, Edwin Johan   
Title: Exploring charge transport properties and functionality of molecule-nanoparticle 
ensembles   
Issue Date: 2015-12-17 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/37091
https://openaccess.leidenuniv.nl/handle/1887/1�


  

  



 

 

 

Exploring charge transport properties and 

functionality of molecule-nanoparticle 

ensembles 
 

 

 

Proefschrift 

 

 

 

 

ter verkrijging van 

de graad van Doctor aan de Universiteit Leiden, 

op gezag van Rector Magnificus prof. mr. C. J. J. M. Stolker, 

volgens besluit van het College voor Promoties 

te verdedigen op donderdag 17 december 2015 

klokke 13:45 uur 

 

 

 

 

door 

 

 

 

Edwin Johan Devid 
 

 

geboren te Amsterdam 

in 1979 

  



 
 

Promotor:   Prof. dr. J. M. van Ruitenbeek Universiteit Leiden  

Co-promotor:  Dr. ir. S. J. van der Molen Universiteit Leiden  

 

Promotiecommissie: Prof. dr. B. Doudin   Université de Strasbourg 

Prof. dr. T. E. Keyes  Dublin City University 

Prof. dr. L. D. A. Siebbeles Technische Universiteit 

Delft 

Prof. dr. J. Aarts   Universiteit Leiden  

Prof. dr. T. J. Aartsma  Universiteit Leiden 

Dr. S. Bonnet     Universiteit Leiden  

Prof. dr. E. R. Eliel   Universiteit Leiden  

 

 

 

 

 

Casimir PhD Series, Delft-Leiden 2015-25 

ISBN 978-90-8593-231-4 

An electronic version of this dissertation is available at 

https://openaccess.Leidenuniv.nl 

 

Printed by: Proefschriftmaken.nl 

 

Cover: Jonathan Gardenier, Robert Smit en Edwin Devid 

 

 

 

 
 

This work is part of the research programme of the Foundation for Fundamental 

Research on Matter (FOM), which is part of the Netherlands Organisation for 

Scientific Research (NWO). This research was carried out at Leiden University. 

This research has been supported by NanoSci-ERA. A consortium of public or private 

bodies responsible for financing, managing and stimulating collaborative research 

programmes in nanoscience in the European Research Area (ERA). The name of this 

NanoSci-E+ project is: Interfacing single molecules via nanoparticle networks 

(INTERNET).  



 

 

  



 

  



VII 
 

Table of contents 

 

 

Table of abbreviations .......................................................................................... XII 

 

Chapter 1. Introduction to molecular charge transport ....................................... 1 

1.1 The motivation behind molecular charge transport ................................... 2 

1.1.1 A short history of molecular charge transport ....................................... 2 

1.1.2 The role of organic molecules and their functionality ........................... 5 

1.2 Experimental methods to study molecular conduction .............................. 7 

1.2.1 Single molecular junctions .................................................................... 8 

1.2.2 Multi-molecular junctions ................................................................... 10 

1.3 Multi-molecular devices based on gold nanoparticles ............................. 11 

1.4 Spin crossover molecules ......................................................................... 14 

1.4.1 The metal complex .............................................................................. 15 

1.4.2 Crystal and ligand field theory ............................................................ 16 

1.4.3 Spin crossover complexes.................................................................... 19 

1.4.4 Spin transition in bulk .......................................................................... 22 

1.4.5 Size effects on spin crossover molecules ............................................. 24 

1.5 Motivation and outlook of this thesis ....................................................... 24 

1.6 References ................................................................................................ 26 

 

Chapter 2. Charge transport in molecular systems ............................................. 33 

2.1 Charge transport on the macroscopic scale .............................................. 34 

2.2 Charge transport at reduced length scales ................................................ 34 

2.3 Charge transport through a molecular junction ........................................ 37 

2.4 References ................................................................................................ 42 

 



VIII 
 

Chapter 3. Molecular devices based on molecule-gold nanoparticle arrays 

                   and networks ........................................................................................ 45 

3.1 The synthesis of 2D molecule-metal nanoparticle arrays ........................ 46 

3.1.1 Part 1: synthesis of gold nanoparticles in aqueous solvent .................. 46 

3.1.2 Part 2: functionalization of gold nanoparticles by molecules .............. 47 

3.1.3 Part 3: self-assembly of 2D alkanethiol-gold nanoparticle array ......... 48 

3.2 Molecular exchange ................................................................................. 51 

3.3 Synthesis routes toward spin crossover-gold nanoparticle networks ....... 52 

3.3.1 Synthesis route 1: molecular exchange ................................................ 52 

3.3.2 Synthesis route 2: complexation via a ligand-nanoparticle network ... 53 

3.3.3 Synthesis route 3: direct synthesis of Fe(S-BPP)2 molecules with 

gold nanoparticles ................................................................................ 56 

3.4 Charge transport measurements ............................................................... 58 

3.5 Optical properties of molecule-gold nanoparticle arrays ......................... 59 

3.5.1 The surface plasmon resonance of a molecular-gold nanoparticle  

array ..................................................................................................... 61 

3.5.2 Surface-enhanced Raman scattering .................................................... 62 

3.6 References ................................................................................................ 67 

 

Chapter 4. Enhancing the molecular signature in molecule-nanoparticle    

                   networks via inelastic cotunneling ..................................................... 73 

4.1 Introduction of molecule-nanoparticle ensembles ................................... 74 

4.2 Charge transport mechanisms expected ................................................... 76 

4.3 Charge transport measurements on nanotrench devices .......................... 80 

4.4 Charge transport properties of C8 and OPE exchanged gold 

nanoparticle networks .............................................................................. 81 

4.5 Conclusions .............................................................................................. 87 

4.6 References ................................................................................................ 87 

 



IX 
 

Chapter 5. The influence of molecular mobility on the properties of gold 

                   nanoparticle organic ligand networks ............................................... 91 

5.1 Introduction to molecular ligand-nanoparticle ensembles ....................... 92 

5.2 Capping of gold nanoparticles with S-BPP molecules ............................ 93 

5.3 The fabrication of 2D Au-NP-S-BPP arrays ............................................ 94 

5.4 Imaging of Au-NP-S-BPP arrays and networks ...................................... 95 

5.5 UV-Vis spectroscopy on 2D Au-NP-S-BPP arrays ................................. 98 

5.6 Room-temperature Raman spectroscopy on 2D Au-NP-S-BPP arrays . 101 

5.6.1 Temperature-dependent Raman spectroscopy on 2D Au-NP-S-BPP 

arrays ................................................................................................. 104 

5.7 Conductance measurements on a multilayered Au-NP-S-BPP network 107 

5.8 Conclusions ............................................................................................ 110 

5.9 References .............................................................................................. 111 

 

Chapter 6. Spin transition in arrays of gold nanoparticles and spin crossover 

                   molecules ............................................................................................ 117 

6.1 Introduction to molecular complex-nanoparticle ensembles ................. 118 

6.2 Experimental method of a spin crossover-gold nanoparticle array ........ 122 

6.3 Temperature-dependent Raman spectroscopy measurements ............... 124 

6.4 Magnetization measurements................................................................. 128 

6.5 Charge transport experiments ................................................................ 130 

6.6 Theoretical charge transport calculations .............................................. 133 

6.7 Discussion .............................................................................................. 136 

6.8 Conclusions ............................................................................................ 139 

6.9 References .............................................................................................. 140 

 

Appendix A.1 ........................................................................................................ 149 

Appendix A.2 ........................................................................................................ 151 

Appendix A.3 ........................................................................................................ 152 

Appendix A.4 ........................................................................................................ 154 



X 
 

 

Appendix B.1 ......................................................................................................... 157 

Appendix B.2 ......................................................................................................... 158 

 

Appendix C.1 ........................................................................................................ 161 

Appendix C.2 ........................................................................................................ 162 

Appendix C.3 ........................................................................................................ 163 

Appendix C.4 ........................................................................................................ 166 

Appendix C.5 ........................................................................................................ 168 

Appendix C.6 ........................................................................................................ 169 

 

Summary ............................................................................................................... 173 

 

Samenvatting ........................................................................................................ 179 

 

List of publications ............................................................................................... 185 

 

Curriculum Vitae.................................................................................................. 187 

 

Acknowledgements ............................................................................................... 189 

 

  



 

  



XII 
 

Table of abbreviations  

 

 

AcS-BPP S-(4-{[2,6-(bipyrazol-1-yl)pyrid-4- 

yl]ethynyl}phenyl)ethanethioate molecule where the S 

anchoring group is protected by an acetyl leaving group 

 

Array   2D single layer ensemble 

 

Au   Gold 

 

BPP   2,6-Bi(Pyrazolyl)Pyridine 

 

C8   Octane(mono)thiol 

 

EC   Charging energy 

 

EDX   Energy-Dispersive X-ray (spectroscopy) 

 

EtOH  Ethanol 

 

[Fe(AcS-BPP)2](ClO4)2 Fe
2+

 (S-(4-{[2,6-(bipyrazol-1-yl)pyrid-4-

yl]ethynyl}phenyl)ethanethioate)2 - (ClO4)2 complex 

 

HAADF-STEM High Angle Annular Dark Field-Scanning Transmission 

Electron Microscopy  

 

HAR   High Aspect Ratio 

 

HAuCl4   HydroChloroauric acid (also called Gold(III) chloride  

hydrate) 

 

HS    High-Spin  

 

I-V   Current as function of the Voltage 

 

LS   Low-Spin 

 

MeCN   Acetonitril 
 

Network  A quasi 2D or multiple (i.e. here 3 layers) layer ensemble  

 



XIII 
 

NP   Nanoparticle 

 

OPE   Oligo(phenylene ethynylene) 

 

PDMS   Polydimethylsiloxane 

 

RPM   Rotations per minute 

 

R-T   Resistance as function of the Temperature 

 

SAM   Self-Assembled Monolayer 

 

SCO   Spin crossover 

 

SEM   Scanning Electron Microscope 

 

SERS   Surface-enhanced Raman spectroscopy 

 

SPR   Surface Plasmon Resonance    

 

SQUID   Superconducting Quantum Interference Device 

 

ST   Spin transition 

 

3D   Three-dimensional 

 

TEM   Transmission Electron Microscope 

 

2D   Two-dimensional 

 

UV-Vis   Ultraviolet-Visible light spectrum 

 

VRC   Variable Range Cotunneling 

 

VRH   Variable Range Hopping 

  



 

 

  





 

 


